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Thermodynamic properties of the incommensurate phase of CuGep
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We present high-resolution measurements of the specific heat and the thermal expansion of the inorganic
spin-Peierls cuprate CuGg@ a magnetic field of 16 T. At the transition from the incommensurate to the
uniform phase both quantities show pronounced anomalies, which allow us to derive the uniaxial pressure
dependences of the transition temperature. In high magnetic fields the specific heat is dominated by magnetic
excitations and follows 2 law at low temperatures. The thermal expansion measurements show the occur-
rence of spontaneous strains along all three lattice constants and yield high-resolution measurements of the
temperature dependence of the incommensurate structural distortion. The sizes of the spontaneous strains in the
incommensurate phase are significantly reduced, but both their anisotropy as well as their temperature depen-
dences are very similar to those in zero fidl80163-18206)52046-1

During the last three years CuGg@as been the subject magnetic field of 16 T, which was oriented along thexis.
of intensive investigations and the occurrence of a spinfor comparison, we also show the data relative to zero mag-
Peierls transitioTs= 14 K) in this inorganic compound is netic field (see also Refs. 15 and J16t is obvious that the
well established now. Most of the characteristic features ofnain influence of the field is a strong decrease of both the
this transition are observed, e.g., the opening of a gap in thsansition temperature and the size of the anomaly. Neverthe-
magnetic excitation spectrum beldis (Refs. 1-3 and the  less, a sharp and rather large anomalyCefis found at the
dimerization of the one-dimensional spjrHeisenberg transition between thé and the high-temperature uniform
chains*® In addition to the dimerization, very pronounced (U) phases. Tha-like shapes of the anomalies indicate that
spontaneous straing) of all three lattice constants are in CuGeQ the transitions are strongly affected by fluctua-
found, which are proportional to the square of the structurations, whereas the specific heat anomalies of the organic
order parametef.®’ This proportionality(e=kQ?) is ex-  spin-Peierls compounds seem to show “mean-field”
pected from a Ginzburg-Landau expansion of the free energpehavior;’"*%i.e., the “upturns” of C;, close toTspare not
when a usual linear quadratic coupling betwe@rand e is  observed. There are two possibilities to discuss this differ-
assumed (see, e.g., Refs. 6 and).7The temperature ence of the anomaly shapes. Either the better sample homo-
magnetic-field phase diagrdthis also found to be in fair geneity of CuGe@allows us to observe the fluctuations at
agreement with the theoretical expectatithst For low  the spin-Peierls transition or fluctuations are more pro-
fields a reduction ofTgp occurs which is proportional to nounced in CuGe For example, one may speculate that
H2. For higher fields =12 T) a transition to an incom- the good agreement with mean-field behavior in the organic
mensurate phase takes place. In thighase the lattice dis- compounds is related to the preexisting soft phonon which
tortion is expected to be incommensurate with respect to the

underlying lattice. There are, however, different models for 41 - 5'_ — T ' N
the spatial character of the incommensurate modulation; do- x
main wallg? or a sinusoidal modulatiot. An incommensu- - H
rate lattice modulation is indeed observed in Cugdar 32 3
H=12 T by x-ray scattering®>'* Although these measure- € g
ments favor the domain-wall picture, significant discrepan- 2 5
cies between theory and experiment are still pre§ent. o 21

In order to study the magnetic and structural properties of §
the | phase we have performed high-resolution measure- T
ments of such thermodynamic properties as specific heat and 2
thermal expansion. Both quantities were measured on the §
same single crystal of CuGgQuith a size of about &5 & ol

X 8.3 mn?. The specific heat@p) was determined by a ' é ' 1'0 : '

guasiadiabatic step-by-step method. The longitudinal thermal Temperature (K)

expansion coefficientsy;=(1/L;)dL;/dT (L; denotes the

length of the sample along the axiswere measured with a FIG. 1. Specific heat of CuGe@n H=0 () and 16 T(+). Inset:

capacitance dilatometer. Cp/T vs T?; the solid lines are fits assuming activated behagior
Figure 1 displays the specific heat data of Cugé#®a  H=0) and aT® law (s: H=16 T, see teyt respectively.
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has not been found in CuGg@o far.

Although the broadening of the transitions associated with
sample inhomogeneities is rather small in CuGge@ere is a
significant asymmetry with regard to the maximum of
Cp(T). Due to this asymmetry a description of the anomaly
shape by a “purely” critical behavior o€ is questionable.

As shown by the authors of Ref. 16 for their zero-field data,
which—although obtained on a different crystal—are in very
good agreement with our data, it is not possible to unambigu-
ously assign a universality class to the transition via the criti-
cal exponent o€ . We note that—apart from their different
sizes—the shapes of the anomalies clos&4edo not differ
significantly inH=0 and 16 T. Thus, we do not analyze the
critical behavior ofCp in this communication.

In the low-temperature range, however, we find distinct
differences between the zero- and high-field data. The inset
of Fig. 1 showsCp /T versusT? for H=0 and 16 T, respec-
tively. As expected the data in zero field exhibit a clear cur-
vature down to the lowest temperatures in this representa-
tion. This is due to the activated behavior of the magnetic
contribution ofCp . The solid line represents a fit in terms of
Cp=BpnT>+ 8 exp(~AE/T). Restricting the fit toT<6 K
we obtain a valugd,,=0.3 mJ moleé* K™ for the lattice )
contribution. The magnetic contribution is given By 3.6 -4 S —
Jmole ' K™t and the energy gap amountsA&=23 K, in 0 > 10 15 20
fair agreement with the results reported in Ref. 16. Temperature (K)

The high-field data show a completely different low-
temperature behavior. The entire specific heat follows a pure FIG. 2. Thermal expansion coefficients of CUGE®H =0 ()

T3 law. There is no indication for a gap in the magneticand 16 T(c). The dashed lines represent the extrapolated behavior
excitation spectrum of the phase. Assuming thag,, does  of a; of theU phase toa;(T=0)=0. The arrows mark the transi-
not depend onH, the specific heat is described Wy tion temperatures derived at the maximum slopeg;¢T).
=(,8ph+,8mag)T3. For Bmag We determine a value of 1.4

mJ mole * K~4, which is significantly larger thag,,. Thus, law and a dispersion relation of the forark" the specific

in the low-temperature range the specific heat ofltipbase  heat at low temperatures is proportional T8'" where D

is dominated by the magnetic excitations, which are stronglylenotes the dimension of the system. For three-dimensional
suppressed in zero field due to the opening of the gap.  excitations our finding implies linear dispersion relations in

The T3 dependence of the magnetic specific heat ishe!| phase of CuGegQas in usual antiferromagnets. For
present in a rather large temperature range ofltihase, =1 (or 2), rather strange dispersion relations are obtained,
i.e., up to 5.5 K=Tgd2. Moreover, we also find th&® law  which makes the assumption of low-dimensional magnetic
with the samecoefficient 8,4 for smaller magnetic fields excitations in thd phase rather unlikely. Further theoretical
down to 12.5 T. Apparently, neither the temperature depenand experimental work is necessary to decide whether there
dence nor the absolute value 6% strongly changes as a are really three-dimensional excitations with<k in the |
function of the magnetic field in the phase. A very strong phase or whether th&® law of Cp we observe in a large
field dependence of both the temperature dependence and tlemperature and field range is due to an accidental superpo-
absolute value ofCp at low temperatures is, however, sition of different contributions.
present in theD phase as can be extracted already from a Our findings for the thermal expansion in the incommen-
comparison of the datani0 T and 6 T shown in Ref. 16. surate phase markedly differ from those of the specific heat.

Let us shortly discuss the implications of tié law we  In Fig. 2 we show the thermal expansion coefficients along
observe for the magnetic specific heat of thghase. To our thea, b, andc axes. Concerning the thermal expansion one
knowledge, the only existing theoretical calculation@, has to distinguish between the structural and magnetic an-
which uses the soliton lattice solution for thephase based isotropy. The magnetic anisotropy arises from the different
on a mean-field Hamiltoniaff, cannot explain our experi- values of the gyromagnetic ratidsalong the different crystal
mental finding. Fujita and Machida find in their calculations axes. In our experimental setup the magnetic field is always
a BCS behavior o for both zero field as well as in tHe  parallel to the crystal axis whose thermal expansion coeffi-
phase; i.e., they obtain a finite but reduced gap inthkase cient is measured. Therefore, the transition temperatures
as well. Even if we assume a very small value of this gap, islightly differ in the measurements carried out along the dif-
is impossible to fit our data with the theoretically expectedferent crystal axe¢see Fig. 2 and Table.l
BCS temperature dependence. The thermal expansion data =0 are also shown in

From the experimentally observed specific heat, one cakig. 2. For each lattice constant the zero- and high-field data
in principle extract the dispersion relations of the magnetiovere obtained during the same run, i.e., for exactly the same
excitations. Assuming a Bose statistics suggested bylthe orientation of the crystal. The anomalies occurring atl fhé
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TABLE I. Uniaxial pressure dependencesTofp along the dif-

T. LORENZ et al.

ferent crystal axes iH=0 andH=16 T as calculated from the 0.0 a axis L eeo 0O
thermal expansion and specific heat anomalies. The different Lo 7 1
Tgps in H=16 T are due to the slightly differerg factors of © 0e® ~ -5
CuGeQ. o= 25 CoT
° s 1-10
w o -
. _ _ _ o - 1
axis H=0 Tgs=14.35(10) K H=16T - 50 ;?.e' J et 1.5
aTﬁ aTS;T % ' ! : =
IPi p=0 Ipi D=0 % 10 c_; b axis d30
(KIGP3 Tsp (K) (KIGP3 2 ¢
o A
a ~3.7(5) 10.1310) —2.85) g %
b 7.2(5) 10.0210) 5.3(5) 2 %, 120
c 1.6(5) 10.2310) 1.1(5) 8 sl -
n a -
© %

. L o, oT i
transition are strongly reduced in siggy about a factor of P s b 10
compared to those found in zero field. Despite this strong 2 o 16T %o,
decrease, the anomalies are still rather large and indicate that _g 290
the U/l transition strongly depends on press(see below. @ ol . . o0 .40
Furthermore, the anomalies reveal the occurrence of sponta- Q s T T - T
neous strains within the phase, which are also seen in the = 2 Blosngs o & . ot 1°
temperature dependences of the lattice constéfits 3. [~ 1‘;°;oadbeoaw.mo,

The spontaneous strains are obtained by integration of the 1 ! . L S ° .10
anomalous contributioba; = a;— a;j ey, below Tgp. The 0.00 0.25 0.50 0.75
@ extr. @are smooth polynomial@iven by the dashed lines in 1-T/T__(H)

Fig. 2) representing the extrapolation of the in the U SP

phase to 0 aT=0 K.’ o .
In zero field thee; are proportional to the square of the FIG. 4. 'I;emperature derivatives of tl_1e spontaneous strains
order parametét/?? The characteristic temperature depen-_‘9‘|5i/‘9”(;‘9(?_/‘9t vs rﬁduceld temperaturein H=16 T (°: left
dence of an order parameter is also visiblédin 16 T (right ~ Sc@lé andH=0 (+: right scale.
rt of Fig. 3. The temperatur nden f the str ral . . . - .
g?dte?pargn?eterientfhb%i:;lé ei geptﬁediﬁcg?nfn etngusr;?ealgt? Besides differences in the critical behavior of the order

tice deformation, has not been measured by diffraction techparameter c[ose ®sp, which will be discussed elsewhezr%,
niques so far. Thus, we cannot unambiguously preye the € occurring at thd phase compare well to those in zero

xQ?in the| phase. However, this leading order of the strainfi€/d- In Fig. 4 we ShowTsg(H) da; = — Je; /dt versus re-
order parameter coupling is usually observed at structur uced tempgratgrezl—T/Tst/(IH). ;I'hat means, we com-
transitions and, moreover, there is no indication that highePare the derivativese; /gt=ki"(#Q%/dt) of the spontane-
order terms are important at thi/ transition in CuGe@. In ous;“strams occurring in th® and | phases, respectively.
the following we will assumes=Q? for both phases and a (ki”"" denote the strain ordgr parameter coupling cpns?ants.
comparison of thee; in H=16 T andH=0 allows for a  Please note that by comparing the temperature derivatives of
comparison of the structural order parameters initaadD ~ the €(t) possible differences of their temperature depen-
phases, respectively. dences irH=0 andH =16 T will show up more clearly than

by comparing thes;(t) themselves. It is apparent from Fig. 4
: that, apart from the absolute valugse the different scales
in Fig. 4), the temperature derivatives of tlagin thel phase
are very similar to those itl=0. This holds for all three
crystal axes. Moreover, the ratio betweeg /dt in H=0
and in H=16 T is independent on the crystal axis and
amounts to a value of 3, i.e., the structural anisotropy does
not change in a magnetic field. We emphasize that for the
specific heat irH=0 andH=16 T such a similarity is not
present at al(see Fig. 1 The magnetic and the structural
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degrees of freedom show completely different magnetic-field
dependences.

The reduced; in thel phase may arise either from three
wave-vector-dependent strain order parameter coupling con-
stants[k! =k!(q)] or a reduced average amplitudeof the

FIG. 3. Left panel: Temperature dependence of the lattice condistortion. The identical anisotropy iH=0 andH=16 T
stants of CuGe@in H=16 T. Right panel: Spontaneous strains strongly indicates that the reduction for all three lattice con-
€= [ aj— 8aj ¢y in the | phase. stants is determined by a common parameter, e.g.Aby
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There is a straightforward qualitative explanation of such &elative changes 6fgpin H=0 andH=16 T are very simi-
reduction within the domain-wall picturei is expected to |ar, For instance, along the axis an increase of about 50%/
reduce when approaching the domain wiiThe reduced Gpa is found for botiTs{H=0) and Ts{H=16 T) indi-

€ in thel phase is then a consequence of the reduced avegxting a pressure-independéhtT phase diagram in reduced
age value of the dimerization within a single domain. More-gcaies, which is in agreement with theoretical predictions.
over, thee; should show a further decrease with increasing,\vever. as we have recently shdithe 9T <p/ 3p; UNex-

. . . . ) ]

field due to the increasing number of domains. However, Pectedly correlate with the magnetoelastic coupling.
smusqdal modulation of the .Iattlce distortiofA(x) To summarize, we have reported measurements of the
=Agsin(@¥)] also causes a reduction of the average value of,qific heat and the thermal expansion of CuG&OH

the dimerization. Thus, from our present data it is impossible_ 16 T. For both quantities we find pronounced anomalies at
to discriminate between these two models of the structurghe 1y ransition. The specific heat at low temperatures is
distortion. Measurements up to still h|gh_er fields are planneqiominated by the magnetic excitations. In contrast to the
to study the field dependence ef(T,H) in thel phase 0 fingings in zero field our data iH =16 T yield no indication

clarify this question. o for a gap in the magnetic excitations. Instead the magnetic
Finally we derive the uniaxial pressure dependences Of,qific heat follows a pur&? law. The thermal expansion

the U/l transition by comparing the anomal_y SIZes of thebelow Tgpis dominated by the incommensurate lattice dis-

a; andCp as de_zscrlbed in Refs. 7 and 22. Slmllar asHbr  (ortion leading to spontaneous strains of all three lattice con-

=0 T the uniaxial pressure dependenced gfin H=16 T qiantq which scale with the structural order parameter. Re-

are very large and strongly anisotropisee Table )l For a1 ahly the temperature dependences of the commensurate

pressure along tha axis Tsp decreases, whereas it increasesand incommensurate lattice distortion Ht=0 and 16 T,

for pressure along the two other axes. The hydrostatic pregagpectively, are very similar, whereas the magnetic specific
sure dependence given by the sum of #igp/dp; amounts  aats markedly differ.

to +3.6 K/GPa. All the pressure dependencedHin 16 T

are significantly smaller than those k=0 (Table |). There The work at Cologne was supported by the Deutsche For-
are, however, pronounced similarities to the zero-field dataschungsgemeinschaft through SFB 341. U.A. acknowledges
The anisotropies of théTgp/dp; at theU/I transition and at  support by the Graduiertenkolleg GRK14 of the Deutsche
H=0 are nearly identical. Moreover, the pressure-inducedrorschungsgemeinschaft.
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