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Abstract

An overview of one- and two-dimensional quantum spin systems based on transition-metal oxides and
halides of current interest is given, such as spin-Peierls, spin-dimer, geometrically frustrated and ladder systems.
The most significant and outstanding contributions of magnetic light scattering to the understanding of these
materials are discussed and compared to results of other spectroscopies and thermodynamic measurements.
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0. Preface

This article reviews recent progress in magnetic light scattering in one- and two-dimensional quan-
tum spin systems. These systems received considerable attention during the past decade both from a
theoretical and an experimental point of view. Following the investigations of the two-dimensional
superconducting cuprates and the search for related transition-metal oxides a fascinating field of
copper oxide compounds, vanadates, manganites and nickelates opened up. These compounds show
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effects of strong electronic correlations and magnetism in low dimensions, in particular interplay
between spin, charge and orbital degrees of freedom.

The theory of magnetism in one dimension, on the other hand, has a history reaching back to the
origin of quantum mechanics. This is due to the fact that a spin chain allows more easily analytical
or numerical solutions. It was found that the suppression of “trivial” long-range magnetic order sets
the stage for an enormous complexity of possible ground states, exotic quasiparticles and many-body
states. Understanding these effects is the most intriguing challenge at present.

A central concept in describing these low-dimensional quantum spin systems is that of a spin
liquid. This ground state is dominated by strong quantum fluctuations, pronounced spin—spin cor-
relations and a suppression of long-range magnetic order. The Heisenberg chain with isotropic
antiferro-magnetically coupled (s =1/2) spins represents such a state in the sense that the spin—spin
correlations decay algebraically. It is therefore often denoted as a critical spin liquid. An interesting
situation occurs when competing interactions lead to a sudden change of the excitation spectrum,
e.g., the opening of an excitation gap or the formation of long-range magnetic order. These quan-
tum phase transitions are driven or controlled by the exchange coupling parameters, the exchange
topology or by spin vacancies. The excitation gap may be realized with or without a spontaneously
broken translational symmetry.

The spin-Peierls transition and the related charge ordering instability discovered in the inorganic
compounds CuGeO; and NaV,0s, respectively, represent the case of broken translational symmetry.
These compounds allow to investigate the excitation spectrum going from a homogeneous gapless
to a dimerized state just as a function of temperature. In the two-leg spin ladder system SrCu,0O;
and the chain/ladder system Sri4Cu,4O4; an excitation gap is realized without breaking transla-
tional symmetry. These compounds are discussed as model systems for an electronic mechanism of
high-temperature superconductivity. The steady improvement of understanding also leads to surpris-
ing reinterpretations of compounds that have been investigated for years. The formerly canonical
example of a spin ladder, the vanadium compound (VO),P,07, is now recognized as a spin chain
with strongly alternating coupling constants. This result has profound consequences for the interpre-
tation of its low-energy excitations. Very important compounds that bridge one and two dimensions
and still do not show long-range magnetic order are the spin frustrated system SrCu,(BO;), and the
1/5-depleted square lattice system CaV4O.

Light scattering experiments or other spectroscopic methods like inelastic neutron scattering have
been used to investigate both the above cited and many more compounds. One of the most sig-
nificant aspects of light scattering experiments is the observation of magnetic singlet bound states.
These states originate from strong triplet—triplet interaction and characterize the excitation spec-
trum of the spin system. Recent theoretical progress has enabled a more detailed understanding
of these effects. Parameters like dimerization, frustration, interchain coupling, and spin—phonon
coupling have an important impact on the ground state and the excitations of a quantum spin
system.

This review is organized as follows: After a brief description of the excitations and the phase
diagram of quantum spin systems given in Section 1, important low-dimensional model-type spin
systems, recent experimental results and their interpretations are discussed in Section 2. Up to now
no comprehensive review on this rapidly growing field exists that also considers materials aspects.
Therefore, we try to balance between well established results and very recent developments. In
Section 3 magnetic light scattering in low-dimensional spin systems is reviewed. The following
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Sections 4 and 5 discuss magnetic bound states and quasielastic scattering, respectively. Section 6
finally summarizes aspects of the present knowledge in this field and gives an outlook to future
developments.

This review benefited from discussions and collaborations with many colleagues, too numerous to
mention here completely.

We would like to thank especially E.Ya. Sherman and R. Valenti for carefully reading the
manuscript. P.L. and G.G. would like to express their gratitude to the recent and previous mem-
bers of the light scattering group in Aachen, e.g., K.Y. Choi, J. Pommer, A. lonescu, M. Fischer,
M. Grove, G. Els, and P.H.M. van Loosdrecht.

Further valuable discussions with F. Mila, W. Brenig, K. Ueda, M. Sigrist, W. Metzner,
B. Liithi, G.S. Uhrig, C. Pinettes, M. Udagawa, V. Gnezdilov and Yu.G. Pashkevich are grate-
fully acknowledged. We are obliged to C. Geibel, F. Steglich, H. Kageyama, M. Isobe, Yu. Ueda,
J. Akimitsu, H. Tanaka, M. Johnsson, P. Millet, A. Revcolevschi, B.C. Sales, W. Assmus, S. Barilo
and their collaborators for providing numerous samples. Furthermore, P.L. acknowledges gratefully a
stipend of the Venture Business Laboratory for a visit to the Institute of Integrated Arts and Sciences
(ITAS), Hiroshima University.

1. Excitations in low-dimensional spin systems

In strongly correlated electron systems with integer number of electrons per site the low-energy
excitations are usually given by the spin degrees of freedom. This situation is properly described
by the Heisenberg exchange spin Hamiltonian. If, in addition, the exchange is restricted to low
dimensions, then spin chains, spin ladders, and respective systems with a more complex exchange
geometry are realized. These systems exhibit a number of unusual properties which are related to
strong quantum fluctuations. These properties will be addressed in the following.

One-dimensional s = 1/2 spin systems (spin chains) with uniform nearest neighbor exchange
coupling show according to the Lieb—Schultz—Mattis theorem a degeneracy of the singlet ground state
with triplet excitations [1]. Assuming negligible spin anisotropies even for 7= 0 the ground state
is gapless and not magnetically ordered [2,3]. It is described by the Bethe Ansatz [4,5]. The spin—
spin correlations are algebraically decaying, typical for a quantum critical state. Triplet excitations
in such a system are not described as magnons (bosons) but as massless domain wall-like s = 1/2
spinons (fermions). These spinons are created as pairs, e.g., by an exchange process. Their dynamical
structure factor is therefore given by a gapless two-particle continuum restricted by a lower and an
upper dispersing boundary. In Fig. 1.1 a sketch of the spinon creation and the spinon continuum is
given. The spectral weight of the continuum is dominant close to its lower boundary.

A quantum phase transition from a gapless critical state into a gapped state (disordered spin liquid)
is induced by dimerization, i.e. an alternation 6 of the coupling constants to nearest neighbors
Jnjrf = (1 + §)Ju, along the chain or by a sufficient frustration o = Jyu/Jon due to next nearest
neighbor antiferromagnetic exchange Jyn, [6]. With dimerization the spinons are confined into massive
triplet excitations. This confinement of spinon and antispinon composite objects (triplets) is discussed
similar to the quark confinement in particle physics [7,8]. The resulting quantum disordered ground
state is characterized by short-ranged exponentially decaying spin—spin correlations. In many cases the
system is allowed to be described as an arrangement of spin dimers. The resulting lifted degeneracy
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Fig. 1.1. Spin excitations on a homogeneous chain. On the left-hand side following (a)—(c) the generation of two spinons
(vertical bars) by a spin flip and consecutive exchange processes is given. On the right-hand side the corresponding
two-spinon continuum is shown. The spectral weight of the continuum is maximal on the dispersing lower branch.

Fig. 1.2. Sketch of spin excitations on a dimerized chain. Breaking a dimer (a)—(b) corresponds to the singlet/triplet gap
Ao with the respective triplet dispersion shown on the right-hand side. The continuum of “free” triplets is reached for
energies E > 2/4¢;. For small k there exists a finite slope of the dispersion relation.

Fig. 1.3. Phase diagram (7 = 0) of spin chains in dependence of dimerization ¢ and spin frustration o. For 6 =0 and
o < o =0.2412 (dark grey bar) a gapless quantum critical ground state exists. The remaining dashed region denotes the
phase space of the gapped quantum disordered state.

of triplet and singlet excitations leads to an energy gain of the system. Fig. 1.2 shows a sketch of
the excitation processes in a dimerized chain with the respective energy dispersion. The dimerization
or alternation of the coupling constants connects k = 0 and k = &, therefore a small part of the
continuum spectral weight (oc 6%) is also expected for k < m/2 [6]. In Fig. 1.2 this contribution is
neglected. A (T =0) phase diagram of dimerized and frustrated spin chains is given in Fig. 1.3. The
points (0 =0,a=0) and (6 =0,a =0.5) correspond to the Bethe Ansatz and the Majumdar—Ghosh
point, respectively. For 6 =0 and o, < o < 0.3 the gap remains numerically small [9-12].

The simplest representative of the quantum disordered state, however, is the two-leg spin ladder
with an approximately equal or larger exchange coupling along the rungs with respect to the coupling
along the legs of the ladder [13]. The singlet ground state is composed of spin dimers on the rungs.
Here, the term spin liquid is even more appropriate as it is not based on a broken translational
symmetry. An excitation in this picture of strong dimerization corresponds to the breaking of one
dimer. The energy related to this process is the singlet-triplet gap A4¢;, see Fig. 1.2. A coupling
of more than two chains to three-, four- or five-leg ladders leads to the experimentally proven
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Fig. 1.4. Dispersion of magnetic excitations of a homogeneous two-leg ladder with J, = 2J|. The triplet branch as well
as the lower boundary of the two-particle continuum are given by full lines. The dashed lines mark singlet (S =0) and
triplet (S = 1) bound states [21].

conjecture that ladders with an even number of legs have a spin gap while odd-leg ladders are gapless
[14,15].!

In the limit of a large number of coupled chains a two-dimensional Heisenberg system is ob-
tained and the magnitude of the respective spin gap is going to zero. This limit may also be used
to understand the two-dimensional high-temperature superconductors (HTSC). Weakly doped two-
and three-leg ladders have been theoretically investigated in this context [19,22-24]. However, also
in two dimensions spin dimer ground states with a gapped excitation spectrum are realized. This
happens either if the exchange topology is modified to favor a dimer ground state, e.g., in removing
1/5 of the spins from a square lattice [25-27], or due to strong frustration (next nearest neighbor
interaction) [28].

The triplet—triplet interactions that are responsible for the opening of the gap also lead to magnetic
bound states, i.e. triplet excitations that are bound to singlet, triplet or quintuplet states [6,21,29-31].
The former two states are characterized by a well-defined excitation with an energy reduced with
respect to the energy of the two-particle continuum of “free” triplets. If interchain or magnetoelastic
interactions are dominant, bound states consist of soliton—antisoliton pairs [32-36]. Neglecting these
effects, the binding energy of a bound state in a dimerized spin chain originates from frustration.
The maximum number of bound states of a spin chain is restricted to one singlet and one triplet
state. In spin ladders with an additional diagonal frustration the number of bound states and their
binding energy is less limited and increasing with frustration. In Fig. 1.4 the excitation spectrum of
a homogeneous two-leg s = 1/2 ladder is shown with a singlet and a triplet bound state at the lower

"It should be mentioned that the combined effect of dimerization and interchain interaction may also lead to a vanishing
spin gap in a quantum spin system. In a certain parameter space of a two-leg ladder [16] with additional frustration, 4-spin
cyclic exchange or interchain interactions, quantum phase transitions to gapless phases have been observed [17,18]. On the
other hand, there is theoretical evidence for a spin gap in doped three-leg ladders for a certain set of exchange coupling
constants [19,20].



P. Lemmens et al. | Physics Reports 375 (2003) 1-103 7

boundary of the two-particle continuum [21]. A quantum phase transition at a critical frustration
into a gapless phase is understood as a condensation process of many-particle bound states together
with a general softening of the excitation spectrum [30]. More generally, magnetic bound states may
therefore be used to study the triplet—triplet interaction, determine the coupling parameters and the
phase diagram of the system.

If defects, either as localized non-magnetic vacancies or as mobile carriers, are introduced into a
quantum spin system its excitation spectrum may change drastically [37—41]. In a 2D square lattice
doping with mobile carriers destroys long-range Néel order and leads to the opening of a pseudo-gap
for spin and charge excitations. The effect of localized spin vacancies in dimerized spin chains or
in even-leg spin ladders is different. Here, a transition from a gapped into an ordered and gapless
Néel-type state is induced by a seemingly negligible amount of vacancies. This effect is based on the
doping of only weakly bound spinons by every vacancy. Thereby additional excitations are introduced
in the gap corresponding to staggered moments for sites far from the vacancy and increasing spin—
spin correlations [38,42,43]. Interchain interaction leads to the occurrence of magnetic order at finite
temperature.

The coexistence of true long-range magnetic order and dimerization is possible if spatial variations
of the competing order parameters are taken into account [44]. This means that the excitation spec-
trum of such a system has two features, the gapped triplet mode due to dimerization and the gapless
“spin wave mode” [45]. The emergence of antiferromagnetism keeps the structure and the energy
scales of these modes essentially unchanged as the transfer of spectral weight from the gapped to
the spin wave mode is realized with only a small reduction of the gap and an increase of the spin
wave velocity. The latter mode is damped with a broadening proportional to the square of the wave
vector [46]. Similar arguments have recently been used to describe the interplay or competition
of disorder-induced antiferromagnetism and superconductivity in Heavy Fermion compounds [45].
Comprehensive experimental studies concerning the effect of spin vacancies exist for spin ladder and
dimerized spin chain systems. Some results including light scattering data will be presented in the
next section.

The effect of mobile carriers on the gapped excitation spectrum of a spin liquid is directly related to
the problem of an electronic mechanism for HTSC and not yet understood completely [47—49]. In the
2D CuO; square lattice the doped holes are believed to form self-organized slowly fluctuating arrays
of metallic stripes in which the motion of holes shows a locally quasi-one-dimensional character [50—
52]. A spin gap or pseudo-gap is then the result of the spatially confined Mott-insulating regions
of the material in the proximity of the metallic stripes. This effect has been described by the term
“topological doping” [48]. Corresponding theoretical studies of weakly doped two- and three-leg
ladders confirm these ideas in the sense that a tendency toward a binding effect of holes either
into a superconducting condensate or charge ordered ground state exists [22-24]. The excitation
spectrum of the latter system is of special interest as it is separated into a gapless Luttinger-liquid
(odd channel) and an insulating gapped spin liquid phase (even channel) [20,24]. In some sense this
spectrum represents or mimics the scenario of spin and charge separation discussed for HTSC. A
quantum phase transition into a superconducting state with d-wave character has been predicted for
the three-leg ladder at higher doping levels [24].

In a very simplified picture the two channels of the three-leg ladder may be understood as a
“plain” ladder coupled to a chain. Holes hop back and forth from the chain to the ladder system.
In the ladder they prefer to form pairs minimizing the number of broken dimers. Hopping back
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into the chain system this correlation is “partially transferred” into the conducting channel [20,24].
The experimental part of this problem is far from being completely settled and therefore under
progress. Although only few spin ladder systems are available, unusual experimental results exist,
pointing to k-dependent relaxation rates different from the undoped material [53]. In the following
section a thorough review of the presently known inorganic low-dimensional compounds will be
given focusing on the questions discussed above.

2. Important inorganic quantum spin systems

A general advantage of the use of inorganic compounds like transition-metal halides and oxides
is the availability of large single crystals of considerable quality. This advantage is based on their
high thermal stability. Recent developments in crystal growing techniques together with the wider
availability of optically heated travelling solvent floating zone (TSFZ) furnaces [54] enabled system-
atic substitution studies for several inorganic compounds. These investigations themselves provided
further motivation due to surprising results in the sense of rich phase diagrams and a modification
of the low-energy excitations [36,37,40,42,55-58]. Unfortunately only few compounds have been
realized where doping of mobile carriers is achieved. Here the application of high pressure either
during crystal growth or later during the determination of phase diagrams proved to be important
and is still growing in acceptance. In contrast, the use of soft chemical routes, such as hydrothermal
growth, is still limited, partly due to problems in the controllability of the growth parameters [59].
The sample quality of compounds that have a singlet ground state may be judged by measurements of
the magnetic susceptibility in dependence of temperature. Every spin defect induces a local moment
that is observed as a “Curie contribution” to the magnetic susceptibility.

2.1. Structural considerations and important parameters

Three building principles exist that reduce the superexchange of a 3d ion—oxygen configuration
to less than three dimensions. These are on the one hand an enlarged distance or missing bridging
oxygen between two 3d ion sites or on the other hand a superexchange path with an angle dif-
ferent from 180°. Due to the Kanamori-Goodenough—Anderson rule (vanishing AF superexchange
via perpendicular oxygen O2p-orbitals) a non-collinear exchange path leads to a weakening of the
magnetic exchange of, e.g., neighboring CuO chains [61,62]. Finally, so-called lone pair cations,
such as As**, Se**, Te*", Pb’" or Bi*" in combination with halides can be used to form crystal
structures with unique magnetic topologies that show a reduced connectivity [63—65].

In this way compounds representing chains, zig-zag double chains or ladders with different number
of legs are realized [66,67]. Fig. 2.1 shows a comparison of several possible 3d ion—oxygen con-
figurations. In Table 2.2 at the end of Section 2 some representative low-dimensional spin systems
and their magnetic properties are listed.

Experimental parameters to expand the phase diagram are pressure, that may control the exchange
interaction, and frustration that is strongly related to triplet—triplet interaction and the existence of
magnetic bound states. Furthermore, the application of an external magnetic field might lead to
interesting behavior. For instance in a fermionic picture (strictly applicable for a 1D system) the
magnetic field controls some filling of the quantum spin system. In several systems plateaus in the
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Fig. 2.1. Overview of 3d ion—oxygen configurations realized in low-dimensional transition metal compounds: (a) a linear
3d ion—O-chain, (b) a non-collinear 3d ion—O,-chain with reduced exchange, (c) a frustrated double chain (zig-zag chain),
and (d) two ladders with a frustrated weak interladder coupling. The thick (thin) lines mark dominant (reduced) exchange
coupling paths. The small circles denote the positions of the transition metal ions, e.g., Cu*" or V*" with s = 1/2. The
large circles denote O’~. The magnetic properties of these networks depend in addition on the relative strength of the
exchange coupling constants [60].

magnetization as a function of the field exist that are divided by step-like transitions (see Sections 2.3
and 2.6.2). In some systems, transitions into incommensurate magnetic phases are observed [68—70].
So far, the available literature on light scattering experiments mainly discusses s = 1/2 compounds.
The reported experiments on s = 1 Haldane systems [71,72] are limited in number [73-76].

2.2. Quasi-zero-dimensional compounds

A series of compounds made out of weakly coupled units, mostly spin dimers or spin-tetrahedra,
can be viewed in first approximation as zero-dimensional. Depending on the strength of the cou-
plings in between the units, one might view these compounds also as quasi-one-dimensional or
quasi-two-dimensional. An example is the spin-1/2 ladder compound CaV,0s, in which the inter-rung
coupling is so weak that it might be viewed in first approximation as made up of dimers with only
very weak interdimer couplings [77,78].

2.2.1. Dimer compounds

A spin dimer system with still noticeable interdimer interaction is realized in the copper ditellurate
CuTe,0s. The structure is shown in the inset of Fig. 2.2. The lone pair cation Te*" yields a magnetic
insulation of pairs of strongly distorted and edge-sharing CuOg octahedra with respect to each other
[81]. The resulting Cu—Cu distances are 3.18 A within the pair of octahedra and 5.28 A to the next
pair [79]. The magnetic susceptibility of CuTe,Os shows a maximum at 77, = 56.5 K and a strong
decrease for smaller temperatures. It can be described with the dimer model y oc B[3 +exp(f-J)] ",
p=1/kgT [82] and an intradimer coupling J =90 K. The high temperature susceptibility corresponds
to a Curie-Weiss temperature of & =41 K.

Concerning the effect of dimerization, also the spin-Peierls system CuGeOj; and the related charge
ordering system NaV,0s are very attractive. They allow to investigate both the homogeneous
and dimerized state of a spin chain system as function of temperature. With respect to larger
degrees of dimerization and a coupling of two chain systems we refer to (VO),P,07 as discussed in
Section 2.5.2.
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Fig. 2.2. Magnetic susceptibility (dots) and lattice structure of CuTe,Os with edge-sharing CuOs octahedra forming Cu
dimers. The line corresponds to a dimer fit [82] with J = 90 K. The open (full) spheres in the inset represent oxygen
(tellurium) ions [79].
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Fig. 2.3. Topology of the intra- and inter-dimer hopping matrix elements of one bc-layer of CsV,0s. Note the close
resemblance to the compound (VO),P,07, see Fig. 2.30. The filled triangles denote projections of V3" Oy-tetrahedra, the
filled circles the spin-1/2 V**-ions. The magnitude of the interchain hopping matrix-elements 7, and s are small [80].

The weakly coupled spin-1/2 dimer compounds (VO),P,0; (see Section 2.5.2 and the crystal
structure in Fig. 2.30) and CsV,0s [83] are structurally very similar. Both systems contain planes
of weakly coupled dimers with a topology illustrated in Fig. 2.3. CsV,0s contains one of these
planes per unit-cell and (VO),P,0; contains two inequivalent planes. A density functional theory
(DFT) and susceptibility analysis has found that CsV,0s might be viewed alternatively as a strongly
dimerized chain compound with a dimerization parameter of ¢ = 0.8 [80].

The dimer compound [84,85] CaCuGe,O¢ is very unusual. Crystallographically [84,86] the
dominant topological structure are chains of edge-sharing CuQOg octahedra running along the c-axis.
The spin-1/2 Cu?'-ions form nevertheless spin-dimers in between pairs of third-nearest-neighbors
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Fig. 2.4. Topology of CaCuGe,Os. The full and dashed lines denote the first- and third nearest-neighbor exchange couplings
Ji and J3, respectively, with J;/J3 ~ —0.2, J3 = 67 K, and J; parallel to the crystallographic c-axis.

Fig. 2.5. Topology of Cu,Te,0s5X>, with X =Br, Cl. The ovals and the squares denote the CuO3;X units which are linked
by intra-tetrahedra couplings J; and J,. The in-plane (ab) couplings are J, J, and J;. The in-chain (c) couplings are J.
and J..

located on adjacent chains. This very unusual physics is possibly due to the near-to-90° Cu—O—Cu
superexchange angle along the c-axis [86]. This leads to a strong reduction of the exchange coupling
which, due the Kanamori—-Goodenough—Anderson rule [87-89], actually becomes slightly negative
(ferromagnetic) [86]. (Fig. 2.4.)

2.2.2. The Cu-tetrahedra systems Cu,Te,OsX,, X=Br,Cl

In Fig. 2.5, a projection of the topology of Cu,Te,0sX, with X = Br,Cl is presented. It con-
tains tetrahedra of Cu?" ions which are weakly coupled in the (ab)-plane and along the c-axis.
The magnetic susceptibility as function of temperature is shown in Fig. 2.6. The susceptibility at
higher temperature contains a similar Curie-Weiss-like term for both compounds. Towards lower
temperatures a maximum at 30 K (Br) and 23 K (Cl) is observed in y(7T") [64]. This suscepti-
bility can be fitted in first approximation [63] by non-interacting tetrahedra with intra-tetrahedra
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Fig. 2.6. Magnetic susceptibility of Cu,;Te;0sX,, with X = Br,Cl for different magnetic fields. The inset shows the
derivative 0y/0T at B=0.1 and 5 T with the transitions assigned by arrows [64].

Fig. 2.7. Specific heat of Cu,;Te,0sX,, with X = Br,Cl close to the transition in magnetic fields up to 13.5 T. Note
the two different temperature scales for the respective compounds. The inset gives the field dependence of the transition
temperatures [64].

exchange couplings J; ~ J, = 43 and 38.5 K, respectively, for the bromide and the chloride
compound.

The two compounds undergo an ordering transition [64], presumably of antiferromagnetic nature,
at T, éBr) =114K and TISICI) = 18.2 K. The smaller transition temperature of the bromide is attributed
to the approximately 6% larger unit cell volume of the bromide related to a weaker inter-tetrahedra
coupling. The ordering in Cu,Te,OsBr; is anomalous concerning thermodynamic and spectroscopic
properties. As a first example note the opposite behavior of the bromide compared to the chloride
concerning the unusual shape of the derivative 0y/0T(T = Ty) shown in the inset of Fig. 2.6.

Thermodynamic properties. The specific heat C,(T') of Cu,Te,O5Cl, (see upper curve with upper
temperature scale in Fig. 2.7) shows a mean field like transition with a sizeable anomaly at Ty and
a weak dependence on magnetic fields. These data point to a 3D-antiferromagnetic ordering of a
system with only weak spin anisotropies and appreciable inter-tetrahedra coupling. The related energy
scales are characterized by the ratio of the transition temperature to the maximum temperature in
T, Ty/T,,. =0.78 for Cu,Te,0sCl,. For Cu,Te,OsBr; the ratio 7y/T,,, = 0.27 is much smaller
implying the freezing out of a large part of the magnetic triplet excitations already for 7' > Ty. The
derivative 0y(7)/0T reveals a small but well discernible step which has the opposite sign compared
to Cu,Te,05Cl, (Fig. 2.6), i.e. the slope for T < Ty is smaller than for 7 > Ty [64].

The specific heat of Cu,;Te,OsBr, at B =0 (see lower curves with lower temperature scale in
Fig. 2.7) shows a broadened anomaly at 7' = 7y(0) = 11.4 K. This proves that this transition also
occurs in the absence of an external field. Applying a magnetic field leads to a very strong increase
of the size of the anomaly, by more than a factor of 3 at B=13 T, and to a pronounced shift of 7j to
higher temperatures, e.g. to To(B =13 T) = 12.4 K. This shift corresponds to a larger magnetization
of the ordered state compared to the disordered state. The field dependence follows a power law
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Fig. 2.8. Raman spectra of Cu,Te,OsBr; as function of temperature in (cc) polarization parallel to the crystallographic
c-axis [64].

with 7To(B) = Tp(0) + a - B” and n = 1.41 4+ 0.05. The magnetic entropy at 7y involved with the
instability has been roughly estimated to be only S,,(7p) ~ 1.8 J/K mol = 0.16 - RIn2/spin, whereas
for Cu,Te,05Cl,, the entropy at Ty is much larger, S,,(7Tn) =~ 4.1 J/K mol = 0.36 - RIn2/spin.

One might view these compounds, especially Cu,Te,OsBr,, as weakly coupled tetrahedra com-
pounds close to a quantum critical transition between an antiferromagnetic state and a spin liquid
[92,93]. On the other hand, some of the presented results provide evidence for a sizable magnetic
anisotropy and an additional Dzyaloshinskii-Moriya (DM) interaction in the spin system. This in-
teraction is allowed due to the low symmetry exchange path lacking the inversion center. High-field
magnetization experiments performed on powder samples in fields up to 50 T point into the same
direction [94]. A finite but small slope is observed in Cu,Te,OsBr; for “small fields” up to 15T
followed by a smooth change of slope for higher fields. This behavior is attributed to a mixing of
triplets to the singlet ground state. The pseudo-spin gap of this compound is therefore attributed to
an unique interplay of quantum fluctuations with anisotropies.

Magnetic light scattering. Of special interest is the possible occurrence of low-lying intra-tetrahedra
singlet-excitations in magnetic Raman scattering [64,91]. Indeed Raman scattering has been the
first tool to demonstrate the instability. In Fig. 2.8 Raman spectra of Cu,Te,O5Br, are shown in
c-axis polarization as a function of temperature. The high-temperature spectra are dominated by a
triangle-shaped scattering continuum centered at 61 cm~!' = 88 K. This position matches the energy
scale 2J =86 K previously determined from a fit of the magnetic susceptibility [63]. The continuum
has been discussed as a two-magnon-like scattering process of a tetrahedra chain supported by the
“in-chain” selection rule [95,96]. The total linewidth and low energy onset at 40 cm~! both point
to an appreciable inter-tetrahedra coupling. For temperatures 7 < 9 K < T éBr), a sharp maximum
develops with a soft mode-like behavior. This mode reaches its maximum energy of 18 cm~! at
the lowest temperatures. The change of the low-energy excitation spectrum is accompanied by an
increase of intensity on the right-hand shoulder of the scattering continuum leading to a small shift
of the triangle to higher energies. No other transition related anomalies have been found in optical
spectroscopy, especially no phonon anomalies were observed at higher energy.

The two magnetic signals are only observed with both electric field vectors parallel to the crys-
tallographic c-axis corresponding to the chains of tetrahedra. This symmetry selection rule and the
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Fig. 2.9. Raman spectra of Cu,Te;OsBr; at 7=2.3 K in (cc) polarization in magnetic fields parallel to the crystallographic
c-axis. The inset shows low frequency data with higher spectral resolution [90].

temperature dependence of the low-energy mode are similar to the properties of singlet bound states
observed, e.g. in the dimerized phase (7 < Tsp=14.5 K) of CuGeOs. In the latter spin chain system
frustration leads to a binding effect of two elementary triplets to a well-defined mode at the energy
1.784 [97]. The physics and phenomenology of such states will be further described in Section 4. An
important difference between this pure singlet mode and the low-energy excitation in Cu,Te,OsBr;
is given by its quite large magnetic field dependence. In Fig. 2.9 Raman spectra are shown with
magnetic fields parallel to the c-axis of the compound. The maximum frequency shifts non-linearly
with the magnetic field leading to an increase by 4.5 cm™! in 6 T. Also this shift might tentatively
be attributed to a mixing of triplet states into the ground state due to DM interaction. At higher
fields (B > 4 T) a second peak is induced at higher energies (=~ 22 cm~'). This peak does not shift
with further increase of field. This complex behavior is not yet understood in detail.

A comparison of the Raman response of Cu,Te,OsBr, with the related Cu,Te,O5Cl, is given in
Fig. 2.10. It is obvious that the low-energy spectral response of the two compounds is completely
different. In the chloride the magnetic scattering is less pronounced and more spread out. This
corresponds to a larger inter-tetrahedra coupling. An interesting aspect is that substitution studies
allow a continuous tuning of the composition and to study the crossover between the two systems.
In samples with mixed composition a continuous shift of the phonon frequencies is observed as given
in Fig. 2.11 for some selected phonon modes. Generally the spectrum of optical phonons is softer
for the bromide compared to the chloride. This is related to the approximately 6% larger volume
of the unit cell of the bromide. Preliminary investigations of the magnetic excitation spectrum show
with increasing Cl concentration a shift of the soft mode to higher frequency and splitting into at
least three peaks that finally overlap and form the continuum shown in Fig. 2.10 for X = Cl.

2.3. Quasi-two-dimensional compounds

Only very few 2D spin systems with a quantum disordered ground state are discussed in the
literature in which the spin gap is comparably large and not due to spin anisotropies. In 2D
this spin liquid ground state should follow from exotic exchange topologies as both the square
and the triangular lattice have a Néel-like ground state [98]. Examples of 2D spin gap systems
are the Kagomé lattice, the 1/5-depleted square lattice [25-27,99-101], and the Shastry—Sutherland
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Fig. 2.12. (a) Topology of V** in CaV4Oy forming a 1/5-depleted square lattice with three sublattices (A, B, C).
(b) Topology of Cu®* in SrCu(BOs), in the ab plane. The intradimer (J;) and interdimer (J3) exchange couplings are
given by solid and dashed lines, respectively.

lattice [28] shown in Fig. 2.12. The latter two exchange topologies are realized in CaV4O9 and
SrCu,(BO; ),, respectively.

2.3.1. The 1/5-depleted system CaV4Oqy

The compound CaV4O9 with a singlet—triplet gap 4¢; =135 K [25,102,103] is a 2D arrangement of
plaquette singlet units of four V4* atoms (s=1/2) within four corner-linked VOs pyramids. These are
coupled by an exchange between the V spins within edge-linked VO5 pyramids [103]. A simplifying
sketch of the corresponding 1/5-depleted 2D spin structure is displayed in Fig. 2.12(a). This structure
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is built up by three plaquette systems, denoted by A, B and C. The exchange coupling constants are
therefore divided into intra-plaquette coupling Ju, acting between spins on a link in an A plaquette,
and inter-plaquette coupling Jgc, acting on links shared by the B and C plaquettes. Theoretically
several possible ground states have been identified, e.g., a “plaquette RVB” state or, in contrast, a
spin-Peierls state with a spontaneously broken lattice symmetry [26,27]. Their existence is controlled
by the ratio of the coupling constants. More general, the experimentally observed gap formation has
been discussed either due to the coupling of two meta-plaquette systems (i.e. plaquettes formed by
n.n.n. links) or due to a considerable effect of frustration by intra-plaquette next nearest neighbor
exchange interaction [104]. Theoretical and experimental results on this interesting compound are
reviewed in Refs. [105,106]. Recently the structurally and electronically related SrV,O¢ has been
prepared using hydrothermal synthesis and found to have a spin gap of similar magnitude as in
CaV409 [59]

2.3.2. The Shastry—Sutherland system SrCu,(BOs),

The layered compound SrCu,(BO;3), consists of buckled CuBO; planes and Sr layers. A pro-
jection of this structure on the ab plane realizes the frustrated 2D exchange topology shown in
Fig. 2.12(b). Its magnetic ground state is a direct product of singlet dimers with a spin gap 4y, =34 K
[107,110,111]. Despite the problematic viscosity of borate melts, large single crystals can be pre-
pared using an optically heated travelling solvent floating zone (TSFZ) furnace [112]. A review of
experimental properties of this system is given in Ref. [113].

SrCu,(BO3), is the only realization of the Shastry—Sutherland lattice studied theoretically nearly
20 years ago [11]. Its exactly solvable dimer ground state is a 2D analogue of the Majumdar—Ghosh
point [10] of a 1D spin chain with a strong frustrating next nearest neighbor exchange coupling,
o =Jy/J; = 0.5, see Fig. 1.3. The triplet excitations in this type of frustrated lattice are almost
localized leading to very flat triplet branches compared to the energy scale of the exchange coupling
constants [113,114]. The corresponding “spin wave” velocities should therefore be very small leading
to strong triplet—triplet interaction especially at the high symmetry points of the magnetic Brillouin
zone. On the other hand, with increasing interdimer exchange coupling a quantum phase transition
of the spin system from an exact dimer ground state to an antiferromagnetically ordered gapless
state is expected. Then the exchange topology is equivalent to a 2D Heisenberg square lattice. The
quantum critical point separating these phases is therefore controlled by the ratio x = J,/J; of the
next nearest interdimer coupling J> to the nearest neighbor intradimer coupling J;. A critical ratio
of x. =0.691 has been determined theoretically [28,115]. A modification of this ratio by pressure or
substitutions would allow to study the crossover between these two competing states in a unique way.
While substitution experiments in SrCu,(BO;), did not prove to be successful, a still preliminary
investigation of magnetic susceptibility under pressure has indeed shown a decrease of the spin gap
as expected for a closer proximity to the antiferromagnetic state [116].

Thermodynamic properties. The magnetic susceptibility of SrCu,(BO;), at ambient conditions
shows a maximum (7% =15 K) and a rapid decrease toward lower temperatures with an exponential
tail for 7 — 0 [107], see Fig. 2.13. A similar behavior is observed in the specific heat of the spin
system with a maximum (Tmc” =8 K) [108] given in Fig. 2.14.

It is noticeable that the maxima in both thermodynamic quantities are observed at temperatures
much smaller than the singlet—triplet gap and nearly one order of magnitude smaller than the
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Fig. 2.13. Magnetic susceptibility of SrCu,(BO3),. The inset shows the low temperature evolution with a fit using a dimer
model as a dashed and dotted line [107].

Fig. 2.14. Low-temperature specific heat ¢/T of SrCux(BOs3), in magnetic fields up to 12 T. The dashed line corresponds
to the estimated phonon contribution to the specific heat [108].

estimated exchange coupling constants J; = 100 K and J, ~ 68 K [28]. The resulting ratio x = 0.68
is just below the above given value of x., placing this material in the dimerized phase, close to
the boundary of the Néel state. A more recent analysis of the bandwidth of the triplet branch
favors smaller but still comparable values of x ~ 0.65 [117]. A further theoretical investigation
gives evidence for x ~ 0.6 and an unexpected instability in the triplet channel at a critical ratio
x = 0.63 [118].

The localized nature of the triplet excitations in SrCu,(BO;), also shows up as five consecutive
transitions from gapped to gapless phases observed in magnetic fields up to 50 T. The gapped phases
are identified as plateaus in the normalized magnetization at m=0, 1/3, 1/4, and 1/8. The correspond-
ing magnetic fields are H <20T, H =~ 30T and H ~ 40T [107,119]. The plateau at m = 1/3 is
attributed to a stripe phase of triplets [120]. These experiments are the first observation of a magnetic
field-induced “triplet—singlet-lattice” in a 2D spin system. Until recently magnetic phase diagrams
of similar complexity have only been discussed for 1D spin systems, e.g., for the frustrated double
chain system NH4CuCl;. A thorough discussion of these topology-induced quantization phenomena
is given in Section 2.6.2.

Investigations of ESR [121], IR [122] and neutron scattering [114] on SrCu,(BO;3), observed
triplet excitations with a spin gap of 4 =34 K and a very small dispersion of only 2 K pointing to
their extremely localized character. In addition, a second triplet branch 43, =55 K with an assumed
larger dispersion of 17 K was detected. This branch can be interpreted as a triplet bound state of
two elementary triplets (see discussion below). Frustration due to the interdimer coupling J, can
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lead to the reduction of the ratio 4;,/49; =1.62 below 2 (corresponding to non-interacting magnons)
[114]. In recent neutron scattering experiments the dispersion of the second triplet branch could not
be confirmed. The k dependence of 4j, is comparable with a set of disrupted sheets with different
energies in different regions of k space [123]. These lead to an enlarged spectral weight at Ay, =58 K
and A%, =75 K, instead of the earlier single dispersing branch. The origin of these exciton-like levels
may be related to DM interaction, strong spin—phonon interaction or their interplay. It should be
noted that these experimental results question the earlier determination of the magnetic coupling
constants described above. The complexity of these results on a seemingly simple model system
with an exact singlet ground state proves one more time the large potential of quantum spin systems
for unconventional collective excitations. For these states inelastic light scattering is a valuable
complementary experimental tool.

Magnetic light scattering. In Raman scattering experiments on SrCu,(BO;), a rich excitation
spectrum with an additional drastic evolution with temperature has been observed [124]. At high
temperatures (7 > A4o;) the light scattering spectra show strong quasielastic scattering with a
Lorentzian spectral function. For intermediate temperatures this signal is gradually replaced by a
broad maximum with a center of spectral weight at 50 cm~!, a frequency comparable with the dou-
bled spin gap. The temperature dependence of the scattering intensities of the respective signals has
been mapped on the magnetic susceptibility and the specific heat of the spin system [124]. This kind
of mapping has also successfully been used in the case of CuGeO; and (VO),P,0; and will further
be discussed in Section 5.

The spectrum changes drastically for very small temperatures compared with the spin gap (7 <€ 4¢;)
where the above-discussed scattering intensities are completely suppressed. Four well-defined modes
with energies A, = 30,46,56 and 70 cm~! appear [124]. It is interesting to note that the splitting
of these modes in Raman scattering is comparable to the splitting of the triplet bound state branch
observed in neutron scattering. Nevertheless, the modes observed in Raman scattering experiments do
not show an appreciable magnetic field dependence in contrast to the triplet states. These experiments
will further be discussed in Section 4.4. Examples of the respective Raman data are given in Fig. 4.17.

The above-described bound state scattering is only observable with the electric field vectors parallel
to the ab plane of the compound. There exist no inter-layer singlet bound states. There is, however,
a phonon mode with peculiar properties. This pure inter-layer mode observed in spectra of (cc)
polarization is strongly anharmonic. As its energy is comparable to the energy scale of the magnetic
system it has been investigated in detail. Fig. 2.15 shows the strong softening and broadening
of linewidth for temperatures 7 > 70 K with a frequency of only 35cm™! at 7 = 300 K. In the
inset the frequency of this mode is shown as function of temperature. The small decrease observed
in the low temperature limit (7 < 4 = 34 K) is larger than the experimental error and must be
related to an appreciable spin—phonon coupling. Furthermore related second and higher harmonics
are displayed in Fig. 2.16. The very small frequency shift of the second harmonic mode points
to a negligible dispersion and a large corresponding density of states of the underlying phonon
mode. These effects motivated a X-ray study that indeed observed a structural phase transition of
SrCu,(BO;), at 7,=395 K [125]. For T > T, the compound has an inversion center and completely
flat CuBO; planes. Atomic displacements involved in the transition are directed perpendicular to
the ab-plane leading to a buckling of the planes for 7 < T,. In the magnetic susceptibility a small
step-like decrease is induced due to a change of the inter-layer couplings that are also frustrated
[126,118]. The intra-layer coupling constants and their ratio are not affected.
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The phonon spectrum of the alternating chain system (VO),P,O; has some similarities to the
scenario found in SrCu,(BO;3), as discussed in Section 2.5.2 and displayed, e.g., in Fig. 2.32. In
(VO),P,0; the frequency of the phonon at 123 cm™! softens by 10%. Comparing the behavior of
(VO),P,07 with SrCu,(BOs), a relation to the high symmetry crystallographic phase of (VO),P,0;
might be appropriate. This phase is stabilized under high pressure and has a higher symmetry and
a smaller number of independent alternating spin chains within one unit cell [127,128]. Also strong
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spin—phonon coupling has been discussed as the primary origin for the observed anharmonicity of
optical phonons in (VO),P,0; [129].

2.3.3. High temperature superconductors

In contrast to the 2D systems with strongly frustrated or unconventional exchange topology, the
“pseudo-gap” observed in underdoped high HTSC for 7 > T, cannot be attributed to the exchange
topology. Here the CuO, planes form a “conventional” square lattice. The opening of this gap as a
partial and anisotropic suppression of the excitation spectrum is observed together with crossover-like
effects [130]. Different experimental techniques have been successfully used to investigate this phe-
nomenon, such as resistivity measurements, Hall effect, Raman [131,132] and IR spectroscopy,
angle-resolved photoemission [7], but also NMR spectroscopy [133,134]. Therefore, these effects
also involve spin degrees of freedom. The gap formation has often been associated with short-range
ordered spin singlets (Zhang—Rice singlets) [46,135-138] and with fluctuating charge ordered stripes
(see also the discussion in Section 1) [48].

The model of the “Nearly Antiferromagnetic Fermi Liquid” (NAFL) highlights the role of strong
antiferromagnetic spin fluctuations at the so-called “hot spots” of the Brillouin zone (k = (7,0)
and (0,7)). These points are connected by the AF wave vector kar that remains important due to
the close lying Néel phase in the temperature-doping phase diagram of HTSC. At these hot spots
precursors of a damped spin density wave are expected. These may be detectable as a pseudo or
spin gap with an energy scale of approximately A4 = 2 J. The NAFL model leads to the same
symmetry of the pseudo-gap as observed in angle-resolved photoemission [139,140]. However, it is
not clear whether it describes the energy scale of the pseudo-gap correctly. In several experiments
pseudo-gaps with 4 ~ 300 K have been observed. This energy scale is much smaller than the
exchange coupling constants of HTSC. A strong criticism of the NAFL scenario can also be found in
Ref. [141].

2.3.4. The diluted square lattice system K, V30g

Recently, also vanadates have been searched for new two-dimensional compounds [67]. The in-
herent flexibility in coordination and electronic configuration of the vanadium ion allows to realize
exotic exchange topologies that have never before been investigated concerning their magnetic prop-
erties. An interesting candidate of this family of compounds is K;V30g with an interconnection
of magnetic (s = 1/2) V*TO, pyramids and non-magnetic (s = 0) V7O, tetrahedra. The topology
shown in Fig. 2.17 leads to a diluted square lattice with reduced exchange couplings (J = 12.6 K).
Due to a next neighbor exchange path with missing inversion center in between two V4 sites, this
system has an appreciable DM interaction and an additional c-axis anisotropy. The resulting weak
ferromagnetism and field-induced spin reorientation leads to a pronounced and sharp increase of the
magnetization for 7 < Ty =4 K with fields parallel to the plane [142]. The ordered moment at low
temperatures is 0.72ug, i.e. reduced from the expected 1ug.

Raman data of this system in Fig. 2.18 show scattering continua at low energies that might tenta-
tively be attributed to two-magnon scattering [143]. In 2D antiferromagnets two-magnon scattering
gives a dominant contribution in the Bj, scattering geometry. The underlying local exchange process
between sublattices is also allowed at elevated temperatures above the Néel transition. Therefore this
scattering intensity is not limited to low temperatures.
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Fig. 2.17. Crystal structure of K,V30g showing a plane of interconnected VO, pyramids and V>* O, tetrahedra (darker
and brighter shaded, respectively) [142]. Dark spheres correspond to K™ ions, while the vanadium sites are omitted.
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Fig. 2.18. Low-energy Raman spectra of K,V30s in Big and Aj; symmetry. The maxima are marked by dashed lines. In
By, symmetry no low-energy scattering has been observed [143].

In K, V305 the scattering intensity is also observed in the symmetry-forbidden A;, geometry. The
presence of a symmetry-forbidden signal may be ascribed to the breakdown of the selection rules
due to a non-secular term like the DM interaction. Unlike the cuprates, however, no evidence for
the existence of a two-magnon signal in B, symmetry has been found. The double maximum in the
By, scattering geometry remains also unexplained in this scenario. Neutron scattering experiments
do not give evidence for a splitting of zone-boundary magnon branches of similar magnitude [145].
Compared to this neutron data the peak position of the continuum at 27 cm™! corresponds to 3 J,
a relation that matches a classical estimate for an exchange process in 2D. For a quantum, s = 1/2
spin system a factor 2.7 is expected especially if the reduced ordered moment is taken into account.

With increasing temperature the peak frequency of the spectrum shifts to lower frequency while
the linewidth increases for both symmetries. The magnetic scattering persists at least up to ~ 107y
which is unprecedented for two-magnon scattering in similar quantum spin systems. In Fig. 2.19 the
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temperature dependence of linewidth and frequency of the two-magnon scattering is compared with
the earlier data from the typical two-dimensional and three-dimensional antiferromagnets K,NiF, and
KNiFj3, respectively [143,144]. The seemingly ineffective thermal fluctuations point to an involved
energy scale which is different from that of the spin system. As a candidate orbital degrees of
freedom should be discussed. The square pyramidal local symmetry of the V#* is compatible with
an orbital degeneracy and low energy spin—orbital coupled modes [146,147]. Phonon—orbital coupled
modes have, e.g., been discussed to explain Raman scattering results in the undoped manganites
LaMnO; [148].

2.4. Low-dimensional cuprates: new compounds related to high-temperature superconductors

While searching for new cuprates that are related to HTSC in their structural and electronic
properties a very fascinating class of materials has been discovered. These compounds might show
a similar tendency toward superconductivity [14,15,24]. Lightly doped two-leg and three-leg ladders
should in their spin and charge degrees of freedom represent a minimal model for underdoped
HTSC. Following the prediction of Rice and Sigrist [22,23], superconductivity was discovered in the
Sr cuprate Srg4Cai36Cu404; at 7. =12 K and with a pressure P = 3.5 GPa [150]. Fig. 2.20 shows
the crystal structure of this compound containing CuO, chains and Cu,0; ladders.

It is important not to overemphasize the similarity between the quasi-2D HTSC and the 1D Sr
cuprates discussed here [151]. The HTSC parent compounds are antiferromagnetic insulators, the
parent compound of the superconducting ladder material instead is a non-magnetic Mott insulator
with a well-defined spin gap. This difference is partly related to the crystallographic structure. The
HTSC are dominated by 2D CuO, square planes, the ladder compounds are built, on the other hand,
by layers of low-dimensional Cu—O networks with a variety of different coordinations as shown in
Fig. 2.1 [66]. Additional Sr or (La,Ca) layers separate these networks and provide a layered character
of the crystal structure. The magnetic properties of these systems are only similar to HTSC in the
sense that the Cu—O-Cu superexchange path is of comparable strength. The Cu—O-networks lead
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Fig. 2.20. Lattice structure of (Sr,Ca)14Cu4041 with CuO; chains and Cu,0s; ladders [149].

to a quasi-one-dimensional exchange that suppresses magnetic order [2]. To soften the above given
statement it should be remarked that the compound Sri4_,Ca,Cuy404; which is the only example
of a superconducting low-dimensional Sr cuprate also shows Néel ordering. However, the transition
temperature is small and the ordered moments are observed on the Cu sites in the chain sublattice.
Further details will be discussed in Section 2.4.2.

Other important examples of Sr cuprates are the two-leg ladder SrCu,0s;, the three-leg ladder
Sr,Cu3Os [152], the zig-zag chain SrCuO, (corner-sharing double chain) and the linear chain system
Sr,CuO; [153,154]. In angle-resolved photoemission experiments on the zig-zag chain SrCuO, [155]
and later on the linear chain system Sr,CuO; [156] spin—charge separation into spinon and holon
branches have been observed. In the linear chain system Sr,CuQO; a picosecond switching of the
optical absorption has been observed and related to the genuine electronic properties of the 1D Mott
insulator [157].

It has not been possible to induce free carriers in bulk samples of these compounds. On the
other hand, they play an important role as model systems [151,158]. In contrast, using a field-effect
device with an insulating Al,O3; oxide barrier on a thin film, doping and superconductivity has
been achieved near the interface with a CuO, infinite-layer [159] and a Cu,0O3 ladder system [160].
In the case of the infinite-layer system, the electric-field induced doping enabled hole and electron
conductivity with a respective maximum superconducting transition temperatures of 7% =89 K and
T?_ ..« =34 K just by tuning the gate voltage of the device [159]. In the ladder system [CaCu,03],
field-induced hole doping led to a transition temperature 7" = 14 K, similar to the pressure-induced
superconductivity in the spin ladder system (Sr,Ca);4Cu,404;. The properties of this compound will
be discussed in detail in Section 2.4.2.

2.4.1. The two-leg ladder SrCu,O;
The two-leg ladder system SrCu,Oj; is an extensively studied cuprate. For this exchange topology a
singlet ground state and a large (= 0.5 J) gap to triplet excitations is expected [13,15]. Unfortunately,
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this compound is only available as powder samples. Therefore, most system parameters show a quite
large variation in the published literature.

The exchange coupling constants parallel and perpendicular to the ladder direction are J) =
850-2000 K and J; = 750-1000 K [154]. The existence of a spin gap with Ag; = 280-400 K has
been verified (380 K in neutron scattering) [154,161,162]. In following experimental [43,163,164] as
well as theoretical studies [37,38,40—42] the influence of substitutions on the gap and the spin—spin
correlations has been investigated. Antiferromagnetic 3D long-range order with a maximum 7y=8 K
for x = 0.04 has been observed in Sr(Cu;_,,Zn,),0;3. Even for very small Zn and Ni substitution
levels, e.g., for x =0.01, this order is still well-defined [164,165].

Neutron scattering investigations on the singlet—triplet gap have shown that its size is independent
of the Zn substitution x. The spectral weight of the singlet—triplet transitions decreases monotonically
with x [163]. This observation is compatible with the existence of a finite in-gap density of states
which increases with x and also corresponds to the observed linear contribution to the specific heat
[165]. For larger substitution levels (x = 0.04) almost all singlets are destroyed. Therefore, the spin
gap closes. A simple estimation using the minimum % value of a finite chain and the des Cloizeaux—
Pearson dispersion of triplets [5] leads to the critical concentration x., = 240/n*J as function of the
unrenormalized spin gap and the exchange coupling J [166]. NMR investigations have shown that
an impurity induces a localized magnetic moment at the impurity site and small staggered moments
in the entire region near the impurity [43]. These experimental observations confirm the expected
changes of the excitations scheme of a spin ladder in the presence of spin vacancies.

2.4.2. The chainlladder system (Sr,Ca)4CupsOs

The compound Srys—,Ca,Cuy4O4; is a complicated system with both CuO, chains and Cu,0;3
ladders. A substitution of Sr by the isovalent Ca as well as applied pressure lead to a transfer of
holes from the chains to the ladders and their delocalization. Superconductivity under pressure is
observed with a maximum transition temperature of 7, = 12 K in the doped system [150,168].

Structural considerations and Ca substitution. The crystal structure of this compound is shown in
Fig. 2.20. This almost commensurate system is built up by sublattices of chains and ladders in the
ac-plane. The sublattices are given by the dashed rectangles in Fig. 2.21. The c-axis lattice parameter
corresponds approximately to Claice = 10 -+ Cehain = 7 * Cladder == 27 A. With isovalent Ca substitution
and with applied pressure the b- and c-axis parameters decrease leading to strong changes of the
electronic properties, e.g., a reduction of the anisotropy in the resistivity [169]. In Fig. 2.22 the
resistivity of a single crystal with x = 11.5 is shown as a function of temperature and pressure.
Increasing pressure the anisotropy of the resistivity p,/p. at T =50 K decreases from 80 (P =0) to
10 (P =4.5 GPa) [169].

Magnetic properties. The static magnetic properties of Sri4Cuy404; for 7' < 300 K are dominated
by the chain system as the second gap originating from the ladder sublattice is much larger. Using
magnetic susceptibility a singlet—triplet gap Achain =140 K has been determined [170]. The gap in the
ladder has been investigated using NMR, neutron and Raman scattering. The respective gap values
are Apader =550 K in NMR or Aj,44er =375 K in neutron scattering [154,171]. The Raman scattering
data support the neutron scattering results [60].

A similar disparate variation of the gap values from NMR and neutron as well as Raman scattering
is found for the dependence of the ladder gap on Ca substitution. While in NMR experiments a strong
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Fig. 2.21. Structure of (a) the chain and (b) the ladder sublattice in (Sr,Ca)14Cu24QO4; in the ac-plane and with the c-axis
lattice parameters Cchain and crgder indicated. (c) and (d) depict two models for charge ordering in the CuO, chains as
described in the text [167]. Squares in (c) denote dimers due to Zhang—Rice singlets and double squares in (d) denote
extended singlets.

Fig. 2.22. Effect of pressure on the resistivity of Srjs—,Ca,CuzaO4; with x =11.5 (a) along the ladder direction (p.) and
(b) perpendicular to the ladder (p,). The inset shows the pressure dependence of 7. [169].

decrease of the gap on substitution from Aj44e = 550 to 270 K (x =11.5) has been observed [154],
the corresponding neutron experiments have not indicated any change [171]. A similar behavior
is found in Raman scattering [60]. Fits to the triplet dispersions measured by neutron scattering
have been used to determine the exchange coupling constants in the ladder. They are J; = 1500 K,
J1 =830K (Jy=1040K, J; =750K) for x =0 (x=11.5) [171,172].

Optical spectroscopy. In measurements of the optical conductivity the substitution of Ca for Sr
leads to a rapid transfer of the spectral weight from the high to the low energy region. This behavior
is similar to observations in HTSC with increasing hole concentration [173]. In Srj4_,Ca,Cuy4Q0y; it
is the consequence of a charge redistribution from the chains to the ladders as the substitution is iso-
valent. The transferred spectral weight has been used to estimate the hole density in each structural
element. This is given in the inset of Figs. 2.23 and 2.24. A later study using polarization-dependent
X-ray absorption spectroscopy found a less pronounced charge transfer with substitution and a sig-
nificant contribution from orbitals on the rungs of the ladders [176].
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Fig. 2.23. The effective electron number per Cu (left-hand scale) of Sris—yACuz4O4; determined from an optical conduc-
tivity sum rule is plotted as a function of energy at 7 = 300 K. Nt per ladder Cu is indicated on the right-hand scale.
The valencies of Cu on both chain and ladder sites are given in the inset [173].

Fig. 2.24. The a-axis optical conductivity of g,(®) Sris—yCa,Cu4041 is shown at various temperatures for x = 8 (upper
panel) and x = 11 (lower panel). In the inset the low-frequency spectra are shown [174].

In recent experiments the observation of a “pseudo-gap” and a collective mode in the optical
conductivity of Sriy_,Ca,Cuy404 with x = 811 has been claimed [174]. This is based on the
diminishing of spectral weight for frequencies below 600 cm™! (x=11) and 1100 cm~! (x=28) with
decreasing temperature for polarization parallel to the g-axis. The term “pseudo-gap” has been used
for this phenomenon as it resembles the optical conductivity of underdoped HTSC [130]. However,
there are also important differences. The energy of the pseudo-gap in HTSC does not strongly
depend on doping. Furthermore, the derived gap energies for the chain/ladder compound do neither
correspond in their magnitude nor in their dependence on Ca substitution to the neutron scattering
results. Therefore, and as a gap of primary spin character is observed here in the charge degrees of
freedom, conclusions based on IR absorption data are not unambiguous.

In addition, optical conductivity in c-axis polarization shows a doping-dependent peak at 50 cm™!
(x=11) and 100 cm~! (x=8) [174]. FIR investigations on samples with x=0 identified a pronounced
frequency dependence in the optical conductivity forming a peak at 2 cm~' for temperatures up to
150 K [177]. This peak may be connected with slowly fluctuating charge dynamics or a charge
density wave instability.
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Fig. 2.25. Raman light scattering spectra of Sri4Cu4O4; in intraladder (cc) polarization at 10 K (thin line) and 350 K
(thick line). The gap features, low temperature modes, and the frequency shift of the phonon at 312 cm ™' that is sensitive
to charge ordering are marked by arrows. The spectra are corrected for the Bose factor and show the imaginary part of
the susceptibility [60,175].

In Raman scattering experiments on non-substituted Sr;4Cuy4O4;, shown in Fig. 2.25, a decrease
of the scattering intensity below 200 cm~! and an enhancement of a shoulder near 490 cm~! have
been observed upon cooling [60,175]. This renormalization of scattering intensity for frequencies
smaller than 200 cm~! (290 K) and 490 cm~! (700 K) corresponds to 2Acpain and 24j.4qer. These
values are in good agreement with the above-discussed neutron scattering and susceptibility data.
Furthermore, charge ordering in the chain system is evident as a shift of a phonon mode from
306 to 312 cm~! and the appearance of additional side bands at lower energy for T = 10 K. These
observations will be discussed further below.

In Fig. 2.26 it is shown that with Ca substitution the gap feature of the ladder system near
490 cm~! is smeared out but does not vanish or decrease in energy. In contrast, the smaller gap in
the chain sublattice near 200 cm™! is destroyed for x > 5. This supports the negligible substitution
dependence of the spin gap in the ladder system investigated in neutron scattering. The anomalies
of the phonon mode at 312 cm ™! related to charge ordering in the chains are completely suppressed
on substitution.

In addition, a very low-frequency mode is observed near 14 cm~! at T=10 K that disappears in the
substituted samples. Instead, quasielastic scattering is observed. The origin of this signal is unclear
and it may be related to an additional modulation of the charge density. Additional medium energy
modes are induced for lower temperatures in the frequency range 350—400 cm~' corresponding to
1.5A134der- They are marked by arrows in Fig. 2.25 [60]. The intensity of these modes vanishes with
increasing temperature with a power law and faster than the intensity of the gap-related shoulder at
2 Alaader [175]. No magnetic field dependence of the above described features has been observed in
fields up to 6 T. A room temperature investigation of the scattering intensity at higher frequencies
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Fig. 2.26. Raman light scattering spectra of Ca-substituted Sri4—,Ca,Cu,404; with x=0-12 in intraladder (cc) polarization.
The dashed lines are guides to the eye. The background of the scattering intensity is indicated by a dotted line [60].

and in dependence of La and Y substitution may be found in Ref. [178]. In these experiments
additional modes have been proposed to originate from IR-active phonons.

The high-energy regime of the Raman spectra in Sri4_,_,Ca,Y,Cuy404; has intensively been in-
vestigated and analyzed by several groups as function of substitutions and in a resonance study.
Important parts of the corresponding results will be discussed in Section 3.5. Early studies found a
very sharp peak in Sri4Cuy Oy in (cc) polarization at 3003 cm~! with a high-energy shoulder form-
ing two broader maxima at 3700 and 4300 cm~! [179,180]. A similar maximum in (aa) polarization
is weaker in intensity and the high-energy peaks are missing. From these peak positions exchange
coupling constants J; = 1000 cm~! and J; =950 cm™! of the ladder system have been estimated.
These experimental data have been theoretically reanalyzed by Freitas et al. [181,182] and Schmidt
et al. [77] concerning coupling constants and higher order Raman scattering effects. In Fig. 3.7 some
of the results for the undoped LagCagCu,404; are compiled together with model calculations [77].

It has very early been highlighted that the two-magnon signal shows an anomalously small
linewidth at low temperatures, i.e. only about 1/10 of the corresponding linewidth of roughly
1000 cm™' in 2D systems [179,180]. Comparing these results with the undoped compound
LagCagCuy40y; it is clear that the small lineshape must somehow be related to the doping of
the system. This observation is in some objection to the localization of the holes on the spin chain
sub-system at ambient pressure and the given substitution levels. Recently the two-magnon scattering
has been reinvestigated and confirmed, showing that the intensity and lineshape of the two-magnon
peak is strongly dependent on the energy of the incident light [183]. These resonance effects are
proposed to result from the proximity of the charge-transfer gap to the incident energy. A final
understanding of the small linewidth and related phenomena is still missing.
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Properties of the chain system. While even in Sri4Cuy404; the Cu valency is +2.25 the charge
carriers are localized in the chain sublattice. The compound is an insulator [185]. This localization
is connected with a dimerization and charge ordering in the chains. Corresponding superstructure
peaks are observed in X-ray scattering. Their intensities increase for temperatures below 50 K and
completely vanish only for temperatures up to room temperature [167].

The corresponding dimers are formed in the chains between the copper spins that are separated
by 2 times the nearest neighbor Cu—Cu distance between the nearest neighbor copper ions, while
the interdimers separation is 4 times that distance. The dimerization is discussed to originate from
the formation of ordered Zhang—Rice singlets (see Fig. 2.21(c) or (d)) [167]. Here, the squares and
double squares denote a Zhang—Rice singlet (Cu*") and an extended singlet, respectively. In NMR
experiments the existence of both Cu?>* and Cu®" in the chains has been verified [53]. The signal
of the Cu®" state splits into two peaks for 7 < 200 K.

In neutron scattering investigations the observed triplet dispersion along the c-axis is described by
an antiferromagnetic intradimer coupling J,,, = 134 K between next nearest neighbor Cu ions and
a ferromagnetic interdimer coupling J, = —13.2 K [172]. A second neutron study found two triplet
branches of the chains system, an acoustic and an optic branch. This leads to an intradimer coupling
as given above, an interdimer coupling along the c-axis J. =9 K, and an interdimer coupling along
the a-axis J, = 8.6 K. The dimer configuration indicates a quasi-2D hole ordering of the states with
s =1/2 and s = 0. The latter s = 0 spin states are due to Zhang—Rice singlets [186].

The charge ordering-induced phonon anomalies in Sri4Cu,404; can easily be correlated with the
gap formation in the chain subcell as both quantities are determined simultaneously by a Raman
scattering experiment. In Figs. 2.25 and 2.26 it is evident that in the energy regime of 250—350 cm ™!
modes shift with temperature and form additional satellite peaks. This temperature dependence can
precisely be mapped on the temperature dependence of superstructure peak intensities from X-ray
scattering experiments [167]. The phonon frequencies are therefore related to the order parameter
of charge ordering in the chain system. Fig. 2.27 shows the evolution of the 4; mode at 304 cm™!
that shifts to 312 cm™~! at lower temperatures with the formation of additional split-off modes at
294 and 303 cm~!. Noteworthy is the non-monotonous change of frequency with the largest slope
at approximately 7 =~ 150 K for Sr;4Cuy404;. This mode has recently be assigned to an O-vibration
of the chain along the diagonal of the ab plane [187]. Comparing these shifts with respective results
on substituted samples a coherence length of charge ordering of only 27 A at 7 = 150 K can be
estimated using the averaged distance between the substitution sites in the chain.

Following a simple model developed for similar phonon anomalies in NaV,0s due to the Coulomb
energy contribution to the lattice force constant [188], see Section 2.52, the shift of the phonon
frequency is given by a Coulomb contribution d.o, leading to v=1+/(x + dcon)/M. Additional modes
may be activated due to a back-folding of phonon branches by the 5-time increase of the chain unit
cell [186]. On the other hand, supposing that the mode at 304 cm™! is an in-phase vibration, then
in the case of charge asymmetry, the normal coordinates are linear combinations of the in-phase and
out-of-phase vibrations, and therefore new “in phase” modes appear in the Raman spectra. If this
mixing is strong enough, each of the new modes can be interpreted as a vibration of one Cu ion.
In NaV,0s such a mixing of in-phase and out-of-phase modes has been identified to explain the
observed phonon anomalies due to charge ordering and charge transfer [189,188].

The gradual increase and smooth crossover of the phonon frequency displayed in Fig. 2.27 points
towards short range fluctuations typical for charge ordering in quasi-1D systems. It has not only been
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Fig. 2.27. Enlarged view on the phonon anomaly at 312 cm ™" in Sr;4Cu4O4; in interchain (aa) polarization (left panel).
The right panel shows the phonon frequency as function of temperature for a pure (x = y = 0) sample as well as for Ca
(x #0) and Zn (y # 0) substituted samples. Crossover temperatures (7*) are indicated by dashed lines [184].

observed in the present compound and in NaV,0s but also in the stripe ordering of charge and spin
in LayNiOgys [188-190]. The phonon frequency in Sr14Cu404; shows a sudden increase of slope
at a certain temperature (7 ~ 200 K). This effect must be related to an increase of the coherence
length and induced by an additional interchain or magnetoelastic coupling. These details have not
been resolved in the X-ray experiments as incoherent scattering is lost. Therefore, the phonon-probe
is more sensitive to local charge ordering [167].

The effect of different substitutions on the phonon mode at 312 cm ™" is presented in Fig. 2.28.
While Ca substitution suppresses the appearance of the split-off modes quite fast, i.e. already at a
Ca content of x =2 these modes are strongly reduced in intensity, Zn and Ni substitution on the Cu
site do not suppress the split-off modes at all. This is based on the charge transfer from the chains
to the ladders induced by Ca substitution. This charge transfer suppresses the charge ordering and
the dimerization of the spins in the chain subsystem. Thereby also the evolution of the spin gap
in the chain system is suspended. However, even at high Ca substitutions x > 5 still a frequency
shift of the phonon is observable while the spin gap is not detectable anymore (right panels of
Fig. 2.28). This is related to the different coherence lengths of the spin and the lattice system. The
non-linear dependence of the spin gap in the chain system on the charge ordering/transfer estimated
by the integrated and normalized phonon shift demonstrates clearly that this gap formation needs a
well-established coherence of charge ordering.

Effect of pressure and the phase diagram. Under applied pressure holes are transferred from
the chain to the ladder system [154,170]. The carriers are delocalized with further pressure. The

1
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Fig. 2.28. Effect of Ca, Zn and Ni substitution on the phonon anomaly at 312 cm ™! in Sr14CupOuy (left panel). In the
right panels the temperature-induced integrated frequency shift of the phonon at 312 em™' is taken as a measure of the
charge ordering and related to the spin gap of the chain system [184].

effects observed in resistivity shown in Fig. 2.22 are discussed as a dimensional crossover to a
two-dimensional system [169]. Superconductivity appears in Srg4Ca;36Cuy404; at 7, =12 K and an
applied pressure of P=3.5 GPa [150]. NMR experiments on a sample with x=12 indicate a collapse
of the gap to a “pseudo-spin gap” under pressure [191] as shown in Fig. 2.29. This is meant to
describe a reduced but not completely diminished density of states. In contrast, preliminary neutron
scattering experiments under pressure do not support this result [192].

The different behavior of the ladder spin gap observed in neutron scattering and NMR may be
related to the fact that the former method probes a coherent singlettriplet transition while the
latter samples low-energy relaxations via partly localized states in the gap. The experimental results
therefore indicate a more complex low-energy spectrum than resolved by neutron scattering. This
spectrum may contain magnetic bound states [60] and collective modes [174] as evidenced in optical
experiments. However, a limited amount of sample inhomogenities that would not show up in neutron
scattering experiments may also explain the inconsistencies.

Recently an additional AF order (10~'~1072ug) of Cu moments on the chain and ladder site has
been found in Ca substituted (Sr,Ca);4Cu404;. Long range ordering is also observed in (Ca,La)4
Cuy40y4; that shows no superconductivity under pressure. The Néel temperature is 7y =2 and 10 K
for (Sr,Ca)4Cuy404; and (Ca,La);4Cup4Oy;, respectively. In the former compound 7y increases
strongly for further Ca substitution x > 12.5. Therefore, in Sri4_,Ca,Cuy4O4; the two phases of
superconductivity and antiferromagnetism are separated only by pressure [193,194]. Recent neutron
scattering and pSR experiments on samples with x = 11.5 and ambient pressure observe a coexis-
tence of the singlet state and antiferromagnetism with an inhomogeneous distribution of the internal
fields [195].
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Fig. 2.29. Effect of pressure on the NMR relaxation rate and the spin gap in Srj4—,Ca,Cuz404; with x=12. The measure-
ments at ambient pressure (open circles) show a fit (full line) expected for a spin gap of the ladder with Ajg4er = 350 K.

For a pressure of 30 kbar (full circles) a weaker temperature dependence is observed (a power law is shown as a dashed
curve) [191].

The above discussed investigations are very important as they try to clarify whether supercon-
ductivity in Sri4—,Ca,Cuy40y4; is induced in a low-dimensional gapped spin liquid state or whether
applying pressure “simply” increases the dimensionality. In the latter case this compound would
better be characterized as a quasi-two-dimensional system. This approach is somewhat supported
by estimates of the upper critical field H., that show only a weak anisotropy in the ladder plane
[196]. From the present experimental status, however, the scenario of a doped spin liquid should be
favored. Recently a further spin ladder compound, f3'-Cug¢sV,0Os, showing evidence of superconduc-
tivity under pressure has been found [197]. This compound and related low-dimensional vanadates
will be discussed in the following paragraph.

2.5. Low-dimensional vanadates

There exist an even larger number of low-dimensional vanadium—oxygen compounds than of
cuprates as more diverse coordinations and a broader composition range are accessible [67]. Many
systems show effects of strong electronic correlations, e.g., charge and/or orbital ordering, Mott
metal—-insulator transitions and spin density wave ground states. Important parameters of the phase
diagrams are temperature, magnetic field, composition and pressure [198]. Recently vanadium com-
pounds have been systematically searched for interesting low-dimensional spin systems [199].

Vanadates allow different coordinations with oxygen going from VOy-tetrahedra with V> to
VOs-pyramids, where both V** and V3* valence states are observed, to VOg-octahedra with distinct
V3* ions. Especially for the pyramidal coordination small, seemingly negligible changes of the local
coordination may lead to drastic changes of the electronic state of vanadium, i.e. a valence change
from a non-magnetic V> to the s = 1/2 state V**. This opens up interesting aspects of correlated
charge ordering and lattice instabilities as, e.g., realized in the quarter-filled spin ladder compound
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o/-NaV,0s. The above given geometrical elements can be arranged to form chains, ladders or more
complicated 2D arrangements, leading to a multitude of possible vanadium oxides [67].

2.5.1. The AV,0s family of compounds

The system AV,0s, with A =Li, Na, Cs, Mg and Ca is a family of V compounds that covers a
broad range of low-dimensional systems such as spin chains and ladders.

The compound CaV,0s is described best as a two-leg spin ladder [99,200]. The resulting singlet
ground state has a spin gap of 4y; =500 K. The compound MgV,Os represents a two-leg spin ladder
with an additional strongly frustrated coupling between the ladders [201,202]. The respective gap
Ag; = 15 K is much smaller. The compound CsV,0s has static dimers each formed by two V4+Os
edge-sharing square pyramids and a gap 4o; = 160 K [83,199]. In contrast, LiV,0s5 is a quasi-1D
anisotropic-chain system [203] without a spin gap [200,83,204].

The quarter-filled two-leg spin ladder o’-NaV,Os attracted considerable interest from both experi-
mental as well as theoretical side [205-208]. This compound is one of five existing Na,V,0s phases
at ambient conditions. In the following it is denoted as NaV,0s as its earlier determined room
temperature non-centrosymmetric structure Pmn2; proved to be wrong [205]. On the contrary, the
centrosymmetric structure Pmnm is presently used [209]. NaV,05 shows a singlet formation with
Ao =85 K for T < Tsp =34 K accompanied by a lattice instability. It is therefore often assigned to
spin—Peierls materials. It will be discussed in more detail in Section 2.7.2. The correlation between
structural parameters, the exchange coupling constants and the exchange topology of the AV,0s
family is described in Refs. [199,202].

The related beta-bronzes f-A33V,0s with A=Na, Ag, Li as well as with A=Sr and Cu that have
been investigated in the 1980s in the context of bipolaron formation have recently found a renewed
interest [210-212]. The crystal structure of these compounds contains three different V sites (two
zig-zag chain sites and one ladder site). In addition, there exist “channels” containing the mono- or
divalent cations.

For the series with monovalent cations A = Na, Ag and Li charge ordering (7¢co = 136, 90 and
180 K) of V**: s=1/2 on one chain site is observed [210] at low temperatures. This charge ordering
is extremely sensitive to the cation stoichiometry. All other V-sites remain non-magnetic (V>"). For
even lower temperatures Néel ordering takes place (7 =24, 27 and 7 K). Transport experiments at
room temperature show a quasi-1D metallic behavior. The charge ordering transitions are observed as
kinks and an abrupt increase of the resistivity. Evidence for an additional structural instability exists
for A = Na at approximately 7, =250 K. In this latter system superconductivity under hydrostatic
pressure of P =7 GPa has been observed with a maximum transition temperature of 7.=9 K [197].

The beta-bronzes with divalent cations are even more spectacular since for A = Sr, Ca and Cu
charge ordering of V#*: s =1/2 is expected on the ladder sites and experimentally evidenced by
NMR experiments [213,210]. Therefore in these compounds a doped spin ladder is realized. In
p'-Cug66 V205 transport experiments under pressure (P=4.5 GPa) show evidence of superconductivity
with T.=5 K [197]. In this compound Cu'*, that partly occupies several distinct sites in the channels
of the crystal structure, plays the role of a non-magnetic dopant of the system. The structural
ambiguity of the Cu site complicates the determination of the electronic structure and the effect of
charge transfer from the channel to the ladder sites. Further experimental and theoretical studies on
these compounds are underway.
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Fig. 2.30. Projected view on the crystal structure of (VO),P,07 in c-axis and a-axis direction showing (a) the ladder and
(b) the alternating chain, respectively. V ions are shown in grey, P in light gray and O in black [214].

2.5.2. The alternating chain system (VO ),P,0;

In Fig. 2.30 the crystal structure of (VO),P,0; (vanadyl pyrophosphate) is shown. This compound
consists of chains along the b-axis direction with a double V-O-P-O-V link through phosphate
groups alternating with a V-O-V link between edge-sharing VOs square pyramids. In a-axis direction
a ladder with double V-O-V legs is formed. The magnetic susceptibility of this compound shows
a maximum at 74 K and a rapid decrease at lower temperatures. Together with neutron scattering
experiments on powder samples low-dimensional spin fluctuations, a singlet ground state and a gap
in the excitation spectrum have been deduced [215]. However, since it was not possible to resolve
the dominant exchange path direction the structural element along the a-axis lead to the erroneous
interpretation of (VO),P,0; as a spin ladder compound [15,216].

Recently, neutron scattering experiments on a batch of aligned single crystals proved the b-axis
direction to be the dominant exchange path [217-219]. The triplet dispersion is strongest in this
direction. This leads to the assignment of (VO),P,0; as a chain system with a strong static alter-
nation of the exchange coupling. Perpendicular to the chains a negligible dispersion with k along
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Fig. 2.31. Triplet dispersion in (VO),P,07 determined by neutron scattering experiments. The first and the second triplet
branch with A¢; =37 K and 4, = 69 K are shown with filled and open symbols, respectively [217].

the c-axis and a weak ferromagnetic dispersion along the a-axis, i.e. parallel to the ladders, are
observed.

A spin wave fit to the triplet dispersion results in exchange coupling constants of J; = 120 K and
J> =100 K along the chains (b-axis direction) and a singlet—triplet excitation gap of A4y; =37 K. The
zone-boundary energy of this branch is Ezg = 180 K [220]. The larger coupling (J;) is realized via
the phosphate groups. The static alternation 6 = (J; —J,)/(J1 +J2) = 0.09 is much larger compared
to spin-Peierls compounds where values of only ¢ = 0.015-0.05 are reported for T < Tsp. ESR
investigations on (VO),P,0; later supported by NMR point to even larger values of 6=0.2 [220,221].
Therefore, the understanding of the properties of (VO),P,07 in comparison with spin-Peierls systems
is important. Theories of dimerized spin systems using numerical approaches are often more practical
for larger alternations [29]. For these calculations (VO),P,0; may be used as a model system.

The main peculiarity of the excitation spectrum of (VO),P,0; is the observation of a second
triplet branch 4j;, =69 K in neutron scattering experiments with a comparable dispersion as the first
lower-energy triplet branch. This dispersion is shown in Fig. 2.31. The second triplet branch has been
assigned tentatively to a triplet bound state of a strongly alternating chain [217]. This would have
been the first experimental observation of such a signal reported in literature. Later experimental
investigations, however, found evidence for two chain systems with different alternations within one
unit cell of this compound. This will be discussed further below.
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Fig. 2.32. Phonon anomalies of (VO),P,07 in intrachain (bb) light scattering polarization [214].

The second branch has considerable intensity over the whole Brillouin zone as shown by neutron
scattering. Therefore, the assignment to a triplet bound state has been criticized. Calculations show
that the spectral weight of such a bound state should be dominant at the zone boundary and not
at the I' point of the Brillouin zone. This inconsistency may be solved by an additional interac-
tion, i.e. a more complicated exchange topology [222]. Indeed, an additional frustrating interchain
exchange term across the phosphate group can increase the spectral weight of the triplet bound state
[31,223].

In a detailed Raman scattering study this problem has been investigated experimentally [214]. Here,
no sign for strong frustration has been detected as it should manifest itself in a large binding energy
and spectral weight of a singlet bound state. Respective data are discussed in Section 4.3. However,
there is evidence for strong spin—phonon coupling showing up as fluctuation-induced quasielastic
scattering and phonon anomalies [214]. A further Raman and IR scattering study concentrating on
phonons and the respective symmetry analysis can be found in Ref. [224].

In Fig. 2.32 low-energy Raman spectra are shown. A strong anharmonicity of a phonon of
(VO),P,07 at 123 ecm™~! is observed. This mode most probably corresponds to the phosphate group
that mediates the exchange along the alternating chain. Its energy coincides with the energy A4¢;(k)
at the zone-boundary Ezz =180 K = 125 cm~!. The frequency shift of this and a second anomalous
phonon mode at 70 cm~' is shown in Fig. 2.33. The observed softening of the phonon frequency
corresponds to a decrease of the corresponding force constant by 20%. In interchain (aa) scattering
configuration the effects of spin—phonon coupling are similar drastic, leading to a complete vanish-
ing of the phonon intensity of the 123 cm~!-mode for temperatures 7 > 80 K (see Fig. 2.34). This
temperature is comparable to 24y; =72 K. The strong spin—phonon interaction has been taken as an
alternative reason for a large spectral weight of the tentative triplet bound state Af, in the center
and at the boundary of the Brillouin zone [129,214].
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Fig. 2.34. Phonon anomalies in Raman spectra of (VO),P,05 in interchain (aa) polarization in dependence of temperature
(left panel). The intensity of the mode at 123 cm™' is shown in the right panel as a function of temperature. The dashed
line is a guide to the eye [214].

Strong spin—phonon coupling is also observed as fluctuations of the energy density of the spin
system (see Section 5). These are detected as strong quasielastic light scattering and have been used
to determine the magnetic contribution to the specific heat. A comparison of these results for VOPO
with a DMRG calculation [225] leads to a quantitative agreement supporting strongly the alternating
chain model with strong spin—phonon coupling for (VO),P,0;.
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Table 2.1
Spin gaps and intrachain exchange interactions of two spin subsystems A and B in (VO),P,07

Spin subsystem 4 (K) J1 (K) J (K) 0
Chain A 68 136 92 0.19
Chain B 35 124 103 0.09

The data are derived from *'P and *'V NMR experiments. The data of the subsystem B correspond to the parameters
derived from neutron scattering experiments as explained in the text [220].

As discussed in Section 2.3.2 the existence of a high symmetry phase at elevated pressure and/or
temperature may also play an important role in inducing anharmonicity and enhancing spin—phonon
coupling. Phonon anomalies in SrCu,(B0O;), have been undoubtedly attributed to a structural phase
transition into a centrosymmetric phase for 7 > 7. =395 K. In (VO),P,07 a transition into a high
pressure phase is observed at a pressure of P =3 GPa and temperatures between 400 and 500 K
[127,128]. This transition is certainly related to the observed anomalies. In this scenario it is under-
standable that the high-pressure phase of (VO),P,0; does not show evidence for phonon anomalies
at low temperatures [226].

The triplet bound state tentatively observed in neutron scattering motivated a detailed NMR study
[220] that raised doubts concerning this interpretation. The temperature dependence of 3'P and the
IV NMR shows two independent components leading to two different spin gaps. The gaps are
determined to be 4* =68 K and 4% =35 K. These data are in excellent agreement with the branches
observed in neutron scattering. See Table 2.1 for important parameters that have been derived from
these measurements. The NMR data are understandable taking two independent magnetic subsystems
with distinct propagating triplet branches into account. The doubling of the gap in the second spin
system with respect to the first due to a different chain alternation is therefore proposed to be
accidental.

The spin subsystems are associated with two crystallographically inequivalent V chains along the
b-axis. The inequivalence is proposed to be based on a very small difference in the V-O-V distances
(Ad = 0.02 A) [220]. The two branches observed in neutron scattering are therefore the result of a
large unit cell (with eight formula units and four chains) with two chain systems, A and B, differing
in the alternation of their exchange coupling (see Table 2.1). It is important to notice that the weak
ferromagnetic coupling in a-axis direction acts between the same kind of chains. Therefore both
chain systems stay decoupled. Furthermore, the larger alternation (6 =0.19) is identical to the value
reported in ESR experiments [221].

2.6. Low-dimensional halides and pnictides

In contrast to oxides, many low-dimensional halides show more or less distinct spin—orbit coupling
that enforces the description of their magnetic subsystem as Ising or XXZ-models with either easy-axis
or easy-plane anisotropies. We will discuss here only compounds with negligible spin anisotropies.
Examples are KCuF3, the ACuCl; family of compounds, the Haldane system CsNiCl; and a rare
earth compound, Yb,As;.
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Fig. 2.35. Crystal structure and spin topology of ACuCls, with A =TI, K: (a) projection of the crystal structure along the
a-axis, (b) exchange coupling constants of the three-dimensional dimer topology [232].

2.6.1. The chain system KCuF;

The compound KCuF; represents a one-dimensional Heisenberg antiferromagnet in the sense of
small interchain exchange interactions and negligible spin anisotropies. In spite of the large intrachain
exchange coupling J; = 196 K, 3D Ne¢el ordering is observed only at 7y =39 K. The specific heat
of the spin system shows a maximum at 7 = 180 K due to one-dimensional spin fluctuations [227].

This compound played an important role in the first spectroscopic investigations of the spinon con-
tinuum using neutron scattering [228,229]. Experiments were successfully compared to the Miiller
ansatz, an analytic solution for the two-spinon contribution of the Bethe solution [230]. If no addi-
tional interaction, e.g. next nearest neighbor coupling, exists the 1D Heisenberg Hamiltonian com-
mutes with the Raman exchange light scattering operator. Therefore, in light scattering experiments,
in contrast to, e.g. CuGeO;, no spinon continuum has been observed. Instead, intrachain polarized
quasielastic light scattering has been detected with an intensity /(7) which strongly increases with
temperature. This contribution can be described by a correlation function of the magnetic energy den-
sity and its fluctuations. (See Section 5 for a detailed discussion.) The renormalized intensity /(7)/T?
has successfully been compared with the magnetic contribution to the specific heat determined by
birefringence measurements [227]. In more recent neutron scattering experiments evidence for a lon-
gitudinal magnon has been found [231]. This mode is observed in the antiferromagnetically ordered
phase of the spin-1/2 quasi-one-dimensional system and signals a crossover from one-dimensional to
three-dimensional behavior. Furthermore it indicates a reduction in the ordered spin moment of the
spin-1/2 antiferromagnet that has successfully been compared to quantum field theory calculations.

2.6.2. The ACuCly family of compounds

The copper halides KCuCl;, TICuCl; and NH4CuCl; share a monoclinic structure with the space
group P2,/c. The exchange topology consists of double chains of edge-sharing CuCls octahedra run-
ning parallel to the crystallographic a-axis, which are separated by the cations as shown in Fig. 2.35.
The magnetic system has earlier been modelled using 3 coupling constants, describing the intrachain
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and a frustrating interchain coupling of the system [234]. This chain has been mapped on the ex-
change topology of a strongly dimerized spin chain with next nearest neighbor exchange interaction
[235,236]. Recently, the former two compounds are discussed within a 3D coupled spin dimer model
using 6 exchange coupling constants [237-240,232]. While KCuCl; and TICuCl; definitely have a
singlet ground state and a spin gap as expected for a dimer system, the appropriate exchange topology
and the low-energy model Hamiltonian for NH4CuCl; are still under debate.

In KCuCl; the triplet dispersion for k parallel and perpendicular to the chains is comparable to
the smallest gap 4¢1(k)=32 K of the triplet branch at k=(1,0,1) [237,238,241,242]. The intradimer
interaction has been determined to be J ~ 48 K. The dimers themselves are weakly 3D coupled with
the largest interdimer coupling given by J; =~ 5.2 K. The magnetic susceptibility shows a maximum
at Thax =30 K and a pronounced drop toward lower temperature. This dependence has been fitted
successfully for T < 15K to y(T) ~ (1/V/T) - exp(—A4/kgT), with 4 =35 K [234]. This expression
has earlier been derived for antiferromagnetically coupled spin ladders [243]. From recent high field
magnetization data coupling constant that are a factor 0.8—0.9 smaller compared to the above given
values have been determined for TICuCl; [232].

With rising temperature neutron scattering experiments show a flattening and decrease of bandwidth
of the triplet branches while keeping the spin gap approximately constant. In addition, a thermally
activated broadening of the triplet branch (lifetime I' ~ exp(—4¢1/kgT)) and a loss of its intensity
is observed for temperatures up to 30 K. These effects are interpreted as an effective diminishing of
the interdimer coupling as function of temperature due to thermally induced triplet—triplet interaction
or due to spin—phonon interaction [244]. In uSR experiments free electron spins are observed for
temperatures down to 6 K, followed by a spin-glass-like slowing down of the dynamics at lower
temperatures [245,246].

In TICuCl; the maximum in the magnetic susceptibility is observed at T7.x =38 K a value similar
to KCuCl;. However, neutron scattering experiments resolve a smallest gap of only 4y, =7 K at
k =(1,0,1). An analysis of the triplet dispersion leads to an intradimer interaction J ~ 60 K while
the interdimer exchange coupling constant J; ~ 18 K is a factor 3 larger compared to the respective
coupling constant in KCuCl; [247,239,240]. The much larger bandwidth of the triplet branches
compared with the gap is therefore attributed to a breakdown of the weakly coupled dimer model
for TICuCl; [239]. Treating the interdimer interactions in mean field, the magnetic susceptibility can
be modelled by the expression x(7) = (B/(3 + exp(BJ + BJ')) for effective independent dimers,
with f = 1/(kgT) and J’ the sum of the interdimer interactions. Using this expression the ratio
J/(kgThax)=1.6 leads to J +J' =60 K in good agreement with the analysis of the neutron scattering
experiments [239].

In light scattering experiments on KCuCl; and TICuCl; magnetic continua with energies compa-
rable to the exchange coupling constants are observed. In addition multiphonon scattering intensities
with energies above the single phonon frequency spectrum show up [233]. In Fig. 2.36 respective
spectra in TICuCl; are shown at 4 and 293 K in (aa) and (cc) polarization. The anomalous scat-
tering intensities are only observed in the interdimer (aa) polarization. With increasing temperature
the maximum at 46 cm™! in TICuCl; shifts to higher energy and is strongly reduced in intensity.
In KCuCl; in addition to the maximum at 56 cm~! a second maximum is observed at elevated
temperatures and an energy of 34 cm~'.

For KCuCl; and TICuCl; transitions into gapless 3D ordered magnetic phases are induced by
magnetic fields as well-defined cusp-like minima in the magnetization at H. = 22.3 and 5.7 T
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Fig. 2.36. Raman spectra of the spin dimer system TICuCl; in (aa) and (cc) polarization. A scattering continuum and
several multi-phonon modes are observed in (aa) polarization and at low temperatures (full line) [233].

[247,248,232], respectively. For H > H, the slope of the magnetization m(H ), i.e. the magnetic
susceptibility, is finite. These transitions do not depend on the orientation of the magnetic field with
respect to the crystallographic axes. Furthermore, the phase lines show an upward curvature towards
higher fields for higher temperature. For both systems the field-induced transition has been described
as a Bose—Einstein condensation of dilute magnons [249]. This is based on the scaling of the crit-
ical temperature with magnetic field, T.(k) oc |h — h.|"?, with ¢ = 2.3 and 2.1, respectively. The
description of an isotropic Bose—Einstein system with a Hartree—Fock model would lead to ¢ ~ 3/2.
In the mixed system (7/;_.K,)CuCl; with exchange bond randomness, the field-induced magnetic
ordering is suppressed [240]. Recent NMR and ultrasonic experiments point to an appreciable lat-
tice distortion and first-order-like character of the transition [250]. The sharp peak observed in the
ultrasonic attenuation as function of magnetic field or temperature shows a hysteresis [251].

Finally, NH4CuCl; is believed to have a magnetic (triplet) ground state in contrast to the singlet
ground state of the other two copper halides. This distinction is tentatively attributed to interchain
interaction [252]. However, as also supported by the magnetic phase diagram, the triplet ground
was proposed to result from the combined effect of interchain interaction and dimerization [16]. In
measurements of specific heat evidence for a three-dimensional magnetic ordering with 7y = 1.3 K
has been found that is suggested to involve only 1/4 of the spins. The remaining spins are proposed
to remain in a singlet state. The magnetic entropy at this transition is very small as the magnetic
correlations are well-developed at this low temperature [253].

The magnetic phase diagram of NH4CuCl; is of special interest as it contains gapped phases
induced by a magnetic field. These phases originate from quantum effects and not from magnetic
anisotropies. The magnetization shows a sequence of five well-defined transitions (H.=5,12.8,17.9,
24.7,29.1 T) and plateaus at m=1/4,3/4 and 1, with m per copper site in units of gug [16,236,252].
For small fields and in between the plateaus the magnetization M(H) increases roughly linear.
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In contrast, the magnetization of the spin chain system copper benzoate shows a continuously field-
induced gap as a transition-like increase of the magnetization. This gap is related to a staggered
magnetization that is again attributed to an alternating g-tensor and a DM interaction [254,255]. In
this phase magnetic bound states with energies £ < 3 cm™! are theoretically predicted.

Theoretically, the plateaus observed in NH4CuCl; and in some other 1D s = 1/2 spin systems
correspond to a topologically induced quantization (similar to the quantum hall effect) denoted as
a “field-induced Haldane gap” or “triplet—singlet-lattice” phase. They should fulfill the Oshikawa—
Yamanaka—Affleck condition n(s — m) = integer, with n the spatial period of the spin ground state
(number of spins per unit cell), s the magnitude of the spin and m the magnetization [256]. Recent
theoretical studies have shown that in dependence of the coupling parameters plateaus may be
observed for m = 0 and 1/3 in three-leg ladders, for m = 0 and 1/2 in two-leg ladders and in
frustrated alternating Heisenberg chains [256-259].

Following these arguments the plateau at m = 1/4 in NH4CuCl; cannot correspond to a diluted
dimer ordering of a frustrated alternating Heisenberg chain as suggested in Ref. [258]. Here, the
proposed division of the spin system into a triplet and a singlet portion as evidenced form specific
heat data might explain the phase diagram [253]. Recently two other arguments have been used
in connection with the complicated behavior of NH4CuCl; in a magnetic field: The up to now
ignored orientational transition of the NHy-tetrahedra at 7 en =70 K [260] may induce an additional
modulation of the exchange coupling constants or an enlargement of the unit cell. Furthermore, it has
been suggested that a weak coupling of two different ladder topologies may be helpful to suppress
a plateau at m = 1/2 [261].

2.6.3. The Haldane system CsNiCly

The Haldane gap of an integer-spin Heisenberg chain is besides dimerization, frustration and
ladder topology another route to a gapped excitation spectrum [71,72]. A Haldane gap has first
been observed in CsNiCls;, which contains s = 1 Ni*" chains [73,262,263]. This compound has
exchange coupling constants of Jj =16.6 K and J, = 0.29 K for intra- and inter-chain exchange
respectively. These values and a small easy axis anisotropy of D = —0.62 K have been determined
for temperatures below Ty =4.4 K using the dispersion of magnon branches in the 3D Néel ordered
phase. The observed singlet-triplet gap Aoy = 15.4 K and the 2n-periodicity of the triplet branch in
the disordered phase (7 > Ty: no symmetry of the chain is broken) are solely due to the “hidden
order” described by Haldane.

2.6.4. Yb4AS3

In the mixed-valency and semi-metallic rare earth compound YbsAs;, charge ordering (7Tco =
290 K) leads to s = 1/2 Yb*" chains that are only weakly coupled. Charge ordering in a quantum
spin system is also realized in NaV,0s and plays a role in Sri4Cuy404;. In YbsAs; a very large linear
specific heat contribution has been observed at low temperatures [264]. This contribution is related
to fermionic spinon excitations on the chains as the carrier concentration is very small for 7 < T¢o
[265]. Indeed, in neutron scattering experiments a gapless spinon dispersion has been observed as
expected for a s = 1/2 Heisenberg chain system with Jy =40 K [266-268]. It has therefore been
emphasized that this compound realizes a “novel route” to Heavy Fermion systems [269].
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The physical picture of YbsAs; got another twist when inelastic neutron scattering experiments
[270] found a gap to (all) magnetic excitations. This gap opens in the presence of an external
magnetic field, confirming a prediction [271] by Schmidt et al. based on an interpretation of previous
specific heat data [264]. Several proposals have been made in order to explain this unusual behavior
[272]. The first model [273] is based on the observation that a staggered DM interaction, which
generates an effective staggered g-tensor, is allowed [274,275] in this 4 f-compound. It is known
that a staggered g-tensor leads to a gap in an external field [254,255]. The second model [272], based
on a mean-field analysis of the anisotropic spin-chain, proposes that a gap opens in the presence of
a uniform transversal magnetic field.

Raman light scattering experiments on YbsAs; show quasielastic scattering for intrachain polariza-
tion while in crossed polarization a gap-like decrease of the scattering is observed for Aw < 100 cm ™!
[184]. In addition, multiphonon excitation due to spin—phonon coupling exist. These latter results
are comparable to observations in the zig-zag chain compound SrCuO, and in the chain system
Sr,CuO; [276].

2.7. Inorganic systems with spin-Peierls and related instabilities

The Peierls instability of one-dimensional metals was introduced by Sir R. Peierls in his textbook
“Quantum Theory of Solids” [277]. It is based on the divergence of the electronic susceptibility at
k =2k and the instability to a periodic distortion of the chain. The resulting opening of an energy
gap and insulating ground state overcompensates the energy loss due to the lattice distortion [3].

The spin-Peierls transition of one-dimensional insulating spin systems is the magnetic analogue
of the Peierls transition. The gain of energy results from a dimerization of the spin degrees of
freedom. The coupling of the spin to the phonon system leads to the formation of a non-magnetic
singlet ground state in a dimerized system. The observation of a singlet—triplet gap in the mag-
netic excitation spectrum as well as a lattice distortion is a critical proof of this ground state. This
transition was first investigated in the 1970s in the organic compounds (MEM)(TCNQ), [278] or
(TTF)(Cu-BDT) [279,280] and later in charge transfer salts [281]. For an introduction to the phe-
nomenology of the spin-Peierls transition and respective compounds we refer to the review article of
Bray [282].

The discovery of a spin-Peierls transition at 7sp = 14.3 K in CuGeO; by Hase et al. [283] and of
a spin-Peierls like transition (combined with charge ordering) at Tsp = 34 K in NaV,05 by Isobe
et al. [207] opened up a much broader range of experimental methods and investigations. This led
to a fruitful extension of this field from both experimental as well as theoretical point of view [284].

The compound CuGeO; represents a system with considerable relative strength of competing
interactions [285,286]. This is due to AF next nearest neighbor exchange interaction along the
spin chain (frustration). The later found NaV,0s shows a quarter-filled ladder structure [287] with
a dimerization instability that is more complicated due to the interplay of hopping and intersite
Coulomb interaction. Both compounds are interesting and important to study. Their properties and
magnetic parameters will be discussed in the following.

2.7.1. CuGeOs
The compound CuGeOj; crystallizes in an orthorhombic structure (Pbmm) with the lattice parame-
ters a=4.81 A, b=8.43 A, and ¢=2.95 A [288]. A classification of the k=0 vibrational modes can
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Fig. 2.37. Lattice structure of CuGeO3;. The CuO, chains are formed by O2 and Cu. The Ge site is hidden within the
GeOy tetrahedron.

be found in Refs. [289,290]. The compound may be described by ribbons of CuO, and GeO, chains
sharing one oxygen atom (O1) in the bc-plane, as shown in Fig. 2.37. The CuO, chains (including
02) that are aligned along the c-axis provide a superexchange path via a Cu—O—Cu bonding angle
very close to 90° [61,291]. This special exchange path leads to a weakening of the nearest neighbor
exchange J$ compared to, e.g., a 180°-exchange in Sr-cuprates and a considerable strength of the
next nearest neighbor exchange Jg . along the c-axis. This antiferromagnetic exchange to the next
nearest neighbor leads to a frustration of the spin system with the frustration parameter o« = Jynn/Jon.

The relevance of frustration is supported by magnetic susceptibility measurements that show a
much too broad maximum at 7,, = 60 K [283] in comparison with the Bonner—Fisher prediction
[292] for a Heisenberg spin chain. Considering a finite J,, a much better agreement with experiment
is found [293,294]. Using the above mentioned susceptibility data and neutron scattering results
[295,296] exchange constants of JS, =150 K, JS =30 K with o = 0.2 have been found [293,294].
Frustration-induced Raman scattering [97] discussed in Section 3.4 leads to a rough estimate of
J& =150 K and o = 0.24 [97] while a careful analysis of susceptibility and magnetostriction data
points to a larger frustration and corresponding exchange parameters, o =0.35-0.37 and JS, =160 K,
respectively [297,298].

A further origin of frustration in CuGeOj; is the coupling of the spin system to so-called
“hot phonons” that have a frequency close to J¢ [299]. This non-adiabatic coupling adds an
effective frustration term to the Hamiltonian of the magnetic subsystem.

Singlet formation and transition-induced modes. A drop in the magnetic susceptibility [283] and
the observation of superstructure reflections in X-ray [300,301] or neutron scattering experiments
[302] mark the spin-Peierls transition at 7sp = 14.3 K. The accompanied lattice distortion has a
wave vector ksp =(1/2,0,1/2). This means a doubling of the lattice cell parameters in a- and c-axis
direction. While this vector describes the new periodicity of the phonon system kar=(0, 1,1/2) gives
the periodicity of the magnetic system. In Fig. 2.38(a) a sketch of the two vectors in the Brillouin
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Fig. 2.38. (a) Sketch of the relevant k-vectors and (b) the neutron dispersion of the acoustic triplet branch in the dimerized
phase of CuGeOs.

zone and in Fig. 2.38(b) the periodicity of the triplet dispersions observed in neutron scattering are
shown [303,304]. In CuGeO; the dimer positions alternate perpendicular to the c-axis direction, i.e.
are staggered along the b-axis of the unit cell. This has been concluded from a careful analysis of the
intensity of the superstructure reflections [305] and has important consequences for the observation
of an incommensurate magnetic phase in an applied magnetic field [16].

The lattice displacements of the atomic positions connected with the spin-Peierls transition may
be described as due to an alternating rotation of the GeO, tetrahedrons around the Ge atoms or
around the O1-O1 axis, which induces displacements of Cu atoms along the c-axis and a twisting
of the CuO, ribbons around the c-axis. All atomic displacements are smaller than 2 x 10~ [284,301].
Therefore, the superstructure reflections are very weak in intensity.

There are four constituting phonon modes of the CuO, chain dimerization, as shown in Fig. 2.39.
A calculation of their microscopic spin—phonon coupling constants is given in Ref. [306]. The modes
Q, and Q, have the largest values as they efficiently modulate the Cu—O—Cu bonding angle of the
CuO; chains. Three of these modes are observable in Raman scattering for temperatures below Tgp
as they are zone-folded from the high symmetry Brillouin zone boundary (1/2,0,1/2) to the zone
center at 107, 370 and 821 cm~' [308]. The fourth mode nearly coincides in frequency with a
high-energy cut-off of a density of states at 224 cm~' observed in Raman scattering (see Fig. 3.3).
This high-energy cut-off may originate from a two-magnon density of states [309] as it is close to the
maximum of the c-axis dispersion of magnon-like triplets observed in neutron scattering [295,296] for
temperatures below Tsp at £(1/2,0,1/4) ~ 170 K =118 cm~!. Due to strong spin—phonon coupling
the density of states observed in Raman scattering may also be of mixed spin—phonon origin as it
is equally well described by a Fano-like lineshape [310] of a single phonon coupled to a continuum
of magnetic excitations.

The soft mode problem. In spite of the enormous experimental effort linked to the spin-Peierls
transition in CuGeO; no anomalous phonon behavior could be detected. It is therefore now well
established that especially no phonon soft mode exists close to 7sp [291,302,307,311,312]. This
peculiarity is not easy to understand as a lattice instability may be based on a macroscopic population
of a phonon branch Q5. This is easy to achieve with Q3F — 0 for T = Tsp.
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Fig. 2.39. Displacement patterns of the 7, eigenmodes in CuGeO; involved in the spin-Peierls distortion for T < Tsp.
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the corners are formed by oxygen (O2). The oxygen (O1) are represented by the open circles with the Ge ions in between
them. The given frequencies correspond to zone center optical phonons and have been determined by a force constant
model to the phonon dispersions [306,307].

820 cm’’

The spin-Peierls-induced Raman mode of CuGeO; at 30 cm~' has been proposed to be the soft
mode of this system as its energy as function of temperature scales with the square root of the super-
structure reflection intensities observed in elastic neutron and X-ray scattering [313]. However, this
mode goes soft approaching the spin-Peierls temperature only from low temperatures. For 7" > Tgsp
it does not exist. In general, and taking phonons in the adiabatic limit into account, the spin-Peierls
transitions of the considered systems have been predicted for arbitrary small spin—phonon interaction
[314]. On the other hand, optical phonons in an anti-adiabatic (high frequency) limit lead to a tran-
sition only above a critical coupling. It has been suggested that in this limit the mechanism of the
transition is different and no soft modes should be observable [299,315]. It has also been proposed
that in CuGeOj; the four phonon modes (2,-Q4) with 7," symmetry (see Fig. 2.39) involved in the
spin-Peierls distortion prevent the observation of a soft mode [307].

In a paper of Gros and Werner following an extended Cross—Fischer approach [314] these problems
have been reconciled. Only phonons involved in the lattice instability and with a bare frequency less
than a critical value completely soften. Phonons with frequencies QEP > Ay do not soften but harden
slightly in frequency. This effect has indeed been observed experimentally in CuGeO; for T =~ Tgp
[316]. The earlier investigated organic spin-Peierls compounds have generally a much softer phonon
spectrum and are therefore always in the limit Qgp < Ay with pronounced phonon soft modes
[299,317].

The magnetic excitation spectrum. For T < Tsp well-defined magnon-like triplet branches develop
out of a spinon continuum observed above Tsp [318]. Fig. 2.38(b) shows a sketch of the neutron
scattering results. They exhibit a 3D dispersion with a k-dependent singlet—triplet gap 4y; and a
splitting in an applied magnetic field of the expected magnitude (g =~ 2) [295,296]. The dispersion
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of Ay along the b-axis points to a non-negligible interchain interaction with an exchange coupling
J? 2 0.1J¢. The observation of these well-defined triplet branches on the other hand proves that the
spinon excitations definitely change their character with the dimerization of the spin system [29].
The magnon-like modes should now be understood as triplets that consist of bound spinons.

A further binding effect below Tsp is observed in the triplet spectrum as a gap of magnitude
comparable to 4¢; now separating the triplet branch from a continuum of free unbound spinons. The
spectral weight of the latter, however, is reduced for 7' < Tsp [319]. The binding effect on the spinon
excitations to form triplets mainly depends on dimerization. However, magnetic and magnetoelastic
interchain interaction [32] and frustration [29] are also important factors, as will be discussed in
Section 4.

Taking the available neutron scattering data [295,319,320] and the k-vectors k! = (0,0,0),ksp =
(1/2,0,1/2), and kap=(0, 1, 1/2) illustrated in Fig. 2.38, the singlet-triplet gap of CuGeOj; at the high
symmetry points has the following values: 45 =24-30 K = A8 and 45" = 65 K. ESR-experiments
[321] on thermally excited transitions in the Zeeman-split triplet branch (H # 0) observe a gap with
a size similar to Alg‘l“ , while infrared absorption experiments [322] observe a gap comparable to the
size of A'gf". Theoretical 1D models neglect the magnon-dispersion perpendicular to the chain along
¢, the spin-Peierls gap of theoretical 1D models need therefore to be identified with the average
gap (45, + Al(§§")/2 =4 meV =46.4 K. The reduced gap ratio 24, /kgTsp = 3.4 is close to the weak
coupling “BCS”-value.

FEvidence for Dzyaloshinskii—-Moriya interaction. This inconsistency is based on an anisotropy of
the spin interaction that manifests itself most directly in a second optical triplet branch observed
only recently in neutron scattering experiments [323]. The second branch has a considerable spectral
weight in the whole Brillouin zone and may be constructed by folding the so-far known acoustic
triplet branch along the b- and c-axis about the middle of the Brillouin zone. It may originate from
an additional and so far not considered antisymmetric part of the exchange Hamiltonian, e.g., a DM
interaction [324,325]. The DM interaction is compatible with the absence of an inversion center
in between two copper sites along the b-axis direction of CuGeQO;. Deviations from the assumed
centrosymmetric Pbmm structure have been observed in Raman scattering [326] and X-ray scattering
experiments, and have been discussed in this context [324]. Also ESR experiments point into the
same direction [327].

In X-ray scattering experiments unexpected superstructure reflections compatible with the point
group P2,2,2 have been found in carefully annealed single crystals. This proposal corresponds to a
superstructure with a non-centrosymmetric copper site in the unit cell 2a, - b, - 4c,, with a, - b, - ¢,
the pseudo-unit cell of the Pbmm structure. This superstructure is based on a coherent arrangement
of differently distorted CuOg4 octahedra along the c-axis. It can only be verified experimentally if the
corresponding structural coherence length is large enough [325].

The singlet bound state. In inelastic light scattering experiments gap excitations are visible due
to frustration-induced exchange light scattering [97]. Similar to the usual two-magnon scattering in
3D antiferromagnets combining two magnons with opposite k, in CuGeOs; a singlet bound state of
two strongly interacting triplet states is formed. This bound state shows in contrast to spin—orbit
coupling-induced one-magnon scattering no splitting in an applied magnetic field [313] and defines
the singlet-singlet gap as 4go = 30 cm~! = 43.2 K. The energy of this singlet corresponds to 24},
renormalized to lower energy by a binding energy of the triplets [328]. Following calculations of
Bouzerar et al. [29] the energy and spectral weight of this singlet bound state strongly support an
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Fig. 2.40. Magnetic-field vs. temperature phase diagram of CuGeOs on a reduced scale showing the uniform (U), the
dimerized spin-Peierls (D) and the magnetic field-induced incommensurate phase (I). The inset shows the hysteresis at
the D/I phase boundary observed in magnetostriction experiments [329].

Fig. 2.41. Schematic phase diagram of substituted CuGeOs with the uniform (U), dimerized spin-Peierls (D), and 3D
antiferromagnetic phase (AF). The solid and the dashed lines give the phase boundaries for Zn and Si substituted samples,
respectively.

exchange constant of J5, = 150 K and a frustration parameter o = 0.24. A further discussion of the
properties of magnetic bound states is given in Section 4.

The incommensurate phase in a magnetic field. Applying a magnetic field at low temperatures
a first-order transition to an incommensurate (I) magnetic phase is observed. The tricritical point is
at 7., =11 K and H, =12.25 T [330]. The phase diagram including the uniform (U), the dimerized
(D) spin-Peierls, and the magnetic phase is shown in Fig. 2.40 [329]. The lattice distortion in the
I phase is described by a soliton-like lattice close to the D/I phase boundary with a continuous
change to a sinusoidal distortion at higher fields. Further aspects of the I phase are discussed in
Refs. [68-70,322,329].

Substitutions and long-range AF order. A very fascinating aspect of this compound is the pos-
sibility of substitutions. Several extensive studies of substitution effects of transition metals on
the copper site (Ni [331-333], Co [334], Mg [335], Zn [328,336-341]) and Si on the Ge site
[57,328,338,340,342-344] have been performed and summarized in Refs. [58,333,345,346]. With a
few percent of substitutions the spin-Peierls transition is suppressed drastically and finally disap-
pears. On the contrary, in the magnetic susceptibility a Curie-Weiss contribution proportional to the
defect concentration is observed. At lower temperature and even for very small substitution levels
long-range AF ordering is induced (7 < 5 K) with the easy axis along the crystallographic c-axis.
For small x this order is in coexistence with the dimerization [339]. For higher concentration levels
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the superstructure peaks corresponding to the spin-Peierls phase exhibit increasing disorder. Finally
the magnetic ordering disappears again as shown in Fig. 2.41.

Applying hydrostatic pressure the decrease of the singlet-triplet gap and 7sp can partially be
undone. This is caused by an increasing frustration o with pressure that localizes the triplet excitations
and restricts the suppression of the order parameter to a smaller region near the impurity [306,348].
There exists no critical concentration for the observation of long-range order with Zn substitution. In
carefully prepared single crystals of Cu;,Zn,GeOs with x < 5 x 1073 a minimum Néel temperature
of 0.0285 K has been observed. This indicates that the dimerization sustains the coherence of the
antiferromagnetic phase of the spin polarization in impurity-doped systems and is consistent with
the theory of the impurity-doped spin-Peierls systems [347].

In contrast for Mg and Ni substitution a first-order transition from a dimerized AF to a pure
homogeneous AF is observed with a critical concentration of x.=0.02 [335,332]. At this concentration
Tsp is zero and Ty jumps to a higher value.

The occurrence of 3D long-range magnetic order in a quasi-one-dimensional system may be ex-
plained in the simple picture of cut chain segments that weight the interchain interactions stronger
than in the infinite chain. However, this argument would not explain why this ordering disappears
again at higher concentration levels. On the other hand magnetic ordering due to disorder is a
phenomenon observed in geometrically frustrated spin systems [285,349]. A proper theoretical de-
scription of this behavior has to include that even a very small substitution level in a spin chain
drastically changes its excitation spectrum. In a dimerized, non-perturbed system a gapped state with
exponentially decaying spin—spin correlations is realized. A local substitution or disorder induces
algebraically decaying spin—spin correlations as a transition to a quantum critical state. This tran-
sition is described as a quantum critical point. Strongly simplifying, the observed Néel ordering
results from a shift of this quantum critical point from 7 =0 to finite temperature due to interchain
interaction [39,42].

Theoretical studies of non-magnetic impurities in spin chains and ladders found general interest as
a step toward understanding the effect of doping mobile carriers in quantum spin systems [37-42].
Earlier Monte Carlo studies showed an enhanced four-spin susceptibility and therefore an enhance-
ment of the spin-Peierls instability in random or disordered spin chains [350,351]. Non-magnetic
impurities in strongly dimerized spin chains create loose s = 1/2 spins which randomly introduce
states within the magnetic excitation gap. These states should be observable as low-energy excita-
tions (doped spinons) that form a weakly dispersing impurity branch inside the gap. For smaller
dimerization many-body s = 1/2 states are spread over several lattice spacings enhancing the spin—
spin correlation at short distances [39,42]. The above mentioned scenario has been discussed to
explain substitution-induced Néel ordering in the spin ladder Sr(Cu,Zn),03 (Section 2.4.1) and
in CuGeOs.

Enhanced short-range dimer fluctuations [37] have also been studied in Zn as well as Si substituted
CuGeOs using Raman scattering of a dimerization-induced phonon mode at 370 cm~! and neutron
scattering of the superstructure reflections [328,339,341,352]. The intensity of the phonon mode at
370 cm~! as function of (decreasing) temperature shows an increase for 7 < Tsp. This has been
investigated in a Zn-substitution study (x=0) depicted in Fig. 2.42 [328]. With finite substitution level
the maximum intensity of this mode is suppressed. In samples that do not show a thermodynamic
phase transition (x = 0.06), however, the intensity stays finite. Its onset shifts to higher temperature
with increasing substitution levels. As for x = 0.06 an onset of the dimerization-induced mode at
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Fig. 2.42. Effect of Zn substitution in CuGeOs; on the intensity of a dimerization-induced phonon mode at
370 cm ™' [328].

Tonset = 25K is observed, i.e. at a temperature above the spin-Peierls temperature of the pure
samples, this shift is understood as a fingerprint of locally enhanced dimer fluctuations. Similar but
more pronounced effects have been observed in Si-substituted samples. In consistency with X-ray
studies Si substitution on the germanium site induces lattice strains and enhances drastically the
amount of disorder in the lattice cell [328,344].

A further effect of substitutions is the introduction of defect-induced bound states in the singlet—
triplet gap of the excitation spectrum. This has been observed in light scattering spectra of CuGeOs
as a well-defined mode at about half the energy of the singlet bound state of the pure samples as
described in Section 4.1.2 [32,36,353].

Concluding the discussion of the magnetic parameters and properties, it should be obvious that
CuGeO; is not an ideal representative of a spin-Peierls system. Especially the deviations of the spin
system from the Heisenberg Hamiltonian, i.e. a non-negligible interchain interaction and intrachain
frustration, evidence for a DM interaction and the complicated spin—phonon coupling prevent its
closed-up and unambiguous description within a set of a few parameters.

2.7.2. NaV,0s

The compound NaV,05; shows a phase transition at 7sp = 35 K with combined spin-Peierls and
charge-ordering characteristics [207,208]. It is formed by edge-sharing VOs square pyramids in the
ab plane separated by chains of sodium ions located between the ab layers. If the superexchange via
the oxygen square pyramids along the b-axis is taken as the dominant exchange path, the compound
may be understood as an arrangement of weakly coupled (90° exchange) ladders. As only one
electron (spin) per two vanadium sites is available the ladders are quarter-filled [287].

A complete charge ordering on a linear chain of V4" (s =1/2) and a chain of V3% (s =0) with
distinguishable vanadium sites leads to the earlier reported non-centrosymmetric Pmn2; structure
[205]. However, this is in disagreement with structural investigations at room temperature using syn-
chrotron X-ray diffraction, neutron scattering [209], and also with recent NMR experiments [354,355].
Presently a centrosymmetric structure Pmnm is used for the high-temperature phase [209], shown
in Fig. 2.43.

In NMR experiments for temperatures above 7sp only one vanadium site is observed whereas
below Tsp two sites are resolved. The structure of the low-temperature phase is under discussion.
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Fig. 2.43. Lattice structure of NaV,0s. A ladder along the b-axis is formed by two rows with mixed V*>*Os square
pyramids that share corners. This ladder is only weakly coupled to a neighboring ladder as corresponding V-ions are
shifted by half a unit cell. These pyramids share edges. The site of vanadium (omitted here) is in the basal plane center
of each pyramid and slightly shifted towards the respective apical oxygen. The rows of black spheres denote sodium
chains.

The acentric Fmm2 point group or one of its subgroups are proposed [355,356]. The Fmm2 point
group is built by an alternation of non-distorted and distorted, charge ordered chains. A corresponding
V43_site, however, is not observed in NMR [354,355,357]. A similar structure has been investigated
theoretically in the more general context of a coexisting charge-density wave and spin-Peierls order
[358]. Van Smaalen et al. have proposed [359] that stacking disorder in the low-temperature phase
of o/-NaV,0s of plane with only zig-zag charge ordering, as illustrated in Fig. 2.49, may lead to an
average space group Fmm?2, as observed by X-ray. This route would then reconcile the various ex-
perimental results discussed above, in particular the transverse magnon splitting observed by neutron
scattering [360].

Symmetry analysis and room temperature Raman spectra. At room temperature the k =0 vibra-
tional modes of NaV,0s with the space group Pmnm (DJ}) can be classified [189]:

I'yip =8A, @ 3By ® 8By @ 5B,
3A, @ 7By @ 4By, @ B3,

where the even modes are Raman active and the odd B modes are infrared active. For the space
group Pmn2, (C],) with two distinguishable crystallographic vanadium sites the result is [361]:

I'yiy =15A, ® 8A, ® 7B & 15B; .

Room temperature Raman spectra of NaV,0s for interladder (cc) polarization and all light scat-
tering polarizations accessible in the ab plane are shown in Fig. 2.44 [189,362]. The experiments in
the temperature range from room temperature to 7sp are clearly incompatible with the space group
Pmn2; and confirm the proposed centrosymmetric space group Pmnm, which exhibits one vanadium
site. However, in these spectra some other unusual features exist. There is quasielastic scattered light
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Fig. 2.44. Room temperature Raman light scattering spectra of NaV,0s for interladder (cc) polarization and all light
scattering polarizations accessible in the ab plane. The broadened central peak in (cc) polarization is due to the experimental
setup [189,362].

Fig. 2.45. Triplet dispersion in NaV,0s along the b-axis determined by neutron scattering. The points mark the results of
(3,k, 0)-scan profiles with fixed energy transfer. The solid lines are resolution convoluted fits. The corresponding dispersion
is shown in the inset [373].

in intraladder (bb) scattering configuration, i.e. with the polarization of the incident and scattered
light along the effective chain direction. This scattering is not observed in other polarizations. It
vanishes upon cooling the sample below 7 = 100 K. In other quantum spin systems a comparable
scattering contribution has been observed and attributed to fluctuations of the magnetic energy den-
sity. This will be discussed further in Section 5. The broad maximum observed in (aa) polarization
at 640 cm~! has been discussed in the context of light scattering on charge kinks [363]. A sec-
ond transition-induced quasielastic light scattering contribution in crossed (ab) polarization will be
described below.

Magnetic properties and the singlet ground state. In magnetic susceptibility measurements a broad
maximum in y(7) is observed at T, ~ 300 K. This temperature dependence is in agreement with
the Bonner—Fisher prediction for a dominant 1D exchange path (J,, =560 K) [207]. Band structure
calculations for a quarter-filled ladder show that the spin degrees of freedom involve effective orbital
spins of two neighboring V sites on the ladder. These orbital spins indeed form an effective spin chain
with respect to the low-energy excitations as the corresponding charge transfer gap is estimated to
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be Acr ~ 0.7 eV [287]. The interchain coupling in this effective spin model is very weak. Therefore,
no effect of frustration on the magnetic susceptibility is observed [364]. A detailed discussion of the
electronic structure of NaV,0s will be given below.

The singlet formation at 7sp=34 K is detected by an exponential drop in the magnetic susceptibility
comparable to CuGeOs. The observation of superstructure peaks in X-ray scattering and zone-folded
phonon modes in Raman scattering prove a lattice dimerization with a propagation vector kgp =
(1/2,1/2,1/4), i.e. an increase of the volume of the unit cell by a factor of 16 [208,365-367]. The
spin-Peierls nature of the dimerization transition, however, is questionable due to several arguments
and experimental findings discussed below, e.g., the very small magnetic field dependence of the
transition temperature and the substantial entropy release at Tsp [368].

The singlet—triplet gap is estimated using specific heat: 4y; = 67 and 84 K [369,370], magnetic
susceptibility: 85 K [208], ESR: 93.5 K [371], and NMR: 98 and 108 K [357,354]. In recent ESR
experiments a magnetic field-induced peak splitting (¢ = 1.97) has been observed, confirming the
triplet nature of the excited state [372].

Neutron scattering results and the triplet dispersion. In neutron scattering experiments on powder
samples a broad maximum at the energy 115 K is observed as well as hints for dynamic 2D spin
correlations [365]. More recent investigations on single crystals confirm A'g’l*F =115 K, with kar =
(h,1/2,0) and & = integer. In addition, a steep dispersion of the triplet branch in b-axis direction
and a negligible dispersion along the c-axis is detected [373,374]. This determines unambiguously
the b-axis as the dominant exchange path direction. Fig. 2.45 shows corresponding scans in k space
at various fixed energies identifying the gap and the steep dispersion [373].

In a-axis direction the dispersion is distinctively smaller. This branch is degenerate at kar and
shows an unexpected splitting in the middle of the Brillouin zone. This leads to two singlet—triplet
gaps, A4%120 =89 K and AZ’I/Z’O =130 K, with & = half-integer. In addition, the form factor of this
branch has an unusual intensity modulation with 4. It changes with the periodicity of 3 reciprocal
lattice units [373,374]. A comparable splitting has not been observed in CuGeO;. Therefore, a
simple explanation due to a cell doubling-induced folding of the unit cell in a-axis direction may
be excluded. As discussed below, it is compatible [360] with a zig-zag charge ordering of the
2V4S+ 5 4 4+ Y5+, Fig. 2.46 shows the corresponding neutron scattering results in dependence
on k [374].

Nature of the transition. There are further experimental observations in NaV,0s that differ from
the usual spin-Peierls picture and point toward a charge ordering preceding or accompanying the
lattice distortion [375]. The intensity of the superstructure reflections [365] shows a poor agreement
with the Cross—Fisher relation [314] Ay, oc 6*3. Furthermore, the entropy involved with the transition
at Tsp =34 K and the value of the reduced gap 24¢,/kgTsp = 4.8-6.6 K are much larger compared
to CuGeOs. A conventional spin-Peierls mechanism can also be excluded in view of the very small
magnetic field dependence of Tsp(H) [369]. There exists even evidence for an additional first-order
transition slightly below Tgp from thermal expansion experiments [370]. This additional transition at
T =33 K has been interpreted as a charge ordering transition since in NMR experiments two V sites
are observed for T < Tgp [354]. Later however, this assignment has been criticized and the anomaly
has been attributed to a possible phase separation [375].

Ohwada et al. have studied the nature of the transition under pressure of up to 1.3 GPa and found
a “devil’s staircase” of crystallographic transitions [376], which could be modelled accurately by the
ANNI-model [377]. The occurrence of the devil’s staircase, see Fig. 2.47, has important implications
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Fig. 2.46. Triplet dispersion in NaV,0s along the g-axis determined by neutron scattering (full dots). The solid and
broken line indicate the calculated dispersions based on a zig-zag charge ordered ground state for k =0.5 and k=0 r.l.u,,
respectively. The solid and broken arrows correspond to possible transitions in neutron scattering and ESR experiments,
respectively [373].

Fig. 2.47. Devil’s staircase of crystallographic transitions for NaV,0s with different ordering pattern C,q along the
c-direction [376].

for the microscopic description of the underlying crystallographic transitions [376]. Assuming that
these crystallographic transitions are driven by different charge-ordering patterns along ¢, the analysis
via the ANNI-model implies in-plane and inter-plane effective coupling constants of the order of
3040 K. Since the screened V-V Coulomb matrix-elements are of order 0.3-0.4 eV [378], it follows
that the effective couplings driving the transition must contain magnetic or elastic components and
the assumption [375,379,380] that the Coulomb interaction drives the transition at 7sp = 34 K is
questionable because Tsp is much smaller than the V-V Coulomb matrix-elements.

Microscopic properties of the room-temperature state. The electronic state at room temperature
has been studied intensively [287,364,381] and gives a clue towards possible scenarios for the
dimerization transition in NaV,0s. The contributions to the electronic Hamiltonian are illustrated in
Fig. 2.48 [287,381]. It contains a rung-hopping ¢, = —0.35 eV and two inter-rang hoppings #, and
t; along the ladder. In the first DFT-analysis z; was neglected and ¢, was found to be ~ —0.175 eV.
Effectively only the combined hopping amplitude ¢, + #; = —0.175 eV can be determined from the
bands at the Fermi-edge, the anti-bonding bands above the Fermi-edge can be described better [381]
assuming a substantial #; = —0.12 eV. The occurrence of a large diagonal hopping ¢#; opens the
possibility of diagonal dimer formation in the low-7 phase. The interladder couplings #, and #, are
small and do not influence the character of the charge excitations [382].
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Fig. 2.48. Tight-binding parameters for NaV,Os in the room-temperature state. Note that there is a certain freedom in
dividing the effective hopping along the ladder, ¢, +t; =—0.175 eV into the leg-hopping #, ~ —0.055 eV and the diagonal
part t; =~ —0.12 eV. The other parameters are #, ~ —0.375 eV with #; and £ being small. One arrow on a V-V rung
denotes a spin-1/2 moment, the rungs with two/zero spin illustrate a possible charge-transfer excitation. Another common
notation is t, =1, and ¢ =1, [287,381].

Fig. 2.49. Diagonal zig-zag charge ordering in NaV,0s showing the inequivalence of neighboring pairs of V sites (AB
and BC) due to the difference in the V*© occupation (marked as circles) in neighboring ladders. The lines denote 7, and
t, in the ladder while the dashed line marks #; (compare Fig. 2.48). Note that the hopping matrix elements ED and DC
are in general different [360].

The DFT-estimate [287] for the onsite Hubbard-U of U = 2.8 ¢V has been confirmed by cluster-
analysis of resonant inelastic X-ray scattering results [383]. The screened V-V Coulomb matrix-
elements are of the same order of magnitude [378,384] 0.3-0.8 eV as the hopping-matrix elements,
but the effective Coulomb rung—rung interaction has been shown [378] to be reduced by a factor
1 —1/v/2 ~ 0.3. It is therefore to be expected, like in LiV,0s (see discussion further below), that
the degree of charge ordering in the low-7 phase is less than complete [203].

Please note that in this model the transition temperature Tsp = 34 K = 2.93 meV is small in
comparison with the above given parameters. It is therefore still under discussion whether interlad-
der frustration [375] is responsible for the reduction of the transition temperature. The effectively
one-dimensional spin structure of NaV,0s is caused by the occupation of a bonding state of a rung
by one electron with the energy —¢,. Considering the strong on-site Coulomb repulsion the cost for
an electron transfer to the next rung is at least Act = 2¢, (see Fig. 2.48 for an illustration).

Nature of the charge ordering in the low-temperature state. Charge ordering phenomena and
other instabilities like spin density wave transitions or transitions to commensurate or incommen-
surate antiferromagnetic ground states are a general property of quarter-filled quasi-one-dimensional
systems [358,379,385]. Especially charge disproportionation as observed in many organic conductors
(charge transfer salts with metallic countercations) is driven by intersite Coulomb interaction [386].
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The energetically preferred ground state configuration is a zig-zag charge ordering with dimers
diagonal to the ladder. This configuration minimizes the intraladder Coulomb energy and takes con-
tributions due to lattice distortions in the ab plane of NaV,0s into account [375,379,380]. Fig. 2.49
shows a sketch of zig-zag charge ordering. This type of charge ordering has been predicted [360]
from an analysis of the splitting of the neutron triplet branch in ag-axis direction and has been
confirmed by subsequent X-ray analysis studies [359].

Possible consequences resulting from the zig-zag charge ordering shown in Fig. 2.49 are [375]:

e The charge transfer gap may be increased to Act ~ U, with U; the next nearest neighbor
(intersite) Coulomb repulsion inside ladders [360,375]. An electronically driven transition has
been predicted to occur [387] for U; > 2¢, but not found in direct diagonalization-studies [388]
for U; ~ 2¢,.

e The effective spin-exchange coupling J, along the ladder is reduced. This effect is experimentally
observed comparing the coupling constants from fits to magnetic susceptibility for 7 > Tgsp (560 K)
with T < Tsp (440 K) [360,381].

e An alternation of this coupling along the ladder and thereby the opening of the singlet—triplet
gap may be induced by the inequivalence of the sites (see Fig. 2.49 [375]). The formation of
diagonal singlets or dimers either as interladder or intraladder singlets is discussed controversially
[375,379].

e The larger V4 pushes out neighboring oxygen and thereby stabilizes an occupation of the neigh-
boring plaquettes with the smaller V4*. These in-plane lattice distortions considerably stabilize the
charge ordering [360,375].

e kink-like excitations coupled to the lattice can appear in Raman scattering [363]

Pretransitional fluctuations. The existence of an apical oxygen in NaV,0s is additionally note-
worthy as it leads to an enhancement of electronic intersite correlations [188]. The asymmetry of the
elementary cell with the apical oxygen of the VOs-pyramid either above or below the V site and a
relatively small distance of this oxygen to the V (d, =~ 1.61 A) lead to a large Coulomb field at the
V sites. As a result a charge redistribution between the V ions is followed by a lattice displacement
(see Fig. 2.50). Realized in an out-of-phase vibration of the V ions within one rung this displace-
ment couples the bonding and antibonding states discussed above as an origin of the effective chain
(their energy separation is 27, ). In the charge ordered state the Coulomb force contribution of this
displacement feeds back to the charge disproportionation, thereby stabilizing it. In other words, the
field of the apical oxygen enhances the asymmetry of the V ions arising due to correlations and
modulates the effective exchange coupling. Estimates show that strong phonon-driven charge and
spin fluctuations are expected as well as the appearance of a new Raman-active mode [188].

In CuGeO; only few hints exist [389,390] for dimer or structural fluctuations far above the
spin-Peierls transition. This is related to the fact that its transition is governed by long-range magne-
toelastic interactions leading to a mean-field like behavior. However, in NaV,0s the case is different
as in quarter-filled systems the influence of intersite Coulomb interaction is stronger. Therefore, the
experimental evidence for pretransitional fluctuations or charge ordering, that will be discussed now,
should be taken very seriously. This evidence is found both in thermodynamic as well as in spec-
troscopic data: A longitudinal mode of the sound velocity shows a transition-related anomaly that
persists in a temperature range 0.87gp < 7T < 2Tsp [391,392]. In IR absorption a transition-induced



P. Lemmens et al. | Physics Reports 375 (2003) 1-103 57

@ o~ ®

Fig. 2.50. Sketch of the charge disproportionation in NaV,0s due to an V ion displacement (+z) along the c-axis in
the field of the apical oxygen. The distance of the apical oxygen to the vanadium is given by d,. The dashed circle
(full circle) denotes the oxygen (vanadium) site. In (a) the situation in the homogeneous high temperature and (b) in the
charge ordered phase is shown. The square pyramid oxygen sites are omitted [188].

phonon at 722 cm~! is observed for temperatures up to 27sp [393]. In Raman scattering experimen-
tal spectra in crossed (ab) polarization show unexpected phonons of A;, symmetry for temperatures
Tsp < T < 80 K. This observation is compatible with a breaking of the inversion symmetry at this
temperature. In X-ray diffraction the superstructure peaks allow to determine correlation lengths that
show a crossover from 3D to 2D lattice fluctuations at about 50 K [394].

Fluctuations are also evident in NaV,0s as a quasielastic light scattering intensity that shows a
pronounced temperature dependence far above but also below Tgsp. This broad feature, as shown
in Fig. 2.51, is observed in crossed (ab) polarization [189]. Its intensity increases (with decreasing
temperatures) below Tco =~ 80 K, with Tco defined as a fluctuation or crossover temperature of the
electronic system. The intensity then drops again sharply with decreasing temperature below Tsp. As
discussed below, in this temperature range the intensity of magnetic bound states start to rise. The
quasielastic scattering contribution is therefore assigned to magnetic light scattering as it competes
with the scattering intensity of the bound states [189,362].

A comparable effect is observed in (bb) polarization as a broad scattering continuum in the
frequency range 50 cm™!' < Aw < 160 cm™!. It has a similar intensity as function of temperature,
however, in this polarization the fluctuations close to the dimerization transition have a gapped
spectrum, i.e. there is no scattering contribution for frequencies Aw < 50 cm™' [189].

The phonon system shows more direct evidence for the onset of charge ordering at 7 > Tgp. A
distinct phonon anomaly exists in Aj, symmetry at 422 cm™'. This excitation displayed in Fig. 2.52
is very likely the phonon mode discussed above which is coupled to intersite charge fluctuations
[189,188]. It shows a hardening below the transition, remarkable changes of the phonon lineshape
and finally the evolution of a distinct second mode at 394 cm~! for the lowest temperatures. The
onset of the frequency dependence with lowering temperature is again at 7o = 80 K.

The temperature dependence of the phonon energy in Fig. 2.52 shows a continuous, gradual change
at Tco instead of a transition. This behavior is attributed to the low dimensionality of the system. A
similar “soft crossover” identified as a charge ordering has been observed in La;NiOy133. For this 2D
compound with a Ni—O square plane, stripe order into 1D domains of charge and spin is discussed.
The intensity of the charge-order superstructure peak sets in for 7' < Tgo = 200 K triggering the
magnetic order at 7, = 110 K [51]. In addition to the very similar temperature dependencies of
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Fig. 2.51. Quasielastic light scattering in NaV,Os in crossed (ab) polarization and its normalized intensity as function of
temperature [189].

Fig. 2.52. Raman light scattering spectra of NaV,Os (upper panel) and excitation energy of a Aj, phonon at 422 cm™"
in intraladder (bb) polarization (lower panel). The onset of the phonon hardening (7co) and the transition temperature
(Tsp) are marked by arrows [189].

the superstructure intensities of charge ordering in both compounds also the reduced energy scales
Tco/T,, = 1.81 and Tco/Tsp = 2.4 are comparable.

Fluctuations in the spin and phonon system of NaV,0s support a scenario for the singlet ground
state that is motivated by the observation of three magnetic bound states in Raman scattering experi-
ments [189,362,366]. These states poses mixed polarization selection rules. A dynamic superposition
of several energetically nearly degenerate dimer configurations is compatible with this observation.
The configurations should also include diagonal dimers on the ladder. This scenario resembles the
dynamic pseudo-Jahn—Teller effect or an RVB model, emphasizing either the importance of phonons
or electronic correlations [362]. The observation of gap-related excitations with energies that depend
on the time or frequency scale of the respective experiment would be a critical proof. The large
variation of the gap values determined by different measurement techniques at least suggests such
non-adiabatic effects in NaV,0s. For a complete discussion of the bound state properties motivating
this approach see Section 4.
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Fig. 2.53. Crystal structure of y-LiV,0s. Shown are the two equivalent xy-planes. There are two kinds of VOs
square-pyramids, containing the V(1) and V(2)-ions, respectively. Note the substantial corrugation of the xy-plane, compare
with the lattice structure of NaV,0s presented in Fig. 2.43.

Comparison with LiV,0s. Since NaV,0s is an insulator, it was initially thought [83,206] to con-
tain two inequivalent V-ions, with electronic configuration (3d)° and (3d)' and with the V-(3d)'
ions forming zig-zag spin-1/2 chains. Refined crystallographic data analysis at room temperature
[209,287,395] showed the existence of only one equivalent V-ion in a mixed-valence (3d)% con-
figuration. It was then shown by DFT-calculation [287,364] that the insulating nature of NaV,Os
arises from a bonding—antibonding splitting of V-O(1)—V orbitals. The moment-carrying bonding
orbital is there delocalized, giving rise to the possibility of further charge ordering phenomena at
lower temperatures, as discussed in the previous section.

LiV,0s5 is, on the other hand, charge ordered at all temperatures [396,397] and has a very
similar lattice structure as NaV,0s (see Fig. 2.53). A refined DFT-analysis has shown that the
degree of charge ordering is not complete, but roughly 70:30 [203]. The degree of charge
ordering determines the nature of the underlying physical model: A 50:50 charge distribution
(no ordering like in the high-temperature phase of NaV,0s) implies a quarter-filled ladder com-
pound. Complete charge ordering 0:100 would imply, on the other hand, a zig-zag chain compound.
The DFT-result for LiV,0s5 of a 70:30 charge-ordering implies, on the other hand, an asymmetric-
ladder model [203] with Coulomb coupling in between adjacent ladders [388]. These findings
suggest that the degree of charge-ordering in the low-temperature phase of NaV,0s, which is
to date not known [398,399], would have substantial influence on the underlying physical
model.

2.8. Magnetic parameters of selected spin systems

In Table 2.2 magnetic parameters of selected spin systems are summarized. Due to frustra-
tion, exchange topology or spin—phonon coupling many compounds prefer other ground states than
long-range magnetic order.
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Table 2.2

Selected inorganic one-dimensional spin systems and their magnetic parameters

Compound Ji Ji Aoi o 0 I~ Tsp  System
YBa,;Cu3Og 1400 1400 — — — ~ 500 — 2D square plane
SrCuz(BO3), 70 — 34 0.6 — — — 2D frustrated
KCuF3 187-203 — — — — 39 —  Chain

Sr,CuOs 1300 — — — — 11 —  Chain

SrCuO, 2100 — — — — — —  Zig-zag chain
SrCu, 03 850-2000 750-1000 280-420 — — — —  Ladder
Sri4—CaCup;04; 1050-1500 750-830 120-133;550-270 — — 2-4 - Ladder+-chain
(VO),P,0 100-120 — 37, 69 — 0.09, 0.19 — —  Alternating chains
CuGeO; 120-160 15 24-30 0.24-0.37 0.012-0.05 — 14.3 Spin-Peierls
NaV,0s5 440-560 15 84-110 — 0.03-0.09 — 34 1/4-filled ladder

All units are in [K]. J}; denotes the exchange coupling constants along the chains and ladders, J, the exchange coupling
perpendicular to the chain or ladder, « and J are parameters of frustration and dimerization. For CuGeOs the magnitude
of the dimerization is still under discussion [306]. The transition temperatures for Néel and spin-Peierls ordering (7w, Tsp)
are given. In the case of Sris—,Ca,Cuy404 the singlet—triplet gaps for the CuO, chain and the Cu,O; ladder sublattice
are given. For this compound we include the variation of the parameters due to Ca substitution or different experimental
techniques. For SrCuy(BOs3), the values given under Jj and o correspond to the larger intradimer exchange coupling (J1)
and the ratio of the coupling constants (J>/J;) with J, the interdimer coupling constant. References for the data are given
in the respective sections to be found above.

3. Magnetic light scattering

Light scattering in magnetic compounds is a well established method. The study of spin waves or
magnons in ferromagnetic and antiferromagnetic compounds has been used extensively to determine
coupling constants, anisotropies and magnon—magnon interaction. A review of the principal effects
and basic theory can be found in the textbook “Light Scattering in Magnetic Solids” by Cottam
and Lockwood [400].

The coupling of light to elementary excitations of a solid is described by a differential scattering
cross section. Its calculation reduces to the determination of the correlation function (( x,fﬁ Y ) and
is therefore based on the determination of the general susceptibility tensor y(r) [400]. This leads to
an effective Raman Hamiltonian

A =" EifmEL (3.1)
of

r

with the electric field vector E; and Eg of the incident and scattered light, respectively. Expanding
the susceptibility y(r) in powers of spin operators [401] we obtain:

1P =100+ Y Kapu(OSE+ Y Gapa()SES;

I Y

+ ZZMMI;MV(I’,é)Sr“ ++s T higher order terms . (3.2)
o WY
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Fig. 3.1. Magnetic Raman scattering of the 3D antiferromagnet FeF,. (a) Both one- and two-magnon scattering are
observed at 50 and 155 cm ™', respectively (7 = 15 K). (b) Measurements in an applied magnetic field of 5.2 T show a
splitting only of the one-magnon signal (7 =20 K).

The first term in Eq. (3.2) corresponds to Rayleigh scattering, the second and third term are linear
and quadratic in the spin operators and induce spin flips at a single ionic site r. The complex tensors
K and G determine the strength of the coupling of light to the spin system associated with spin—
orbit coupling. They may be evaluated using Faraday rotation and magnetic linear birefringence. In
inelastic light scattering the resulting one magnon signal has off-diagonal and diagonal elements of
the susceptibility tensor.

3.1. Two-magnon scattering

Two-magnon scattering which is observed with appreciable intensity in antiferromagnets is induced
by the fourth term in Eq. (3.2) that couples spin operators at different sites r and r 4+ 6. A pair
of excitations of exchange coupled magnetic sites on opposite sublattices with AS* =0 and wave
vectors of similar amplitude but different sign are induced. The effective Hamiltonian reads:

A" =" EEM, 5 (r, 6)SI'S) 5 . (3.3)

r,0 ofiuy

In Fig. 3.1 a Raman spectrum of FeF, is shown [400]. This Ising-type antiferromagnet (7y =
78.4 K) is one of the rare cases where both one- and two-magnon scattering are observed with
comparable intensities. More usual is either the observation of one-magnon scattering in systems
with strong spin—orbit coupling or two-magnon scattering in systems that are close to an isotropic
exchange. The typical width of the 2-magnon response in 3-dimensional, ordered antiferromagnets
is much smaller than the characteristic energy, as evidenced for FeF, in Fig. 3.1. This is in con-
trast to the 2-magnon intensity for quasi one-dimensional systems, which we will discuss further
below.

The symmetry of Eq. (3.3) with respect to the spin operators and the electric field vectors leads
to special selection rules in the case that the magnetic system has a dominant exchange path. For
one-dimensional spin systems two-magnon scattering is observed only in the A;, scattering com-
ponent, with E; and Eg both parallel to the crystallographic direction of the exchange path. To
observe this type of scattering the Raman operator is required not to commute with the exchange
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Hamiltonian. Therefore, any additional perturbation of the exchange Hamiltonian, such as a dimer-
ization or frustration of the spin system is helpful. The Raman light scattering intensity / scales with
I oc J?. For 2D antiferromagnets, such as the parent compounds of the high-temperature supercon-
ductors, magnetic scattering is allowed only in the B;, scattering component, i.e. with perpendicular
in-plane electric field vectors. As the symmetry selection rules described by Eq. (3.3) only apply
to non-resonant scattering they may be broken if the energy of the intermediate state matches the
energy of some electronic excitation levels.

3.2. Light scattering in high-temperature superconductors

The most prominent and complete examples of light scattering studies in 2D antiferromagnets have
been performed on the parent compounds of the HTSC, e.g., YBa,;Cu3O¢,s [402,403], La,CuO4 [404]
or Bi,Sr(Ca;_,Y,)Cu,Og [131,132]. They have been studied to understand the temperature-doping
phase diagram, pseudo-gap phenomena and related effects [405,406].

Two-magnon light scattering [144,407] in the Néel phase of the undoped HTSC shows some pecu-
liarities that strongly deviate from the behavior of other antiferromagnets [408—410]. The two-magnon
density of states with a maximum at an energy of approximately 2.7 J is not only observed in the
By, light scattering component but also in the By, and A;, components. Additionally, the maxima of
scattering intensity are strongly asymmetric and broadened to higher energy. There are pronounced
resonance effects by tuning the energy of the incident light. Although a coupling of the magnons
to phonons and strong magnon—magnon interaction might describe this behavior qualitatively, the
resonance effects point to an electronic origin. A triple resonant scattering in the virtual intermediate
state of the Raman process on the charge transfer gap of these compounds has successfully been
used to explain the breakdown of the symmetry selection rules and anomalous lineshapes [408,409].

Low-energy correlations in weakly doped HTSC are discussed in the context of stripe-like dynamic
charge and spin correlations [50]. These aspects have been studied using light scattering in the
isostructural nickelates [411-414]. Commensurate and static charge and spin ordering to stripes is
observed in Laj¢Srg33NiO4 at T < Tco =240 K and T < T, =190 K, with T¢o and T, the charge
and spin ordering temperatures, respectively. The HTSC and nickelates both share the square plane
structural element. However, the linear Cu—O—Cu superexchange in HTSC with J ~ 800-1700 K is
stronger compared with the Ni-O—Ni superexchange with J ~ 350 K.

3.3. Light scattering in quasi-one-dimensional spin systems

For light scattering in quasi-one-dimensional spin systems other selection rules apply compared to
2D antiferromagnets, see Eq. (3.3). Due to the dominant exchange path along one crystallographic
direction only magnetic scattering with the polarization of E; and Eg both parallel to this direction
is allowed. Furthermore, the Hamiltonians of magnetic exchange scattering and the magnetic spin
system should not commute. This will be explained further in discussing the Hamiltonian of a static
spin-Peierls system including frustration. It has been successfully used to model the Raman scattering
results on the spin-Peierls compound CuGeO; for temperatures above and below Tsp = 14.3 K [97].
The Hamiltonian for a spin-Peierls chain is given by

Hsp=Jon Y [(1+3(=1))S; - Siy1 +08; - Sipa] - (34)
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Fig. 3.2. Sketch of an exchange light scattering process on two singlet states on a spin chain. w; and ws denote the
frequency of the incident and scattered photon, respectively.

In Eq. (3.4) the exchange coupling to nearest neighbors Jn,S; - S;; is modulated for 7 < Tsp
by the dimerization 6 # 0. A competing exchange coupling to the next nearest neighbor given by
aS; - S;1, with the frustration parameter o = Jyun/Jun, changes the excitation spectrum and ground
state properties considerably as described in Section 1.

For an alternating spin chain with dimerization y the Raman operator corresponding to Eq. (3.1)
has the form:

= (1+3(=1))Si Sy . (3.5)

We compare the Hamiltonian in Eq. (3.4) with the Raman operator in Eq. (3.5) taking into
account a dimerization y. For § =y =0 there is no exchange scattering without the frustration term
as [#sp(o =0), #] =0. With a # 0, the model (Eq. (3.4)) leads to magnetic Raman scattering
which has been observed experimentally in the spin-Peierls compound CuGeO; [97,308,309,415].

3.3.1. The limit of large dimerization

In the limit of large dimerization 6 the exchange light scattering process in 1D spin systems may
be illustrated on a small system of four spins S;, S;, S; and S; [416]. The singlet ground state
|s,s) is formed by a product of two singlets s;, and ss4.

The Raman operator (3.5) for this system simplifies to #,3 =S, -Ss. Using the usual spin operators
Sz,8F =87 +1iS/, and S; =87 — 1S/ leads to

Ty = S35+ (1/2)(S$ S5 +55°57) - (3.6)
The exchange Raman process is then given by

e%’23|S,S> = (1/4)(—‘lo,l0> + ‘l‘l,l_1> + ’t_1,f1>) s (37)

where fy+; denotes the triplet state with the corresponding S° component. The total spin before
and after the application of %3 is zero. Two elementary magnons are created in the spin system.
This is sketched in Fig. 3.2 [410]. Note, that the two magnons are created (in the limit of large
dimerization) on adjacent dimers.

3.3.2. Non-zero temperature
For T # 0 the lowest triplet branch may be thermally populated. Achieving this situation in
a spin-Peierls systems means that the reduced gap ratio 24sp/Tsp should not be too large, e.g.,
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not larger than the mean field value 3.5. This requirement is fulfilled in the case of CuGeO; and
(VO),P,07 but not in the case of NaV,0s. We study a situation where the Raman process uses
|to,s) as an initial state [416]. This leads to

%23|10,S> = (1/4)(—|S, to) + ‘l],l‘_1> — ’l_1,l1>) . (38)

Here, the total spin before and after the application of %,; is unity as requested by the exchange
light scattering process. The first term in (3.8) does not change the number of triplets in the sys-
tem. The other terms induce a transition from one to two triplets. Therefore, this process is called
three-magnon scattering since it involves a magnon in the initial state and two magnons after the
scattering process [416].

3.3.3. Defect-induced light scattering

An interesting aspect of dimerized quantum spin systems is the substitution of a magnetic site
by a non-3d ion creating a spin vacancy. In principle every substituted site breaks up one dimer
and frees one spinon [37,417]. This is noticeable as a Curie-Weiss contribution to the magnetic
susceptibility. The question now arises whether this substitution may lead to similar well-defined
bound states as in the pure dimerized phase. Observations using NMR and ESR would support such
effects since states in the spin-Peierls gap are induced by the substitution [37].

Furthermore, also a well-defined binding energy may be realized due to a binding effect of the
spinon to the defect site [36,353]. Taking a spin system with singlets at the sites (i —2,i — 1), a
substitution at site i —2 leads to a spinon at site i — 1. The spinon moves freely without changing the
number of singlets but changing their position as long as the position of the singlets does not change
the energy of the system. In contrast, taking additional interactions into account this motion of the
spinon away from the defect site costs energy. In first approximation, i.c. for a sufficiently large
frustration, this binding energy is linear in the distance between the spinon and the defect site. In
this sense the effect of next nearest neighbor intrachain interaction and interchain or magnetoelastic
interaction is expected to be similar [32,353].

From the theoretical side a light scattering process on such a spinon or dopant bound state is
possible [416,353]. Starting from the Raman exchange light scattering Hamiltonian in Eq. (3.5) and
using the limit of large dimerization the spin system now includes a spinon at site i — 1. We consider
the singlet at site (i,i+ 1), the relevant part of Z is Z=(1—7)S,;_;-S,. Applying Z to the | 1)-spinon
at i — 1 and the adjacent singlet at (i,i + 1) yields

A 1.5) = (1 = »I(1/D)] 1,80) — 1/2V2)| |.#:)] (3.9)

-y

4 | \f
The arrows indicate the S, component of the spinon and s, f# or ¢+ stand for a singlet and a triplet
with S; =0 or S, = %1 for two spins. The effect of the Raman operator may be summarized in
shifting the spinon by one singlet spin pair to the right by two sites (the first term in Eq. (3.10))
and the creation of a n.n.n. singlet (the second term in Eq. (3.10)) in between sites i — 1 and i + 1.
The total spin of the system remains unchanged.

Thus the Raman operator is able to induce transitions in between different so-called dopant-bound
spinons (DBS), e.g. in between the ground-state and the first excited DBS states. This exchange

S+ = LD = LD (3.10)
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Fig. 3.3. Intrachain (cc) polarized Raman light scattering spectra of CuGeOs for temperatures above and below Tsp=14.3 K
(the curves have been given an offset for clarity).

scattering mechanism should show no magnetic field dependence since initial and final states are both
triplets. Furthermore, the limit of strong dimerization used to facilitate the discussion is not mandatory
as a comparable description is also valid in the limit of weak dimerization [353]. Experimental
results that are consistent with this scenario have been obtained in Zn-substituted CuGeO; and
will be discussed in Section 4.1.2.

3.4. Spinon light scattering in CuGeOs: experimental results

Intrachain (cc) polarized Raman spectra of CuGeOs are shown in Fig. 3.3 for temperatures above
and below Tsp=14.3 K [328]. Above Tsp (40 K) a broad continuum extending from 150 to 500 cm ™!
has attributed to spinon scattering. Lowering the temperature the intensity of this signal is suppressed
(see Fig. 4.4 (open squares)). On the other hand, transition-induced modes appear that will be
discussed in Section 4.1. The continuum is observed only for both incident and scattered light
polarizations parallel to the CuO, chain direction. These polarization selection rules are consistent
with the dominant exchange path of a 1D spin system.

The magnetic Raman light scattering intensity given by Egs. (3.4) and (3.5) has been modelled
using different theoretical approaches [97,418—420]. In Fig. 3.4 typical experimental results of the
spinon continuum observed in CuGeOj; in the homogeneous phase T > Tsp (7 =20 K) are compared
to theoretical model calculations [97]. Phonon lines have been subtracted from the measurement for
clarity. The calculation has used a solitonic mean-field approach to evaluate the Raman intensity at
finite temperatures [97,419]. Comparable results have also been obtained by other groups [418,420].

The observed broad continuum in the frequency range 150-550 cm™! is a consequence of the
frustration term proportional to o in Eq. (3.4) since the nearest neighbor term in (3.4) conserves
the number of spinons. Therefore, this scattering contribution has been named “frustration-induced
scattering” [97]. The derived coupling constants that give a qualitative good description of the
experimental data (J = 150 K, o = 0.24) are in agreement with results from fits to the magnetic
susceptibility [294]; however, they are smaller than results derived from thermal expansion data
[297]. As the model used in Eqgs. (3.4) and (3.5) neglects phonon degrees of freedom as well as



66 P. Lemmens et al. | Physics Reports 375 (2003) 1-103

200.0 T T T T
CuGeO4 T=20K
LS
a Wl
AU |
L R \ 4
150.0 //’, ; . %
/ r \ \
- ' ! \ LY
= / . \ LY
© 1 1 A \
> /o \ .
2 1000 b . / '\ \ .
[72] L]
GC,) / /I \ i\\
1
E / il \\ .\
- ) / \ "
50.0 F ’ L \\ ‘.\ \"
/’: ,i \\ ~
‘0 M ~.
VA ~
el AN
l-l'.‘",; M
0.0 b=l , , , ,
0.0 100.0 200.0 300.0 400.0 500.0

Raman shift (cm ! )

Fig. 3.4. Comparison of experimental Raman spectra (squares) with calculations (lines) for CuGeOs in the homogeneous
phase (7 =20 K). Phonon lines have been subtracted for clarity. Theoretical results are determined with 6 =y =0 for (a)
Jum =150 K, o =0.24 (dashed dotted line) and (b) Ju =170 K, o =0.2 (dotted line).

interchain interaction the agreement between theory and experiment is promising enough to identify
the continuum in Fig. 3.4 as of spinon scattering origin.

For temperatures below Tsp the Raman response of the spin-Peierls system changes considerably
due to the dimerization ¢, as shown in Fig. 3.3 [60,328]. As a reasonable theoretical approach a direct
diagonalization of a system of 28 spins has been performed to determine the four-spin correlation
function. The calculated excitation spectrum has been approximated analytically. A following study
of the dependence on y in Eq. (3.5) and a comparison with experiment have led to y = 0.12.

As shown in Fig. 3.5, the decrease of the intensity of the continuum and the existence of the
sharp mode at 30 cm~' is well described. The strong effect of the y-term on the calculated spectra
has been explained by matrix-element effects of the Raman operator (Eq. (3.5)) [97]. An alternative
description of the mode at 30 cm~! as a magnetic singlet bound state will be discussed in Section 4.

3.5. Raman scattering from spin-1/2 ladders

The very broad Raman response of spin-1/2 chain compounds like CuGeOs;, as evidenced in
Fig. 3.4, is due to the 2-spinon-continuum illustrated in Fig. 1.1. The magnetic excitation spectrum
of 2-leg ladders is, on the other hand, dominated by magnons (spin-1 excitations). This is illustrated
in Fig. 1.4. The magnetic Raman response for a two-leg ladder is therefore quite narrow, especially
for small ratios of Jj//. In Fig. 3.6 the Raman response of CaV,0s from Ref. [421] is compared
with a fit using Jj/J. = 0.09, J =431 cm~! (solid line) assuming an experimental resolution of
I' =3 cm~'. The long dashed line gives a fit with Jy L =0.125, J, =447 cm~!, I' =0, the thin
horizontal line corresponds to the offset of the fits to account for a scattering background [77].
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Fig. 3.7. Raman response of LagCagCu24O4;. Noisy thin lines: experimental data [179] in (aa) (dashed) and (cc) (solid)
polarization scaled to the same constant value between 2000 and 2500 cm~!. The thick solid line represents the theoretical
result for Jj =J, =1100 ecm~! and a resolution I'=3 cm™! [77]. The inset gives the 1-triplet dispersions w(k) for Jy=J1
and the cyclic 4-spin term parameter xcyc = 0,0.05,0.10,0.15 (solid, dashed, long dashed, dotted) [77].
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An interesting aspect of magnetic Raman scattering from two-leg ladders is the possible occurrence
of two maxima in the response for larger values of the ratio J)/J, due to the minimum in the magnon
dispersion relation near k = 0 (see Fig. 1.4). The theoretically predicted second high-frequency
maximum [77] has not yet been observed in Raman experiments. As an example we show in
Fig. 3.7 the Raman response of LagCagCuy4041, which can be modelled by J| =Jj.

Here, the thick solid line is the theory for Jy=JL=1100 cm~! and a resolution I’ =3 cm™
[77]. The thin horizontal line corresponds to an offset of the fit to account for background. The
non-observance of the second magnetic Raman peak in the experimental data by Sugai et al. (1999)
[179] may be due to an additional cyclic 4-spin term in the Hamiltonian, discussed in the context
of spin-1/2 ladders [77,422] or due to overlapping contributions from the two-particle continuum
(see Fig. 1.4).

1

4. Magnetic bounds states

Magnetic bound states of elementary triplets are a general feature of all quantum spin systems
with a singlet ground state and a gapped excitation spectrum. The bound state energies are reduced
below the energy of the two-triplet continuum. Important parameters concerning this binding effect
are spin frustration as given by a competing next nearest neighbor exchange interaction as well as
interchain exchange or magnetoelastic interaction. The properties of magnetic bound states such as
energy, spectral weight and multiplicity characterize the spin—spin correlations or instabilities of a
quantum spin system.

One-dimensional exchange topologies analyzed theoretically concern the dimerized and frustrated
spin chain [6,29,423-425], the one-dimensional Hubbard model [426], spin chains with interchain
[32] or spin—phonon interaction [33—-36], spin ladders [21], and frustrated spin ladders [17,30]. Ad-
ditional bound states are also induced by defects in spin chain systems with frustration or interchain
coupling [36,353].

With respect to 2D systems the strongly frustrated Shastry—Sutherland lattice [118,427,428], the
frustrated [429] or 1/5-depleted square lattice [27,28] and the Kagomé lattice [430] have been in-
vestigated. The latter and related systems with strong frustration and a degenerate ground state are
recently in the center of interest as they exhibit a gapped elementary triplet spectrum coexisting
with and filled up with collective singlet (S = 0) excitations. These non-magnetic excitations may
have energies smaller than the gap, depending on a delicate balance of the coupling constants of the
systems [431,432,63].

In a dimerized spin chain (purely magnetic 1D model) the magnetic excitation spectrum contains a
triplet branch 4y, and a corresponding two-particle continuum of triplet excitations for energies above
2401(k =0). If a frustration of the spin system due to next nearest neighbor intrachain exchange or
an interchain interaction is taken into account well-defined magnetic bound states develop [6,29,32].
These states consist of strongly interacting triplet excitations. The high-energy cutoff of these bound
states is again given by 24¢(k). Above this energy the bound states dissolve in the two-particle
continuum. For a critically frustrated spin chain (J,/J; =2.=0.24) one singlet bound state is predicted
with an energy Aoy =+/340;. A further triplet bound state with a considerable spectral weight exists
only for larger values of J, [6,29].
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Fig. 4.2. Effect of the frustration o on the ratio R = Ago/4o1 of the singlet vs. the triplet state energy (for k =0). Different
dimerization levels ¢ are investigated using exact diagonalization (ED) and density matrix renormalization group theory
(DMRG). For o = o = 0.2412 the “classical limit” with R = /3 is recovered.

In Fig. 4.1 the calculated excitation diagram of a frustrated alternating Heisenberg chain is given
for moderate frustration [29]. It is evident that the spectral weight of the second triplet bound state
is restricted to a smaller phase space with an energy close to the continuum (24¢;). The ratio
R=Ay0/401 of the singlet vs. the triplet state energy characterizes the binding effect and thereby the
triplet interactions. In calculations using exact diagonalization and DMRG (Fig. 4.2) frustration has
been found to be the main parameter controlling the binding energy of the singlet bound state vs. the
triplet. In these purely one-dimensional systems the dimerization is of less importance for the ratio
R. This effect may also be characterized by the “spinon velocity” that is reduced with frustration
leading to a larger density of states for k — 0 [423].

The excitation spectrum of a two-leg Heisenberg ladder is not so well established. In first ap-
proximation it may be compared with a single frustrated chain. At least one singlet and one triplet
bound state should exist. The strong coupling singlet ground state consists of a dimer on every rung
of the ladder [21].

This situation changes drastically with intraladder frustration [17]. In the limit of dominant frus-
tration the system is in a gapped ‘“Haldane” phase, which can be mapped on a s =1 chain. The
dimer phase, realized for smaller frustration, and the “Haldane” phase are separated by a first-order
transition line (quantum phase transition). Especially for coupling parameters close to the transition
a complicated behavior of low-lying singlet and triplet bound states has been discussed [30]. An
increasing number of bound states with enlarged binding energy should exist. These states soften
below the one-particle triplets [30]. Finally, at the transition, many-particle states form which inter-
mix strongly with each other. This general softening of both singlet and triplet modes at k =0 and
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the resulting degeneracy of infinite-particle states mark the quantum phase transition. As the size of
the bound states in real space as well as their spectral weight increase dramatically this scenario
should also have a profound effect at finite temperature, i.e. an increasing number of bound states
should be observable [30].

Further important aspects of bound state formation especially in real systems are interchain and
magnetoelastic interaction [32]. The corresponding states are often denoted as soliton/antisoliton
bound states. In the following we will use the limit of strong dimerization to elucidate this effect.
Interchain or magnetoelastic interactions lead to an energetically preferred dimer pattern. Breaking
a dimer forms two seemingly independent solitons in the surrounding of the well ordered dimers.
A consequent displacement of one soliton with respect to the other distorts the dimer pattern and
increases the energy of the system. In this way a binding potential which is approximately linear
with distance is realized. The state with lowest energy in this soliton/antisoliton binding potential is
a triplet. A number of further excitation levels is realized, the soliton bound states. As the potential
is steeper with increasing interaction, a smaller number of bound states is expected in systems that
are closer to two dimensions [32]. For larger distances of the solitons, corresponding to energies
above 24, new soliton/antisoliton states are created. In the limit of vanishing interaction a soliton
continuum of quasi-free particles is formed.

From the experimental point of view the importance of interchain interaction on the magnetic
excitation spectrum of quasi-one dimensional compounds is not clear. This is caused by the fact that
most of the so-far investigated systems exhibit both a non-negligible spin—phonon and interchain
interaction. Regardless of this complexity, the observed phenomena were discussed and compared in
most cases with purely magnetic model calculations. Experimental evidence for singlet bound states,
excited triplet states (three-magnon process) and defect-induced states have been found in Raman
scattering. In neutron scattering experiments triplet modes interpreted as a bound states have been
observed. A complete discussion of the respective compounds and corresponding references will be
given below.

Frustration is a very important aspect for 2D spin systems as it leads both to a gap in the triplet
spectrum and an appreciable binding of the singlet states. A model system within this respect is
the strongly frustrated SrCu,(BOs3), [111]. In the underlying 2D orthogonal dimer lattice triplets are
strongly localized [11,28] and form bound states [118,427,428]. For this exchange topology a quan-
tum critical point dividing a spin liquid from a Néel state has been postulated. The phase boundary
is controlled by the ratio of the interdimer to the frustrating intradimer exchange coupling. A com-
parison of calculations of the magnetic susceptibility with measurements suggests that the compound
is indeed close to the critical point [28,115,117]. Furthermore, a large number of low-energy singlet
modes are observed in Raman scattering experiments that are attributed to two- and three-particle
bound states [124]. For further discussion see Section 4.4.

To assign experimentally the observed excitations to magnetic bound states and distinguish them
from alternative explanations a number of stringent criteria have been developed. The polariza-
tion selection rules and preferred energies in the interval [A4g;,240;] have already been discussed.
In addition, the application of a magnetic field should identify one-magnon scattering as a splitting
or shift of the signal. The strength of the obligatory spin—orbit coupling may be judged by the
g-value of the compound. Furthermore, the intensity or spectral weight of the additional modes as
function of temperature or defect concentration is a useful characteristic. The singlet bound state
as a composite state at the I'-point is very sensitive to any fluctuation. It should therefore be
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Fig. 4.3. Brillouin light scattering spectra of CuGeO; in intrachain (cc) polarization for several temperatures showing:
(a) the singlet bound state response (the curves have been given an offset for clarity); (b) three-magnon scattering for
T < Tsp; and (c) the disappearance of the scattering intensity for 7 > Tsp [416].

Fig. 4.4. Renormalized scattering intensities of the spin-Peierls-induced modes in CuGeOs. The integrated intensity of the
spinon continuum is marked by open squares. The modes at 369, 224, and 30 cm ™' are given by closed squares, closed
triangles, and open circles, respectively [328].

destroyed with rising temperature or due to defects. In contrast, two-magnon scattering (from the
zone boundary) persists as paramagnon scattering for 7> 7y due to short-range correlations [400].
To distinguish magnetic bound states from phonon-related bound states several arguments based
on the frequency and lineshape of the observed modes may be used. They will be described in
Section 4.2.

4.1. Bound states in CuGeQO;

The thoroughly studied inorganic spin-Peierls system CuGeO; has been used as a model sys-
tem concerning bound states in dimerized spin chains [6,21,29,32,33,35,353]. In neutron scattering
experiments a triplet state, 4o; = 2.1-2.4 meV, with a second, similar gap to a continuum is ob-
served [295,296,320,319]. In light scattering experiments a sharp asymmetric mode is observed at
Ago=30 cm~! ~ 1.784,,. The appearance of this mode in the dimerized phase of CuGeOj; is shown
in Fig. 4.3(a) [416]. These experiments have been performed using a Sandercock-type tandem Fabry—
Perot interferometer in 90° scattering geometry.

The mode at 30 cm™! has been discussed controversially as a “1D two-magnon density of states”,
a soft mode connected with the spin-Peierls transition or as a continuum of bound states [97,308,309,
313,326,415,433]. It is now understood as a singlet bound state Ay, of triplet excitations [328,416].
This mode is only observable in light scattering experiments with intrachain polarization, i.e. incident
and scattered light are polarized along the chain direction. This polarization selection rule is consistent
with the spin conserving nature (no spin flip, i.e. AS=0) of the exchange light scattering mechanism,
as described in Section 3. In addition this low-energy mode shows no shift or splitting in an applied
magnetic field [313].
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Fig. 4.5. Temperature dependence of the energy of the singlet bound state (open symbols) and the three-magnon scattering
at 18 cm™" (filled symbols). Solid lines are guides to the eye. (b) Temperature dependence of the intensity of the 18-cm™"
shoulder. The solid line corresponds to an activated 7-dependence of the intensity of the three-magnon signal [416].

The temperature dependence of the integrated light scattering intensity of several spin-Peierls-
induced modes is shown in Fig. 4.4 [328]. For elevated temperatures but still below the spin-Peierls
transition 7 < Tgp the intensity of the singlet bound state at 30 cm™! decreases faster compared to
the intensity of the dimerization-induced phonon modes at 369 and 224 cm~!. This approximately
linear decrease of integrated intensity with rising temperature shown in Fig. 4.4 by the open circles
is a “fingerprint” of bound states as they are very sensitive to thermal fluctuations. The same effect
leads to an enormous broadening comparable with the energy of this mode for temperatures still far
below T = Tsp.

The strong decrease of the scattering intensity of the bound state and its broadening limits the
temperature range in which the frequency of the bound state can be determined. This temperature
dependence is composed of a product of Ay;(7) and the temperature dependence of the binding
energy (a weak function of the dimerization). As seen in Fig. 4.5(a) (open squares), this temperature
dependence is non-mean field-like. It is not-identical to Ay (7) determined by neutron scattering
experiments [295].

4.1.1. Three-magnon scattering in CuGeQOs

With rising temperature the lowest triplet branch in CuGeO; is thermally populated and a new
scattering channel opens up at lower frequency. This three-magnon scattering corresponds to tran-
sitions between thermally excited states, i.e. from the triplet branch at Ay to the continuum of
two-triplet excitations with its low-energy onset at 24¢,. Therefore, 4y is also expected to be
the low-energy boundary for this process. A theoretical description of this process is given in
Section 3.3.2.

In Fig. 4.3(a) Brillouin spectra of CuGeO; at several temperatures below Tsp are shown. It
is evident which at elevated temperatures the bound state at 30 cm~! is not the only signal. At
temperatures above 7 K a shoulder at frequencies of about 18 cm~! develops that at a temperature
of 13 K is comparable in intensity with the singlet bound state. At temperatures above 14 K this
signal disappears again.

As shown in Fig. 4.5(a), the energy of this mode has a similar temperature dependence as the
singlet at 30 K [416]. It must therefore be closely related to the singlet—triplet gap A4¢;. The
ratio of both energies corresponds to the binding energy of the singlet bound state. The intensity
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of the 18 cm™' mode, however, shows just the opposite temperature dependence compared with
the intensity of the singlet bound state (compare open circles in Fig. 4.4 with Fig. 4.5(b). The fit
in Fig. 4.5(b) corresponds to the temperature dependence that would be expected for a thermally
activated process. The light scattering intensity at 18 cm ™! is totally intrachain polarized and observ-
able neither in scattering in crossed nor in circular light polarization as all magnetic scattering in
CuGeOj3. No magnetic field dependence of these signals could be found up to 6 T [304,416]. These
experimental results rule out one-magnon scattering which should have antisymmetric Raman tensor
elements and should display a Zeeman splitting. Therefore, all experimental observations support the
interpretation of the mode at 18 cm™! as a three-magnon scattering process between excited triplet
states.

4.1.2. Defect-induced bound states in CuGeO;

The effect of substitutions either on the Cu site or on the Ge site of CuGeO; may be summarized
as a strong change of the low-energy excitations in the dimerized phase as well as the creation of
long-range Néel order. For a summary of substitution effects we refer to Sections 2.7.1 and 3.3.3.

Every spin vacancy breaks up one dimer and frees one spinon [37,417]. As there is a binding
effect of the spinon to the defect site [32,36] and the Raman operator allows the excitation of the
ground state of this spinon [353] it may lead to well-defined modes in Raman scattering experiments,
the so-called dopant-bound spinons [416].

Indeed, in early Raman scattering experiments in CuGeO; a mode with an energy smaller than
the singlet bound state A4y has been observed. Some of these and later results have been tentatively
attributed to one-magnon scattering [326,352,434]. Only recently more detailed experiments together
with appropriate theoretical approaches have become available [36,353] (see also Section 3.3.3).

In describing these experimental results we will concentrate on the region with low and interme-
diate substitution level to minimize possible defect interactions. Furthermore, a substitution with a
negligible effect on the global lattice properties and a very local disruption of the intrachain exchange
path is desirable. All this is realized for Zn substitution of the Cu site of CuGeO; [328,345]. There
is no strong change of the lattice constants or the phonon frequencies with Zn doping and samples
with a small and homogeneous Zn distribution are easily prepared [338]. In contrast, substitutions
of Ge by Si lead to strong effects of lattice pressure due to the different ionic radii and possible
changes of the interchain interaction [328,344].

In addition to the observed dopant-bound spinon in CuGeQOs, the effect of substitutions are twofold.
On the one hand the singlet bound state (of the pure system) is broadened and suppressed in spectral
weight as a coherent confined state of two triplets [328,434]. On the other hand short-range dimer
fluctuations are enhanced [37]. The latter effect has been studied in Zn as well as Si-substituted
samples using Raman scattering of the dimerization-induced phonon mode at 370 cm~! and X-ray
scattering in Mg-substituted samples [328,341,352,435].

The effect of substitutions on the singlet bound state is demonstrated in Fig. 4.6 presenting Brillouin
spectra of Cuy_,Zn,GeO3 with x=0-3.3% [304,353]. The singlet bound state (SBS) is well resolved
as a sharp and asymmetric peak at 30 cm~'. With Zn substitution the intensity of this mode drops
drastically. Already for x=2.0% no definite mode is observed anymore. In the left panels of this figure
the loss of integrated intensity and the frequency shift of the singlet bound state with substitution
are given.
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Fig. 4.6. Brillouin spectra of Cu;_,Zn,GeO3;, x=0-3.3% in intrachain (cc) polarization are shown on the right panel with
the singlet bound state (SBS) and the defect-induced dopant-bound spinon (DBS) (7’=2.2 K). The intensity corresponding
to x =0 is reduced by 1/6 and the SBS at x = 0.2% by 1/5. The upper and the lower left panel show the integrated
intensity and the frequency of the modes as function of x [353].

Fig. 4.7. Temperature dependence of the singlet bound state (SBS) and the dopant-bound spinon (DBS) in intrachain
polarized Brillouin spectra of Cuj—,Zn,GeOs, with x =0.66% (right panel). The temperature dependence of the integrated
intensity and the peak position of the modes are given in the upper and lower left panel [353].

A new well-defined excitation, denoted as a dopant-bound spinon (DBS), is observed at nearly
half the frequency of the singlet bound state [353]. The integrated intensity of this mode increases
roughly linear with increasing x for x < 1% (see upper left panel of Fig. 4.6). This linear increase
corresponds to the desirable case of non- or weakly interacting defects. For larger x the intensity
of this mode decreases again. In this concentration region the lineshapes of the two modes and the
dependence of the frequencies of the modes on x are very similar. In addition, both modes are only
observed in the presented intrachain (cc) scattering geometry.

The temperature dependence (2.2—14 K) of the Brillouin spectra for fixed x = 0.66% in Fig. 4.7
indicates further similarities of the two modes [353]. The integrated intensity, the energy as well
as the linewidth vary in a comparable way with temperature. The left-hand panels of this figure
show a detailed analysis of the data. Therefore, both modes must be related to the singlet—triplet
gap. A further important piece of experimental evidence is the application of a magnetic field as it
should discriminate possible one-magnon scattering contributions from magnetic bound states. The
former scattering intensity should show a splitting or a shift of the observed signals. In Fig. 4.8 a
comparison of Brillouin spectra with B =0 and 4 T of Cu,_,Zn,GeO; with x = 0.66% is shown
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Fig. 4.8. Brillouin spectra of Cu;—.Zn,GeOs with x=0.66% in intrachain (cc) polarization with an applied magnetic field
of B=0and 4 T (T =22K) [304].

[304]. Neither the singlet bound state nor the dopant-bound spinon show an effect of the applied
magnetic field.

In concluding, the presented data undoubtedly prove the existence of bound states of a substitution-
induced spinon at the defect site. Neither the above discussed three-magnon light scattering process
observed at elevated temperature nor one-magnon scattering can explain the observed experimental
results.

4.2. Bound states in NaV,Os

The compound NaV,0s differs in several aspects from CuGeOs. This is summarized in its descrip-
tion as a quarter-filled ladder that on one hand adds electronic degrees of freedom to the system
and on the other hand, as a ladder, has a different exchange topology. The dimerization-induced
modes are altered from CuGeO; with respect to their multiplicity and polarization selection rules.
Similar to CuGeOs, the investigation of the temperature dependence of the intensity, frequency
and half-width of these additional modes lead to a clear distinction between modes at low-
energy that are candidates for magnetic bound states and simple zone-folded phonon modes due
to the crystallographic distortion. From phonon and low-energy quasielastic scattering strong
fluctuations are evident with an onset at Tco ~ 80 K. This has been discussed in Section 2.7.2.
These fluctuations may also be important for the understanding of the magnetic bound states
in NaV,0s.

4.2.1. Experimental observations in NaV,Os

A comparison of intraladder (bb) spectra at 7 = 100 K and 7 =5 K (Fig. 4.9) indicates several
new modes in the low-temperature phase of NaV,0s5 [362]. In addition, a step-like decrease of the
background scattering intensity is observed for frequencies Aw < 120 cm~! = 83.5 K. This marks
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Fig. 4.9. Raman light scattering spectra of NaV,0s at 7 = 100 and 5 K in intraladder (bb) polarization. The additional
modes in the low-temperature phase are marked [362].

the onset of a gap with 4y, =86 K. This value is smaller than Ag‘f =115K for kar=(%,1/2,0) and
h = integer, but is comparable to Ag’ll/ 20— 89 K with 4 =half -integer observed in neutron scattering
[373,374].

In Fig. 4.10 the intensity and linewidth of selected modes visible in the low-temperature phase are
displayed as function of temperature [362]. Three low-energy modes at 67, 107, and 134 cm~! have
a particular temperature dependence of the intensity comparable with dimerization-induced phonon
modes. The intensity increases more gradually upon cooling, with a smaller slope. No saturation in
intensity is observed toward lowest temperature. Additionally, these three modes strongly broaden
and soften slightly toward lower frequencies approaching 7sp from below. In contrast, the modes
at 202, 246, and 948 cm~! follow the scheme of zone-folded phonons. They neither show any
broadening nor any shift in frequency as they become Raman active due to the lowering of the
symmetry for 7' < Tsp.

Selection rules and magnetic field dependence. An analysis of the selection rules of the Raman
modes, given in Fig. 4.11, shows, however, that the bound state candidates with the exception of
the mode at 107 cm ™! are of mixed symmetry, i.e. the 67 and 134 cm~'-modes appear in interchain
(aa) as well as intrachain (bb) and crossed (ab) polarizations [362]. The 107 cm~'-mode is observed
only in intrachain (bb) polarization. The latter would be the preferable polarization selection rule
of a magnetic bound state in a model spin chain. With 4y, = 85 K = 60 cm~! from susceptibility
measurements these three low-energy modes are situated below or near 24y, = 120 cm~'. This gap
value is also confirmed in the Raman light scattering experiments as a drop in the background
intensity. As the number and selection rules of the singlet bound states differ from what has been
observed in CuGeO; we will carefully check this assignment.

In view of the very close energy of the 67 cm~!-mode to the singlet-triplet energy gap (4o =
60 cm~!'), this mode might be one-magnon scattering allowed due to spin—orbit coupling [436].
However, the g-value in NaV,0s is even closer to 2 than in CuGeO; [207,437], pointing to
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and (b) normalized half-width (FWHM) of the additional modes as function of temperature [362].

Fig. 4.11. Low-energy Raman light scattering spectra of NaV,0s for three light scattering polarizations in the ab plane
of the single crystal [362].

a negligible orbital momentum in this compound. Recently, however, a combination of the electronic
structure and the DM interaction, allowed by symmetry in this material, has been discussed to
describe a observable Raman cross-section of one- and two-magnon scattering [438].

Applying a magnetic field may lift the three times degeneracy of a triplet state resulting in a
splitting or shift of the 67 cm~!-mode. As shown in Fig. 4.12 neither a shift, a splitting, nor even
a broadening of this mode in a field up to 7 T is observed [189]. Therefore, a simple one-magnon
interpretation has been ruled out. In a similar approach the mode at 134 cm™! has been identified
as the corresponding two-magnon scattering [439]. This, however, would be surprising. Already in
two-dimensional spin systems two-magnon scattering is strongly renormalized to lower frequencies
due to magnon—magnon interaction.

Coherent magnetic oscillations and time-resolved probes. New excitations related to the magnetic
system of NaV,0s have recently been observed in pump—probe femtosecond time-domain spec-
troscopy. A mode at 127 cm~!, corresponding to an energy nearly twice the spin gap, is attributed
to a bound state. The selection rule of the coherent oscillation following from the circular polarized
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Fig. 4.12. Magnetic field dependence of the Raman mode at 67 cm ™' of NaV,Os in crossed (ba) light scattering polar-

ization. No splitting or broadening in a field up to 7 T is observed [189].

Fig. 4.13. Effect of Na deficiency in NaV,0s, with x = 0.97-1 on Raman light scattering spectra in intrachain (bb)
polarization [445,446].

light used for the pump or probe beam points to its origin in a spin-flip excitation from the singlet
ground state [440]. Other excitation at 90.6, 181, 230, 303, 420, 450 and 531 agree within 3 cm™!
with phonons observed in Raman scattering. In the pump—probe experiments they show different
temperature dependencies and selection rules as the bound state at 127 cm™!.

The application of this and other time-resolved techniques is at present rather limited. Exciting
results exits for the 1D spin chain system Sr,CuQj;, were an instantaneous photoinduced absorption
and picosecond recovery due to very large dipole coupling between nearly degenerate one and
two-photon states is observed. These effects are based on the electronic properties of the 1D Mott
insulator [157]. Further investigations on other strongly correlated and low-dimensional systems are
under way.

Phonon-related bound states. Also phonon-related bound states may be considered. Indeed, such
phenomena were observed for example in YbS [441-443]. These modes were interpreted as excitons
interacting with a LO phonon at oy giving rise to exciton—phonon bound states with frequencies
w=n-wy, with integer n. The polarization selection rules are identical with the LO phonon. Finally,
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the linewidth of these phonon bound states is a linear function of n. Integer multiples of excitation
energies can be found in NaV,0s by assuming an w, of about 30 cm~'. However, no such mode
could be detected in light scattering experiments. Besides, the light scattering intensity of the bound
states in NaV,0s appears not only in the fully symmetric scattering components (aa), (bb), but also
in the crossed (ab) component. A similar disagreement is found for the linewidth that does not show
a systematic broadening. Also the scenario of folded phonons with an additional coupling to the spin
and charge degrees of freedom has been discussed. Recent infrared absorption studies on NaV,0s
showing numerous modes with partly weak intensity in close proximity to the Raman excitations
follow a similar route [444]. These approaches are to the present understanding not compatible with
results from temperature and substitution studies. Summarizing, the experimental results in NaV,0s
are not compatible with an approach based on phonon bound states.

4.2.2. Deficiency and substitutions on the Na site

One of the most subtle problems preparing Na,V,0s5 samples is to control the Na content x
[199,447]. Deviations from the nominal stoichiometry result in a shift of the ratio between V** and
V>t toward the non-magnetic (s = 0) V°*. This leads to an effective substitution. Further possible
substitutions in NaV,0s are Li and Ca substitution on the Na site [199]. Systematic studies of Na
deficiencies, as reported in Refs. [200,367], indeed show that the drop in the magnetic susceptibility
is suppressed and Tsp is slightly shifted toward lower temperatures. Therefore, this Na-deficiency is
also a promising tool to discuss the bound states.

A direct comparison of spectra with x = 0.97—1 in intrachain (bb) scattering configuration is dis-
played in Fig. 4.13 [445,446]. Solely, the three bound states show a considerable shift in frequency
and a strong broadening. The zone-folded phonon modes do not show this shift toward lower fre-
quencies. The frequency shift of the bound states is quite naturally explained by assuming that the
Na deficiency leads to a reduced singlet—triplet gap and hence to a smaller energy of the magnetic
bound states.

For Li substitution on the Na site a similar but somewhat smaller shift of the bound states is
observed. In Fig. 4.14 spectra of Na;_,Li,V,0s are shown [445]. For larger Li concentration (7%)
only a broad maximum remains of the bound state scattering contribution. It should be noted, that
all magnetic bound states react in a similar way to the substitution while the effect on the phonon
modes is weaker. These results are comparable to the effect of Zn substitution on the magnetic bound
state in CuGeO5 [328].

4.2.3. Theoretical considerations

Concluding the experimental data it is stated that the modes at 67, 107 and 134 cm™~! are described
best as singlet bound states. They, however, are not consistent in number as well as in selection rules
with the excitation spectrum of a frustrated and dimerized 1D Heisenberg chain, which exhibits one
singlet bound state. The intensity of this singlet bound state should only be observed in intrachain
scattering configuration, i.e. with light scattering polarization parallel to the dominant exchange path.

In the high-temperature phase (7" > Tsp) NaV,0s is described as a quarter-filled ladder with charge
degrees of freedom. However, since the charge transfer gap Acr ~ 1eV is large, the low-energy
excitations are dominated by spin fluctuations of one spin per rung along the ladder direction. This
leads to a mapping of the system on a spin 1/2 Heisenberg chain [287]. Actually, the mode at
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Fig. 4.14. Effect of Li substitution in Na;_,Li,V,0s, with x = 0-0.07, on Raman light scattering spectra in intrachain
(bb) polarization [445].

107 em~! = 1.78 x 4g; is consistent both in selection rule and energy with the singlet bound state
in CuGeO; (30 cm™!' = 1.78 x 4g;). Therefore, we identify this mode as the singlet bound state of
an effective chain.

To describe the two unpolarized bound states, a quasi-2D system or a cluster model [398,448]
in the ab plane of the compound may be relevant. This means taking into consideration dimers
parallel, perpendicular as well as diagonal to the ladder. The observed bound states have a small
energy separation compared to Act ~ 1eV. Actually, their energy scale is given by the
singlet—triplet gap 4¢; [373,374]. Therefore, the character of the excitations is predominantly mag-
netic allowing a description of the bound states in the context of a pure spin model.

The analogy of this situation to the dynamical Jahn-Teller effect motivated the proposal of a
dynamic dimer formation as a ground state of the system [362,188]. The superposition of different
energetically nearly degenerate dimer configurations may show up in the triplet channel of the
excitation spectrum. This phenomenological approach, however, has later not been supported by
synchrotron X-ray scattering experiments as the low-temperature phase showed only evidence for a
static stacking disorder of zig-zag charge ordering patterns in NaV,0s [359].

4.3. Bound states in (VO),P,04

The compound (VO),P,0; was for many years a canonical example for a spin ladder compound
(see Section 2.5.2). Only recently neutron scattering experiments on single crystals have determined
that the dominant exchange path is along the b-axis direction. In addition, fwo strongly dispersing
triplet modes (4g; =25 cm™! and 4j; =46 cm~') have been observed. The second mode has been
interpreted as the triplet bound state of an alternating spin chain [217]. The experimental spectral
weight of both modes has been found to be comparable. However, no triplet continuum has been
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corrected by the Bose factor. A shoulder with an onset at 45 cm™! is observed in intrachain (bb) as well as interchain
(aa) polarization [214,449].

observed like in CuGeOs [319]. To clarify which model applies, such as a purely 1D magnetic
chain, frustration or a more complicated scenario including spin—phonon coupling, other spectroscopic
information together with theoretical modelling is needed.

In calculations using a “simple” alternating spin chain the spectral weight of the triplet bound
states has been found to be restricted to a limited part of the Brillouin zone. This result is in con-
trast to the experimental neutron scattering observations [222] and motivated two refined theoretical
studies taking an additional diagonal coupling (frustration) via the phosphate group into account
[31,223]. With this approach a much better description of the neutron scattering experiments has
been achieved. In addition, a singlet bound states with A’&?O = 1.684¢; =42 cm~' has been postu-
lated [223]. Concluding, a frustrated quasi-2D spin model might describe the excitations observed
in neutron scattering experiments with respect to their energy and spectral weight across the whole
Brillouin zone.

In Raman light scattering experiments a shoulder of the scattering intensity is observed at low
temperatures with an onset at 45 cm™!, an energy only slightly renormalized with respect to 24¢; =
50 cm ™! determined by neutron scattering experiments (see Fig. 4.15) [214,217,449]. This intensity is
masked at higher energy (Aw > 60 cm™!) by phonon scattering and shows up with light polarizations
both parallel and perpendicular to the dominant exchange direction. It is not observed in crossed
light polarization. This excludes two-magnon scattering of an usual 2D spin system. As no splitting
or shift of the shoulder is evident in an applied magnetic field, one-magnon scattering is excluded
[214,449]. A later Raman study on (VO),P,0; showed evidence for a peak at 90 cm ™! and attributed
this mode to the second gap [224].

The shoulder at 45 cm~! is observed for T < 50 K in interchain (aa) polarization and for T < 75 K
~ 24y, in intrachain (bb) polarization. This temperature is comparable to the size of the gap itself
(see Fig. 4.16). The intensity of this shoulder shows a linear increase with decreasing temperature
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Fig. 4.16. Normalized intensity of the Raman scattering at 47 cm~' with respect to the intensity at lower frequency in
(VO),P,07 as function of temperature. Open circles: (aa) light polarization; black squares: (bb) light polarization [214].

comparable to the bound states in NaV,0s or CuGeO;. All these observations allow an assignment
of this shoulder to a singlet bound state with a negligible binding energy. As this binding is weaker
than predicted for the frustrated quasi-2D spin system, a purely magnetic model for the excitation
spectrum in (VO),P,0; may not be appropriate. The observed anomalies of phonons, with energies
close to the magnetic excitations, point to this alternative direction (see Section 2.5.2). Theoretically,
phonon- or magnetoelasticity-induced bound state phenomena are expected if optical phonon modes
have an energy close to the magnetic spectrum of the compound [33-35]. This scenario might be
relevant for the case of (VO),P,0;.

4.4. Bound states in SrCu,(BOs ),

Low-energy light scattering in SrCu,(BO;), exhibits a drastic evolution with decreasing temper-
ature [124]. Quasielastic scattering observed at high temperatures (7 > 4y;) is replaced by a broad
two-magnon-like continuum centered near 50 cm~!. The selection rules of these intensities yield
B, symmetry, i.e. the light polarization vectors along (ab) connect next nearest dimers within the
ab plane of the compound [124]. In this polarization no Raman scattering process from the dimer
ground state is allowed [118,428]. The observed scattering intensity is therefore due to scattering on
thermally induced and strongly localized triplet states of the Shastry—Sutherland lattice. Consequently
for T — 0 all scattering is suppressed in this geometry due to the large spin gap (see Fig. 4.17). The
temperature dependencies can be mapped on thermodynamic data, such as the magnetic susceptibility
and the specific heat of the spin system as shown in Fig. 4.18.

The temperature dependence of the intensity of the 30-cm~! bound state is shown in Fig. 4.18(a).
The solid line is a fit based on the strong damping of this state due to scattering on thermally
excited triplet states. The decrease of the scattering intensity /p with temperature is governed by the
density of excitations and follows the equation /3(T) oc (1 — Ae=4/*8T), where 4 is a constant. A
reasonable agreement is found with only one free parameter (4 =215.7) and fixing 4 =34 K from
experimental data. In Fig. 4.18(b) the temperature dependence of the continuum between 20 and
80 cm~! is well described by the temperature-dependent susceptibility [107]. In (c) the quasielastic
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Fig. 4.18. Mapping of the temperature dependence of normalized Raman scattering intensities (open symbols) of the bound
states, the intensity of the continuum and of the quasielastic scattering on thermodynamic quantities (lines) [124].

magnetic scattering intensity divided by 72 is well described by the specific heat according to
Eq. (5.1) in Section 5 [108].

It is noteworthy that a mapping of the intensity of the Raman scattering continuum on the magnetic
susceptibility also works for the frustrated spin chain system CuGeO; and corresponds to replacing
a four-spin correlation function by a two-spin function [124]. The theoretical implications of this
experimental evidence that has not been investigated so far.

For very low temperatures compared with the spin gap (7' <4y;) four well-defined modes with
energies A),=30, 46, 56 and 70 cm~' appear. A refined analysis discovered a further broadened mode
centered around 100 cm~' [109]. These excitations are primarily observed in the (a'b’) scattering
configuration corresponding to B; symmetry selection rules and polarization vectors that connect
nearest dimers. Only this scattering geometry allows exchange Raman scattering on the Shastry—
Sutherland lattice if no excited triplet states are present. The modes neither split nor shift in an
applied magnetic field up to 6 T as shown in the inset of Fig. 4.17. In (ab) polarization two weaker
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shoulders of intensity appear near 25 and 40 cm~! for T <Ay;. The frequencies of these modes
are identical to the triplet excitations observed in neutron scattering and ESR (24.5 and 40 cm™").
Applying a magnetic field, at least for the former mode a definite shift corresponding to the triplet
nature of the underlying excitation has been detected.

If the above mentioned modes are normalized to the energy of the singlet—triplet gap 4¢; =
245 cm™! they correspond to ratios of 1.254¢;—2.94¢;. The sequence of modes is astonishingly
similar to the reduced energy of low-temperature modes found in CuGeO; (1.784(;) and NaV,0s
(1.14¢1, 1.784¢; and 2.24y;). Therefore, and as the triplet excitations in SrCu,(BO;), are even
more localized and strongly interacting compared with frustrated spin chains, all above given modes
are assigned to magnetic bound states [124]. Several theoretical studies of the magnetic excitation
spectrum support this interpretation [118,427,428].

4.4.1. Effect of substitutions

Comparing the behavior of SrCu,(BO;), with other quantum spin system it is obvious that here
the triplet excitations are even stronger spatially localized and the spin—spin correlation length is
extremely small. As shown in the previous sections substitution experiments are a sensitive probe
to this degree of localization. Furthermore and related to this question, the phase diagram of this
compound and the assumed proximity of SrCu,(BO;), to a Néel phase opens the up the chance to
study quantum criticality. Here Zn substitutions inducing spin vacancies in the system might help at
least to shift the compound into the cross over regime.

Several substitution studies have been performed by H. Kageyama and Yu. Ueda, ISSP Tokyo
using Zn substitutions on the Cu site to induce spin vacancies. Furthermore the effect of Ba and
Ca substitution on the Sr site has been studied. The latter, in a certain solubility window, decreases
or increases the crystallographic c-axis and the distance of the CuBO; planes, respectively. The
results of these studies are easy to summarize: No decrease of the spin gap or emergence of an
antiferromagnetic instability has been observed. Instead a defect-induced low-temperature Curie-tail
is induced together with a flattening of the plateaus in high-field magnetization [450].

In Fig. 4.19 the effect of Zn substitution on the low-energy Raman spectra of SrCu,(BOs), are
shown at three different temperatures, 7=1.5, 4 and 5 K, respectively [109]. Obviously the effect of
the substitution on the excitation spectra is limited, only the intensities of the modes are reduced. In
this sense this trivial effect of substitutions may be approximated by an effective increase of tempera-
ture. The non-existent energy shift is compatible with a constant and substitution-independent global
magnitude of the spin gap. Only in a very limited concentration range an additional broad intensity
at 16—187! is observed which might be related to a breaking of the translational invariance. All
these experimental facts are well understood considering thermally and substitution-induced triplets
as quasilocalized on each Cu dimer on the Shastry—Sutherland lattice. Therefore, substitutions locally
switch off the spin gap without leading to a global effect on the singlet state.

4.4.2. Polarization dependence

The magnetic bound states in SrCu,(BOs), are purely in-plane polarized. As shown in Fig. 4.20
scattering intensity appears only in (aa) and (a’'b’) polarization. Furthermore in the investigated
frequency range no additional interlayer bound states show up in (cc) polarization. The only scattering
intensity observed in this spectral range is a phonon with a large anharmonicity. This interlayer
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phonon mode with a frequency of 58 cm~! at T =4 K is discussed further in Section 2.3.2 (see
Fig. 2.15). It is related to a structural phase transition at 7 =395 K [125]. Its anharmonicity and its
energy comparable to the spin system might induce an enhancement of the spin—phonon interaction.
Further investigations of both experimental and theoretical nature are underway.
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5. Quasielastic scattering in low-dimensional spin systems

Raman spectra of several magnetic systems show quasielastic light scattering as a strongly broad-
ened central peak with Lorentzian or Gaussian lineshape and with specific selection rules. A canonical
example for 3D AF spin systems is the cubic, quasi-isotropic compound KNiF; in which magnetic
energy fluctuations for temperatures close to the Néel ordering (7y=248.5 K) give rise to quasielastic
scattering [452].

In low-dimensional spin systems quasielastic scattering is a very general feature, too. The tem-
perature dependence of this intensity can be used to characterize the low-energy excitations of the
system. It is especially sensitive to the opening of a spin gap and can be very useful to determine the
magnetic part of the specific heat. In direct measurements of the specific heat very often the lattice
degrees of freedom dominate the magnetic part. Spin systems investigated so far are the “pure” spin
chain KCuF; [227], the charge ordered rare earth spin chain YbsAs; [175], the spin-Peierls com-
pound CuGeQOj; [451], the alternating spin chain system (VO),P,0; [214], the quarter-filled spin lad-
der NaV,0s, [189] and very recently the strongly frustrated 2D spin dimer compound SrCu,(BOs),
[124,453].

In compounds with a dimerization transition (7sp) the coupling to optical phonons leads to fluctu-
ation contributions that are observed for temperatures slightly above 7sp. This quasielastic scattering
is considered to redistribute its spectral weight to soliton bound states (7 < Tsp) [315] and to be
connected to the non-observance of soft modes at the transition [316].

In the above-mentioned 1D spin systems quasielastic scattering should only be observed in intra-
chain scattering configuration, i.e. with the light polarization parallel to the effective chain direction.
A comparison of different scattering geometries including right angle scattering in CuGeQO; is shown
in Fig. 5.1. Quasielastic scattering is indeed only observed in (cc), i.e. intrachain polarization. A
similar investigation for NaV,0s is shown in Fig. 2.44. Here quasielastic scattering is also observed
only in intraladder (bb) polarization [189,362].

In this sense (VO),P,07; seems to be an exception since quasielastic scattering is primarily ob-
served in interchain (aa) polarization. In g-axis direction neutron scattering data give evidence
only for a flat ferromagnetic dispersion compared to the steep antiferromagnetic dispersion along
the b-axis. Uhrig and Normand [31] proposed a quasi-2D model with an additional
diagonal AF exchange for (VO),P,0;. The 2D spin dimer compound SrCu;(BO;), shows this
scattering contribution in (ab) configuration, i.e. in polarization yielding B, symmetry
[124]. These results are described and analyzed in Section 4.4 (see Figs. 4.17(a) and 4.18) to-
gether with other magnetic scattering contributions. The experimentally observed spectral weight
of the quasielastic scattering contribution shows generally a strong increase with increasing
temperature. In the same temperature range the magnetic contribution to the specific heat has a
maximum.

The quasielastic scattering has been explained within two different scenarios: Spin diffusion [454,
455] that is forbidden in perfect 1D spin systems and would lead to a Gaussian lineshape of the
central line [456] or fluctuations of the energy density of the spin system [457]. The latter mechanism
leads to a Lorentzian spectral function and is important for systems with non-negligible spin—phonon
coupling. The energy of a magnetic system is not constant, but fluctuates about its mean value
[458]. Already a weak spin—phonon coupling increases the spectral weight of these fluctuations as
it decreases their time scale.
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Fig. 5.1. Symmetry analysis of quasielastic light scattering in CuGeO;. (a) for the frequency range —100 to 100 cm ™!
and (b) for the frequency range —100 to 500 cm ™' in right angle scattering geometry [451].

Fig. 5.2. Quasielastic light scattering in CuGeO; for intrachain (cc) polarization and different temperatures [451].

In Fig. 5.2 a Raman experiment of CuGeQOj; displays quasielastic scattering as function of temper-
ature [451]. In this compound very strong spin—phonon coupling is evident for two phonon branches
[306]. Therefore, the Lorentzian spectral function leads to a very good description of the data. For
smaller temperatures the intensity of the scattering contribution is diminished as the fluctuations are
suppressed.

From this quasielastic light scattering intensity one can easily deduce the magnetic contribution
to the specific heat, C,. This analysis has been performed for KCuF; [227], CuGeO; [451] and
(VO),P,07 [214]. Therefore, we briefly summarize the theory of Reiter and Halley [457,458].

The scattering intensity can be calculated using the Fourier components of a correlation function
of the magnetic energy density. For high temperatures and hydrodynamic conditions this function
can be simplified leading to an expression that connects the scattering intensity with the magnetic
specific heat C,:

C,T*Drk?

) o ey

(5.1)
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with Dy = K/C,, the thermal diffusion coefficient, K the magnetic thermal conductivity, and w ~
Drk? <w, leading to k ~ 2kysin 0/2, with 0 the scattering angle, and wy, ko characterized by the
incident light.

Analyzing experiments using Eq. (5.1) the scattering background is assumed to be constant. Espe-
cially contributions from Rayleigh scattering should be reduced using a suitable experimental setup
and scattering geometry. For transparent samples right angle scattering geometry is most favorable.
In Fig. 5.3 results for CuGeO; in 90° scattering geometry are shown. The resulting C,, has been
compared with theoretical models considering frustrated spin chains [451]. A qualitative agreement
with the exchange coupling and the frustration parameter from thermodynamic experiments [297,298]
has been obtained.

In Raman experiments on (VO),P,0; strong phonon anomalies have been observed for modes with
energies comparable to the magnetic excitation spectrum. Therefore, assuming strong spin—phonon
coupling, the existence of fluctuations of the energy density seems reasonable in this compound. For
a comprehensive discussion we refer to Section 2.5.

Indeed, quasielastic scattering is observed in interchain (aa) scattering configuration. The respective
data are shown in Fig. 5.4. This intensity strongly decreases with lowering temperature. Calculations
using a Lorentzian and a Gaussian lineshape are given in this figure as a solid and a dashed line,
respectively. The maxima observed near 60 and 70 cm~! are due to phonon scattering and should
be ignored here.
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Fig. 5.5. Specific heat of (VO),P,07 (black squares) determined from quasielastic light scattering shown in Fig. 5.4. The
dashed curve is a guide to the eye. The full curve is a DMRG calculation of the specific heat of an alternating Heisenberg
chain [214,215].

Following the arguments given above the magnetic specific heat was determined from the quasielas-
tic scattering using Eq. (5.1). The result is shown in Fig. 5.5 [214]. A direct measurement of this
quantity is not yet available. However, DMRG calculations [225] of the magnetic specific heat with
the parameters J = 110 K and 6 = 0.09 K are shown for comparison in the same figure. The max-
imum of the magnetic specific heat determined by light scattering experiments is at Tp.x = 55 K.
The corresponding maximum in the magnetic susceptibility is at 74 K [221]. The DMRG
calculation for a strongly alternating Heisenberg chain agrees well with the experimental data.
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This supports the scenario of (VO),P,0; as an alternating chain system with considerable spin—
phonon coupling.

6. Conclusions and outlook

Over the past decade the understanding of low-dimensional strongly correlated electron systems
improved enormously. From the experimental side this is related to the significant progress made in
materials science of complex transition-metal oxides. Indeed, quantum spin systems with chain, lad-
der, depleted-planar, and other exchange geometries have been designed and investigated. One moti-
vation for these studies has been the possible connection between high-temperature superconductivity
and low dimensionality. In the undoped and insulating parent compounds of the high-temperature
superconductors long-range Néel order is observed. To get more insight in the suppression of antifer-
romagnetic long-range order upon doping, spin liquids, such as, e.g., one-dimensional half-filled spin
systems with the above given topologies have been studied. In these model-type systems long-range
order is suppressed without doping.

The compound Sr4_,Ca,Cuy404; shows indeed superconductivity under pressure. The spin gaps of
the ladders and the dimerized chains agree well with the behavior expected for low-dimensional spin
systems. A suppression of the Raman scattering intensity has been found for frequencies below 200
and 490 cm~!. These frequencies correspond to the doubled singlet—triplet gaps of the chain and the
ladder sublattice, respectively. Upon Ca substitution the electronic properties of Sris—,Ca,CuysOq4
cross over into a 2D regime. Still, Raman and neutron scattering experiments undoubtedly prove that
the magnitude of the spin gap in the ladders is preserved. Charge ordering in the dimerized chains
is observed in Raman scattering as a shift of a phonon mode and the appearance of additional
side bands. Upon substitution these phonon anomalies and the gap feature are suppressed in the
Raman spectra. Taking into account a charge transfer from the chains to the ladders with increasing
Ca substitution makes this effect understandable as it suspends the dimerization of the chains. Much
attention has been devoted to NMR on Sry4_,Ca,Cu,404; under applied pressure. These investigations
claim a change of the ladder gap from a distinct gap to a “pseudo-spin gap”. However, NMR
data at ambient pressure as a function of Ca substitution are already in conflict with Raman and
neutron scattering experiments. This may be due to a higher sensitivity of NMR to incoherent
low-energy states. These states may exist either due to structural defects or mobile carriers. To
clarify this problem, further spectroscopic experiments under pressure are needed. Summarizing the
present status, most experimental results including Raman scattering are in favor of a preserved
spin gap and low dimensionality of the ladder sublattice in the doped system. A situation of similar
complexity that is also linked to the problem of a doped quantum spin system is realized in NaV,Os.
Raman scattering experiments in this compound point to charge ordering with an onset at higher
temperatures (7co = 80 K) than the subsequent dimerization transition (7sp = 34 K). The observed
phonon anomalies point to a temperature scale (7co/Tsp) of this effect that is comparable to the 1D
stripe formation in the nickelate La,NiO4. The polarization selection rules of the magnetic bound
states in NaV,0s support the proposed zigzag charge ordering.

A further interesting realization of a spin liquid is given in the two-dimensional compounds
CaV,40y and SrCu,(BOs3),. In these systems spin gaps exist due to their exotic exchange topologies.
Theoretical studies on 1/5-depleted square lattices and the orthogonal dimer (Shastry—Sutherland)
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lattice indeed proposed a manifold of possible singlet ground states and a rich excitation spectrum.
Experimentally the gap formation and triplet bound states were observed in ESR, NMR and neutron
scattering. In SrCu,(BOs3), a multitude of singlet bound states was detected in light scattering experi-
ments. The observed polarization selection rules of these modes and quasielastic scattering (at higher
temperatures) reflect the two-dimensional nature of the underlying spin—spin correlations. This re-
flects the two-dimensional nature of the underlying spin—spin correlations. In the one-dimensional spin
systems discussed here the maximum energy of the bound states is restricted to the doubled singlet—
triplet gap. This is not the case for SrCu,(BO;3), and is attributed to a strong frustration-induced
localization of the triplets.

Light scattering experiments proved to be a versatile tool to investigate compounds that represent
low-dimensional quantum spin systems. This is based on the high sensitivity and energy resolution
on comparably small samples, and, furthermore on the specific symmetry information that may be
gained from an analysis of the Raman scattering tensor. A further promising aspect of these exper-
iments is the easier feasibility in which high hydrostatic pressure may be applied. This parameter
may be used to increase the interchain interaction or the frustration of a spin system in a con-
trolled way. Experimental investigations on pure and substituted CuGeO; found an increase of the
frustration with pressure that leads to a “revival” of the spin-Peierls transition in the substituted
compounds. Pressure studies will surely gain increased significance in the future. The observation
of singlet bound states in light scattering experiments has opened up a new way of characterizing
triplet—triplet interactions. These states can be regarded as the magnetic analogue to excitonic states
in semiconductors. Magnetic light scattering as a spin conserving exchange process is complementary
to magnetic neutron scattering in which these singlet bound states cannot be observed. Singlet bound
states are now believed to be a general phenomenon in systems with a gapped excitation spectrum.
From the theoretical side three approaches have been undertaken to understand the binding effect of
triplets. Briefly, they may be characterized as taking into account frustration in dimerized magnetic
systems, interchain interaction, or the important role of spin—phonon coupling. In the experimental
data presented here the spectral weight and binding energy of the bound states were found to be
dominated by frustration, e.g., due to next nearest neighbor exchange interaction in CuGeO;, or
by a complicated exchange topology in SrCu,(BO;), and NaV,0s. The experimental identification
of magnetic bound states is based on the investigation of the spectral weight and lineshape of the
respective scattering intensity as function of dimerization, magnetic field and polarization selection
rules. In all cases the spectral weight of the singlet bound states showed a linear increase with
decreasing temperature. This characteristics is linked to their nature as bound two-particle states in a
system with strong fluctuations and short-ranged spin—spin correlations. The spin-Peierls compound
CuGeOj; has been used as a model system in this respect. The singlet bound state observed here
corresponds in energy, polarization selection rules and other properties exactly to the expected be-
havior of a frustrated alternating chain system. The importance of frustration is also highlighted by
the observation of spinon scattering for 7 > Tgp. This scattering intensity is only allowed due to
frustration. In the “pure” non-frustrated spin chain system KCuF; no corresponding signal was ob-
served. In substituted CuGeO; the defect-induced dopant-bound spinon is observed in light scattering
as a well-defined mode. This mode demonstrates distinctly the binding effect of spinons to a defect
site. Finally, for the first time a three-magnon process was observed and successfully modelled as
scattering from a thermally populated triplet branch to a higher lying one. It is noteworthy that this
scattering process is lost in any bosonic description where only quadratic terms in the expansion
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of the Raman tensor in terms of the spin are kept. This process is a generic feature of gapfull
low-dimensional spin liquids.

In summary, we provided an overview of selected aspects in the field of low-dimensional quan-
tum spin systems. Most of the major issues discussed here were investigated using inelastic light
scattering. This spectroscopy together with appropriate theoretical models undoubtedly gives impor-
tant insight into interactions and will therefore also play an active role in the future. The physics
of low-dimensional spin systems is an integral part of the field of strongly correlated electrons. It
developed into a fascinating area of solid state physics and quantum magnetism in particular. Also in
the more technologically relevant area of magnetism in reduced dimensions the basic understanding
of electronic correlations and quantum spin systems achieved so far will prove to be important.
Magnetic nanostructures scaled down to the quantum dot or molecular level will be crucial entities
for quantum information processing.

Future developments that are difficult to foresee will surely lie in the materials science of new
complex compounds. In this field the emerging use of preparation concepts as the “lone pair ap-
proach” and crystallographic database searching strategies are noticeable. These compounds might
have similarly extraordinary properties as the high-temperature superconductors. The large number
of very recently discovered or reinvestigated materials with exotic properties and unique magnetic
exchange topologies point into this promising direction.
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