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Summary: In CuGeOj3 an unexpected correlation between the pressure
dependencies of the spin—Peierls transition temperature and the magnetic
susceptibility is observed. It will be shown that this correlation may be
drawn back to a pressure—dependent magnetic frustration along the spin
chains. In addition, the magnetic—field temperature phase diagram and
the field dependence of the structural order parameter are discussed. The
spatial modulation of the order parameter in the incommensurate phase
continuously changes its character from a soliton-lattice like close to the
dimerized incommensurate transition to a sinusoidal one at higher fields.

1 Introduction

The spin—Peierls (SP) transition may occur in one-dimensional (1d) antiferro-
magnetic (AF) spin chains of half-integer spin with a finite magnetoelastic cou-
pling, i.e. a dependence of the exchange constant J on lattice distortions. Such
chains are unstable against dimerization, since a 1d AF spin chain with alternat-
ing nearest neighbor (NN) exchanges [J; o = J(1 £ d)] has a lower groundstate
energy than a chain with uniform NN exchange J. With decreasing temperature
SP systems undergo a continuous structural transition at Tsp from a uniform (U)
phase with a gapless spin excitation spectrum to a dimerized (D) phase with a
collective non—magnetic singlet groundstate separated by a gap from the excited
triplet states. The alternation of J is achieved by a dimerization of the lattice,
e.g. alternating NN distances [a; o = a(l & A)], because the gain in magnetic
energy (o 6*/%) over-compensates the loss in elastic energy (o< 6%).

The SP transition has been widely studied during the 1970’s [1] and a well
developed theoretical description has been obtained by Cross and Fisher (CF)
vielding, e.g., Tsp ~ A°/w§ (A is the spin phonon coupling constant and wg the
bare frequency of a phonon that softens at Tsp) [2]. Moreover, a characteristic
magnetic—field temperature phase diagram has been calculated. With increasing
field T5p continuously decreases and above a critical field a so—called I phase
is present at low temperatures. The latter is magnetic and its lattice distortion
is spatially modulated (A = A(n); n is the site index along the chains) with
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a periodicity that is field dependent and, in general, incommensurate (I) with
respect to that of the underlying lattice. Different models have been proposed
for the character of this modulation ranging from a purely sinusoidal one to a
soliton lattice, i.e. a regular array of domain walls. Depending on the model the
field-induced transition from the D to the I phase is expected to be of first or
second order [2, 3].

The experimental investigations of the SP transition were restricted to a few
organic compounds until 1993. Then Hase et al. observed this transition in the
inorganic compound CuGeQj3 [4]. Due to the possibility of growing large high-
quality single crystals, CuGeOg3 allows for a broad variety of experimental inves-
tigations, which were often difficult to perform on the organic compounds. The
crystal structure is orthorhombic and the AF spin chains are oriented along the
¢ direction. The latter are formed by Cu?* ions (S = 1/2) coupled via a ~ 99°
Cu—0O-Cu superexchange. Although many experimental observations in CuGeQO3
at least qualitatively agree to the CF theory, there are also clear discrepancies
between theory and experiment [5]. For example, the phonon softening expected
within the CF theory is not observed [6]. In addition, the model of 1d AF spin
chains with NN exchange is not sufficient to describe the magnetism in CuGeOs.
On the one hand, an AF coupling J; ~ 0.1J along the b direction is observed, i.e.
the 1d character of the magnetism (J > J, ) is not very well fulfilled {7, 8]. On
the other hand, there is evidence for an AF coupling J' ~ 0.35J between next
nearest neighbors (NNN) along the chains, i.e. for a strong magnetic frustration
arising from the competition between the NN and NNN exchange [9, 10].

The influence of the magnetic frustration on the spin—Peierls transition in
CuGeOs will be discussed in more detail in the following sections. Section 2
deals with the (uniaxial) pressure dependencies of Tsp and the magnetic sus-
ceptibility y, whereas in Section 3 the magnetic-field dependencies of Tsp and
of the structural order parameter are considered. It is mentioned that differ-
ent aspects of this paper have been the subject of previous separate publica-
tions [10, 11, 12, 13, 14]. Therefore, only representative experimental data will
be shown. For further information concerning, e.g., the experimental techniques
or details of the data analysis, it is referred to the original work.

2 SP Transition and Pressure Dependencies

The SP transition in CuGeQO3 has been discovered by a drop-like decrease of the
magnetic susceptibility x; below Tsp o~ 14.3 K [4]. This decrease is observed for
magnetic fields applied along all three lattice directions (¢ = a, b, ¢) and is a con-
sequence of the gap A in the magnetic excitation spectrum due to the magnetic
dimerization. Both inelastic neutron scattering data (8, 7| as well as the low-
temperature behavior of y; or the specific heat C, [4, 13| yield A ~ 23 K. The
structural dimerization leads to a doubling of the unit cell for T' < Isp, which
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Figure 1 Left: Thermal expansion along the a, b, and ¢ axis of CuGeQO3s. The
solid lines are background extrapolations. Upper right panel: Spontaneous strains
¢; along the different axes. Lower right panel: Comparison between ¢, and the
intensity of a (1/2,3,1/2) superstructure reflection (8] (see text).

is observed by superstructure reflections in diffraction experiments [8, 15|. An
example is displayed in the lower right panel of Fig. 1. The dimerization is, how-
ever, not the only structural change at the SP transition in CuGeQs. In addition,
there are large anomalies of the thermal expansion coeflicients «; = ;i %I,_;'- (left
panel of Fig. 1). That means, the temperature dependencies of all three lattice
constants strongly change at Tsp or, in other words, the SP transition is accom-
panied by the development of spontaneous strains ;. The latter are shown in
the upper right panel of Fig. 1. They are obtained from the «; by subtracting
smooth background extrapolations a; ¢z (solid lines in Fig. 1) to a;(1T=0) =0
and integration, 1.e. €; = f(af.i, — Qj extr. )dT.

The anomaly of o, is of the opposite sign and about half (double) as large
as that of oy (a.). Thus, the respective ¢; differ in signs and sizes, but the
temperature dependencies of all three |¢;| are very similar and show the typical
behavior of an order parameter. They strongly increase below 7Tgp and saturate
with further decreasing T'. The SP order parameter is the distortion amplitude A
and a Landau-expansion of the free energy yields €; o< A%, when a usual linear—
quadratic strain order-parameter coupling is assumed [13]. As shown in Fig. 1
this proportionality is experimentally confirmed by comparing the temperature
dependence of ¢, to the intensity of a superstructure reflection, which directly
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Figure 2 Left: Magnetostriction along the a, b, and ¢ axis. Right: Magnetic
susceptibility measured in H = 1 T (||b). The dashed and dotted lines are cal-

culated susceptibilities for different exchange constants [10]. The inset shows an
expanded view up to 80 K (see text).

measures 4. The ’deeper’ reason for the ¢; are uniaxial pressure dependencies
of Tsp, which are related to the anomalies of the «; via the Ehrentfest relations
6T5p Ao

= Vi Tsp —— . (2.1)
ap?; p; —0 AC‘p

Vi denotes the volume per mole and Aq; (AC),) the anomaly size of a; (C,) at
Tsp. Equ. (2.1) yields Qgﬁf ~ —3.7, 7.2, and 1.6 K/GPa for pressure along the

. : . . 9Tsp
a, b, and ¢ axis, respectively. The hydrostatic pressure dependence 18 mji —

> %ﬁﬂ ~ 5 K/GPa in agreement with the results of direct measurements [16].

The 01sp /Op; are large and strongly anisotropic. The same anisotropy is found
for the magnetostriction in the U phase of CuGeQO3 (see Fig. 2). All three crystal
axes are significantly magnetic—field dependent. The a axis increases whereas the
b and ¢ axes decrease with increasing field and again the change of the a axes is
of the opposite sign and about half (twice) as large as that of the b (¢) axes. The

magnetostrictions %%‘—— of the paramagnetic U phase are related to the uniaxial
pressure dependencies of the y; via the Maxwell relations
1 OAL;/L; X .
/ — A (with H||L;) (2.2)

and one obtains dy;/0p; ~ —0.9, 1.8, and 0.4 - 10~° emu/moleGPa for p;la,
b, and ¢, respectively. Apparently, the 0y;/0p; and 0Tsp/Op; have the same
anisotropy indicating that they are determined by a common parameter.

For 1d AF spin chains with NN exchange the maximum y*** of y; 1s propor-
tional to 1/J,i.e. 0InJ/0p; = —01In x7*** /Op;. Thus, from the magnetostriction

/
/
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at 60 K, which is close to the x7%* of CuGeOs3 (see Fig. 2), the pressure depen-
dencies Oln J/dp; ~ +5, —10, and —2.5 %/GPa for p;{|a, b, and c, respectively,
are derived. A pressure-dependent J is not surprising, since a pre—condition of

the SP transition is a finite magnetoelastic coupling. However, the striking cor-

Tri Qi

relation between the anisotropy of the 8’3" ) and the %;f? is not expected at all:
on the one hand x** depends only on J " whereas on the other hand it follows
from the CF theory that Tsp is independent on J (see above).

As mentioned in the introduction, the model of NN exchange is not suflicient
to describe the magnetism of CuGeQO3. The agreement between the calculated
y and the experimental data is poor, e.g., for J = 130 K the absolute value
Y™ as well as its position Ty, are significantly too large (see Fig. 2). A
much better description of the experimental data is obtained by including a
magnetic frustration [9, 10]. As shown by the solid line in Fig. 2 the calculation
for J = 160 K and J'/J = 0.35 perfectly agrees with the experimental x. The
determination of J and J' is discussed in Ref. [10]. In addition, it is shown
there that the magnetic entropy calculated for these parameters 1s consistent
with an estimation from the measured C,. Usually, the influence of J' is studied
by exact diagonalization techniques of finite spin chains and due to finite-size
effects a comparison with experimental data is, in general, restricted to 1'2 30 K.
Quite recently, however, a variant of the density matrix renormalization group
(DMRG) technique has been used to study frustrated (non-dimerized as well
as dimerized) spin chains to lower T'. This technique even allows the theoretical
investigation of the SP transition in frustrated spin chains and it has been found
that both y and the magnetic entropy calculated for J = 160 K and J'/J = 0.35
well agree to the respective experimental data for T' < 30 K, too [17].

Coming back to the pressure dependencies of x™%* and Tsp. Although x
depends on both J and J', the relation x™%* « 1/J is still approximately valid
and the magnetostriction is determined by the 0ln.J/0p;. Let us assume for
a moment the pressure dependencies of J' to be small (see below). Then the
frustration J'/J essentially increases (decreases) to the same extent as x"*”
raising the question whether Tgp also depends on J'/J. At present, calculations
about the frustration dependence of Tsp do not exist. It is, however, known
that for J'/J20.24 there is already a finite gap A in the magnetic excitation
spectrum even without (lattice) dimerization, i.e. for § = 0 [18]. The dependence
of A on both § and J’/J has been calculated numerically [19]. For J = 160 K and
J'/J = 0.35 these calculations yield ¢ ~ 0.01 in order to obtain the experimental
A = 23 K. Using Fig. 16 of Ref. [19], one obtains that for J'/J = 0.4 the
same Jd (corresponding to the same structural distortion) leads to A ~ 29 K.
That means, a 14% increase of the frustration causes a 26% increase of A.
Since a comparable increase of Tsp and A is reasonable, a pressure—dependent
frustration ratio gives a possible explanation for the correlation between the
Ox/0p; and the 0Tsp/Op; of CuGeOs. Please note, that in the above example
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the relative change of A is about twice as large than that of J'/J, whereas

alggﬂ’— ——Mé; ~ 4.5 is obtained experimentally. There are various reasons for

this quantitative deviation. Both Jé as well as A /Tsp may depend on J'/J and,
in addition, the change of J'/J could be stronger than that of x™** due to an
additional pressure dependence of J'. It is, however, clear that depending on
future results all three points are also possible sources which may contradict the
above conclusion.

3 CuGeO5; in Magnetic Fields

The left panel of Fig. 3 shows measurements of a,, which has been studied up
to 28 T. The field dependence of Tgp is easily seen from the systematic shift
of the anomalies. Moreover, one recognizes that for H < 12.5 T the anomaly
sizes remain nearly unchanged, whereas for H > 12.5 T a significant reduction
takes place. This difference is due to the change from D/U in the low-field to
[/U transitions in the high—field range. The additional anomalies around 5 K tor
H = 12.5 T arise from the D/I boundary, which is close to this field and has
only a weak temperature dependence. The D /I phase boundary is, thus, easier to
derive from magnetostriction measurements. As shown by the measurements at
2.2 and 7 K in the upper right panel of Fig. 3 the D/I transition causes an sharp
decrease of AL,(H)/L,. The almost jump-like length changes indicate a first
order character of the D/I transition, that is confirmed by difterent Hp 1’s de-
rived from measurements with increasing and decreasing field, respectively. The
hysteresis amounts to ~ 0.2 T at 2.2 K, continuously decreases with increasing 1’
and vanishes for T~ 11 K [12]. Above 11 K the field—driven transitions are from
the D to the U phase. These transitions are of second order and AL, (H)/L, now
continuously changes with H as shown by the measurement at 12.5 K. Above
Hp y a quadratic increase of AL, (H)/L, with H is observed, which is the usual
behavior in the U phase as can be seen from the measurement at 20 K. Interest-
ingly, the high—field magnetostriction at 7 K, 1.e. in the I phase, also shows this
quadratic increase with H. This similarity arises from a saturation of the order
parameter as will be discussed below.

The phase diagram of CuGeQj is plotted in the lower right panel of Fig. 3
together with the calculation of Cross (solid line). The theoretical D/U bound-
ary systematically deviates from the experimental data as shown by the dotted
line, which is the solid one after division by 1.12. The need for such a rescaling
has been mentioned already by Cross himself: the calculation uses x (7" = 0) of a
uniform spin chain instead of x(1T' = Tsp) leading to an underestimation of the
field influence by a factor x(7Tsp)/x(0) [2]. The rescaling factor can be obtained
by comparing the experimental y(Tsp) to the theoretical x(0). However, this
comparison cannot consider the frustration determined above, since x(0) = 0
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Figure 3 Left: Thermal expansion of the a axis in different magnetic fields.

(With increasing H the curves are shifted by o - 10~°/K.) Upper right panel:
Magnetostriction of the a axis at different temperatures. Lower right panel: H-T
phase diagram in reduced scales. The solid line is the theoretical prediction ot
Cross [2] and the dotted line shows the same curve divided by 1.12 (see text).

for J'/J20.24, i.e. Cross’ approximation x{(Tsp) >~ x(0) is not valid in this case.
As shown in the Inset of Fig. 2 the experimental x(7') in a small temperature
range above Tsp is described by J.rs = 130 K and the rescaling factor amounts
to y(14.5K)/x(0) ~ 1.1. That means, the D/U phase boundary of CuGeOQOs3
perfectly agrees with the calculation of Cross. At first sight, this might seem
contradictory to the above discussion of the pressure dependencies of Tsp. How-
ever, a tentative explanation could be that the relative change Tsp(H)/Tsp(0)
does not explicitly depend on J'/J, although the absolute value of Tsp(0) is
very sensitive to the frustration. Calculations of the phase diagram including a
magnetic frustration are highly desirable in order to check this point, but also
with respect to the U/I boundary. The CF theory expects that for high fields
Tsp(H) saturates at 0.5-Tsp(0) [2]. For H > 24 T a field independence of Tsp(H)
is actually present in CuGeQO;. However, Tsp saturates at 9.9 K~ 0.7-Tsp(0),
i.e. at a higher temperature than expected from the CF theory (see Fig. 3).
Fig. 4 displays the spontaneous strain €, as a function of field and temperature.
For T — 0 the €, remain nearly unchanged within the D phase, whereas their
size is strongly reduced in the I phase. This is a consequence of the spatial mod-
ulation A(n) of the order parameter in the I phase leading to a reduced average
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Figure 4 Field and temperature dependence of the spontaneous strain €, (o).
The closed symbols show the phase diagram.

value (4%(n)), which is measured by the macroscopic strain. Although the aver-
age value €, o< (A4%(n)) does not give direct information about the microscopic
character of A(n), it is possible to discriminate between a sinusoidal modulation
and a soliton lattice by comparing ¢,(H)/e,(0) to (A*(n, H))/A*(0) calculated
for the different models. For a sinusoidal modulation A(n) = Agsin[q(H )nc| (c
is the lattice constant) the main reduction will be due to (sin*[q(H)nc]) = 0.5,
which is independent on the wave vector q(H). Therefore, €, should be reduced
by a factor of 2 at Hp; and a field—dependent €,(H) above Hp/; can only arise
from a field—dependent Ag(H ). This is different for a soliton lattice. In this case,
A(n) is reduced around the domain walls over a length scale determined by the
correlation length £. Since the number of domain walls continuously increases
with H, a continuous decrease of (4%(n, H)) to 0 is expected.

Fig. 5 displays €,(H)/e,(0), which may be obtained either from the thermal
expansion or the magnetostriction measurements {13, 14]. The strong decrease
of €,(H)/€,(0) in the low—field range of the I phase is consistent with the soliton
picture assuming & = 10c (solid line in Fig. 5). However, with further increasing
H the decrease of ¢,(H)/e,(0) weakens and saturates at ~ 0.27 for H > 23 T.
This saturation at a finite value is in qualitative disagreement to the soliton
picture and indicates a change from a soliton lattice close to Hp/ towards a
sinusoidal modulation at higher fields.

This scenario is confirmed by DMRG calculations of the order parameter mod-
ulation 4(n) in the I phase {14}. As shown in the right part of Fig. 5 the calculated
A(n) is soliton-like for H ~ 12.5 T, whereas it looks like a simple sine wave for
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Figure 5 Left: Comparison of €,(H)/e,(0) derived from thermal expansion (e)
and magnetostriction (o) measurements to calculations for a soliton lattice (—)
and DMRG results (x). Right: Modulation of the order parameter in the I phase
for H ~ 12.5 T (top) and H ~ 17 T (bottom) obtained by DMRG. The open

(closed) symbols denote even (odd) lattice sites along the chain direction [14].

H ~ 17 T. The numerical result of (4%(H,n))/A*(0) does even quantitatively
agree very well to the experimental €,(H)/€e,(0) (see left part of Fig. 5). It is
emphasized that the only parameters which enter the calculation are J, J', and
A and the agreement is obtained using the values given above without addi-
tional fit parameters. In other words, from properties determined in the U and
D phases of CuGeQOs3 the experimental Hp 1 as well as the field dependence of
e(H) in the I phase are quantitatively reproduced. The modulation A(n) has
also been calculated using the exchange constants J = 150 K, J'/J = 0.24 and
J = 120 K, J' = 0. In both cases, a change from a soliton lattice towards a
sinusoidal modulation is obtained, too. However, the saturation values amount
to 0.33 and 0.45 for J'/J = 0.24 and J' = 0, respectively. Thus, the good agree-
ment between the experimental and numerical data suggests that the structural
modulation of the I phase significantly depends on J'/J.

4 Summary

Various observations in CuGeQ5, which are not expected within the usual spin-
Peierls theory, may be explained by a model of 1d frustrated spin chains. The
susceptibility calculated for the exchange constants J = 160 K and J' = 0.35J is
in perfect agreement and the magnetic entropy is consistent with the respective
experimental data. Using the same parameters numerical calculations quantita-
tively reproduce the measured field dependence ot the averaged order parameter
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square in the I phase. Moreover, a pressure—dependent frustration ratio J'/J
vields a possible explanation for the correlation between the uniaxial pressure
dependencies of Tsp and y. It remains, however, to be clarified whether the
field dependence of Tsp is influenced by the frustration, since the D/U phase
boundary of CuGeOs3 perfectly agrees to the calculation of Cross (for J' = 0).

Acknowledgement

I like to thank B. Biichner, A. Klimper, R. Raupach, F. Schonfeld, and G.S. Uhrig

for valuable discussions and J.P. Renard for critical reading the manuscript. This
work was supported by the Deutsche Forschungsgemeinschaft through SFB 341.

Bibliography

[1] for a review see J.W. Bray et al., in Ezxtended Linear Chain Compounds, edited
by J.S. Miller (Plenum Press, New York, 1982), p. 353.

2] M. Cross and D.S. Fisher, Phys. Rev. B 19, 402 (1979); M.C. Cross, Phys. Rev.
B 20, 4606 (1979).

(3] T. Nakano and H. Fukuyama, J. Phys. Soc. Japan 49, 1679 (1980); A.I. Buzdin,
M.L. Kulic and V.V. Tugushev, Sol. State Commun. 48, 483 (1983); M. Fujita
and K. Machida, J. Phys. Soc. Japan 53, 4395 (1984).

4] M. Hase, I. Terasaki and K. Uchinokura, Phys. Rev. Lett. 70, 3651 (1993).
for an overview see e.g. J.P. Boucher and L.P. Regnault, J. Phys. 16, 1939 (1996).

6] M. Braden et al., Phys. Rev. Lett. 80, 3634 (1998); C. Gros and R. Werner, Phys.
Rev. B 58, 14677 (1999).

7] M. Nishi et al., Phys. Rev. B 50, 6508 (1994).
8] L.P. Regnault et al., Phys. Rev. B 53, 5579 (1996).

9] J. Riera and A. Dobry, Phys. Rev. B51, 16098 (1995); G. Castilla, S. Chakravarty
and V. J. Emery, Phys. Rev. Lett. 75, 1823 (1995).

10] K. Fabricius et al., Phys. Rev. B 57, 1102 (1998).
11] B. Biichner et al., Phys. Rev. Lett. 77, 1624 (1996).
12] U. Ammerahl et al., Z. Physik B 102, 71 (1997).

13} T. Lorenz et al., Phys. Rev. B 54, 15610 (1996); T. Lorenz et al., Phys. Rev. B
55, 5914 (1997).

14] T. Lorenz et al., Phys. Rev. Lett. 77, 1624 (1996).

15] J.P. Pouget et al., Phys. Rev. Lett. 72, 4037 (1994); K. Hirota et al., Phys. Rev.
Lett. B73, 736 (1994).

16] H. Takahashi et al., Sol. State Commun. 95, 817 (1995).

17] A. Klimper, R. Raupach, and F. Schénfeld, Phys. Rev. B 59, 3612 (1999).
18] K. Okamoto and K. Nomura, Phys. Rev. Lett. A169, 433 (1992).

19] H. Yokoyama and Y. Saiga, J. Phys. Soc. Japan 65, 3617 (1997).




