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We present high-resolution measurements of the specific heat and the thermal expansion of the inorganic
spin-Peierls cuprate CuGg@oped with 1.4% Zn and 0.5% Si, respectively. Both compounds exhibit rather
well-defined spin-Peierls transitions at about 11 K, which cause anomalies in both the specific-heat and the
thermal-expansion coefficients. By comparing these anomalies we derive very large pressure dependencies of
the transition temperatures. In particular, the pressure dependencies of the doped compounds are significantly
larger than those in pure CuGgQrrom this difference we conclude that the suppression of the spin-Peierls
transition in CuGe@ by doping with Zn or Si is significantly reduced under pressure.
[S0163-182807)50726-0

The discovery of a spin-Peierls transition in the inorganican antiferromagnetic ordering with a maximuig of about
compound CuGe@by Haseet al! has renewed the interest 5 K is found. For certain concentrations of Si and Zn there is
in low-dimensional antiferromagnets. The spin-Peierls traneven a sequence of both transitions and a coexistence of
sition is a magnetoelastic phase transition occurring in quasidimerizaton and  antiferromagnetic  ordering  is
one-dimensional, antiferromagnetic insulators. Below thepserved?1¢
transition temperature the antiferromagnetic spiohains In this Rapid Communication we present measurements
dimerize, i.e., the former uniform distances between neighyf the thermal expansion coefficients and the specific heat on
boring spins now alternate. Due to the magnetoelastic COlsingle crystalline CuGgyeSip o3 (1.9X2.3x8.4 mn?)
pling the exchange constant betweer_1 neighboring spins _alsgnd CW 05ZN0.015€0s (8.1><28><5 mn?). Both samples
alternateqJ; ,=Jo (16 )] and the singlet ground state is \erq ¢yt from larger single crystals grown by a floating zone

separated from the band of excited triplet states by an energt}échnique The specific he&€,) has been measured by a
- P

%%Ipér?cljjrrlr?gsihoef It?lsg Zﬁgggg&%ﬁﬁg;ﬁ?&”gf S]Sévfl¥n?gjgérlguasiadiabatic heat-pulse method and the longitudinal ther-
P mal expansion coefficients;= (1/L;)dL;/dT (L; denotes the

transition were observede.g., the opening of a gap in the | h of th e al h i with .
magnetic excitation spectrum beldip (Refs. 3 and #and ;Inagz:)mgtetr e sample along the axis with a capacitance

the dimerization of the one-dimensional sgieisenberg . . -

chains®~7 Figure 1 displays the specific heat data of
Nevertheless, there are several features of Cu@dtich ~ Clb.9se?Mo.0145€0; in the temperature range below 20 K. For

are difficult to explain within existing theories. First of all comparison, we also sho@, of pure CuGeQ@ Whereas the

the magnetic susceptibility of the high-temperature uniformpure compound exhibits Bsp of =14.3 K, the doped sample

phase(U) strongly deviates from that which is calculated for has aTgp of 11.5 K derived by a usual entropy conserving

a one-dimensional Heisenberg chain with nearest-neighbaonstruction. Besides this strong suppressioil gfwe find

exchange. A much better agreement between theory and ea-drastic reduction of the size and a significant change of the

periment is obtained if an additional antiferromagnetic next-shape of the specific heat anomaly. The anomaly of the un-

nearest-neighbor exchange, i.e., a magnetic frustration alordpped sample is very sharp and has-ke shape indicating

the chains, is assumé&d.Furthermore, the spin-Peierls tran- that the transition is strongly affected by fluctuations. The

sition temperature of CuGe@s strongly pressure dependent anomaly of the doped sample is significantly broadened and

[=5 K/GPa (Refs. 10 and 1. Within the Cross-Fisher thus best described by a broadened mean-field step. Due to

theory?? the only source for this pressure dependence is #he strong dependence By on the Zn content this broad-

pressure-dependent phonon frequency. However, the anis@ning may be caused by slight inhomogeneities of the Zn

ropy of the uniaxial pressure dependenciesTgf clearly  distribution.

correlates with that of the uniaxial pressure dependencies of In CuGeQ the low-temperatureT<6 K) specific heat is

the magnetic susceptibility indicating that the pressure dewell described by a sum of a phononi€,= BT3, B

pendence off ¢pis not of phononic but of magnetic origil.  =0.3 mJ/mole K) and a magnetic contribution showing ac-
CuGeQ allows for substitutions of Zn and Si on the Cu tivated behavior[(Cynag=dexp(—AE/T, AE=23 K)].}"*8

and Ge sites, respectively. For both dopants a drastic sugsince in the temperature range abev&7 K we do not find

pression of the spin-Peierls transition and the occurrence any differences between the specific heats of both samples,
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FIG. 1. Specific heat of GugZng015€0; (O) and CuGe@ FIG. 2. Specific heat of Cu@gesSipo; (O) and

(@). The solid line represents the phononic contributiGy, Clyp 986N 01£5€0; (@). Inset: Expanded view of the anomaly of
=pT3 for T—0. Inset: Expanded view of the low-temperature C, of CuGe ¢955i5 0003 due to the antiferromagnetic order.
range in a plot of 10@,,4vs 1T (see text

Now we turn to the measurements of the thermal expan-
sion coefficients. Figure 3 displayg along thea, b, andc
axes of the Zn-doped and the pure compound. As in the pure
compound, thex; of CugggeZNg 9145€0; show pronounced
anomalies of different signs and sizes at the spin-Peierls tran-
The inset of Fig. 1 display€ 4 0f the doped and the pure sition. (Please note the different scales in the left part of Fig.
compound in a plot of 10Gyaq Vs 1/T. Apparently,Caq Of 3.) It is apparent from Fig. 3 that the structural anisotropy at
the doped sample is completely different from that of thethe transition is not changed in the doped compound. Again,
pure compound. First, it is significantly larger than that ofthe largest anomaly occurs along thend the smallest one
CuGeQ and secondC ,gis not linear in this representation. along thec axis. The anomaly size af, is intermediate and
Thus, we cannot extract a gap in the magnetic excitations of opposite sign. Qualitatively, the influence of Zn doping
spectrum from the specific heat. The different low-on theq; is similar to that on the specific heat, i.e., we find a
temperature behavior betwe@,,q of Zn-doped and pure reduction of the sizes and a broadening of the anomalies.
CuGeQ can be compared to susceptibility measuremé&hts. However, the reduction of the anomaly sizes quantitatively
Already at very low Zn concentrations the droppfdue to  differs. Compared to the pure compound, the anomaly of
the spin-Peierls transition is drastically reduced compared t&, is reduced by about a factor of 4, whereas those of the
that of pure CuGe@ Moreover, in doped CuGe@hereisa «; are reduced by a factor of less than 2. Concerning the
strong increase of(T) for T—O0 that has been attributed to low-temperature range we also find an unusual behavior,
spins which do not become singlet because of the existencgince at abou4 K all threeq; of the doped compound reveal
of Zn ions?® The excitations of these unpaired spins mightsign changes.
be the reason for the large low-temperature specific heat of The anomalies of the; are a consequence of the devel-
the Zn-doped sample. opment of spontaneous strailig;) in the dimerized(D)

In Fig. 2 we show the specific heat of CuG@gSip 00  Phase arising from a strain order-parameter cougffig
together withC,, of the Zn-doped sample. The suppressionThe right part of Fig. 3 shows the spontaneous strains of
of the spin-Peierls transition is even stronger than in the ZnCly 9sNg 0145€0;, Which are obtained by €= [(«;
doped sample. In CuGgySig go03 We find aTgpof 11.1 K,  — @ ext)dT. The a; ¢y are smooth background polynomi-
which is slightly smaller than in the Zn-doped sample. How-als representing the extrapolated behavior of dheof the
ever, the size of the specific heat anomaly is significantlyU phase toa; ¢x(T=0)=0 (solid lines in Fig. 3. It has
smaller and the broadening is more pronounced than ilveen shown previously that in th® phase of pure
Clp 986ZN0.0145€0;. The main difference between th@,’s CuGeQ the spontaneous strains are proportional to the
of both samples occurs at low temperatures. Insquare of the structural order paramétérlt is justified to
CuGe) g9:Sip 0003 there is a second anomaly &=2.9 K assume that the strain order-parameter coupling is not
(see inset of Fig. 2 As has been shown by neutron scatter-changed by doping. Thus, thg allow for a study of the
ing and susceptibility measurements, this anomaly arisetsquaredl order parameter of the doped sample. It can be
from an antiferromagnetic ordering, which coexists with theinferred from Fig. 3 that thes;; have a nonmonotonic tem-
dimerization***® Similar observations have been reportedperature dependence. With decreasing temperaturéethe
for 0.9% and 2% Zn-doped sampf@sThus, the rather large continuously increase for 12K T=4 K, but for T<4 K a
low-temperature specific heat of our 1.4% Zn-doped samplslight decrease arising from the sign changes of ¢hés
is most probably related to an antiferromagnetic ordering afound. That means that foaF <4 K the spin-Peierls order
=2 K parameter slightlydecreaseswith decreasing temperature.

we conclude that the phonon contribution@f is not sig-
nificantly influenced by doping. In order to analyeg,, of
the doped sample we therefore subtr@gt, which is ob-
tained on pure CuGe{solid line in Fig. 1, from the data.
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FIG. 3. Left panel: Thermal expansion coefficients of
ClUy.98Ng 0145€0; (O) and CuGeQ (@®). The solid lines repre-
sent the extrapolated behavior af of the U phase tog;(T=0)
=0. Right panel: Spontaneous strains ofyGd&Zny 0145€0; repre-
senting the squared spin-Peierls order paranm{sts text

strong influence of Si and Zn is significantly reduced under
Neutron-scattering data of a 0.9% Zn-doped sample reveal pressure.
very similar temperature dependence for the intensities of The measurements ef; and C, allow us to derive the
superstructure reflections, which “directly” measure the uniaxial pressure dependencies of the transition temperatures

squared order parametér. via the Ehrenfest relation,
In Fig. 4 the thermal expansion coefficients along ¢he
and c axis of CuGeg g9sSip 0005 are shown. Both the spin- Tl dp; Ipﬁo:VmTcAai/ACp. (€N]

Peierls and the antiferromagnetic transition give rise to large
anomalies ofv, anda,. Compared to the Zn-doped sample, T, is the transition temperatui®, or Tsp respectively, and
the enhanced transition width @t is again visible, but in  V, the volume per moleA ; andAC,, are the “jumps” of
contrast to the specific heat, the anomaly sizes ofathare  the thermal expansion coefficient along thexes and the
nearly equal for the Si- and Zn-doped sample. Along bottspecific heat, respectivefy.
axes the anomalies @, and atTspare of different signs and In Table | we summarize the uniaxial pressure dependen-
at both transitions the sizes of the anomalies alongathgis  cies of Tsp and Ty of the different samples. In addition, the
are about twice as large as those along ¢haxes, i.e., the hydrostatic pressure dependenci€$;/dppyg=2dT:/dp;
anisotropy between the and thec axis is the same at both are also given. For GgeZ N 0145€Q; we find very large and
transitions. Due to experimental reasons it was not possiblgetrongly anisotropic uniaxiadTgp/dp;’ s. Uniaxial pressure
to measureay,, of this sample. along theb andc axis leads to an increase D§pby 12.1 and
Since in the purely dimerized phase, i.e., fog<T 2.8 K/GPa, respectively, whereas pressure alongatlais
<Tsp theq; of the Si-doped sample are almost identical tosuppressedsp by —6.8 K/GPa. Although the/Tgp/dp;’s
those of the Zn-doped one, the spontaneous strains of bofrartially cancel under hydrostatic pressure, the hydrostatic
samples are nearly equéee Figs. 3 and)4In particular, pressure dependence of 8.1 K/GPa is also very large. Appar-
both a; also reveal sign changes alreadyTat T, i.e., the  ently, the anisotropy of the uniaxial pressure dependencies of
€; and thus the order parameter have a nonmonotonic tenFsp iN Clg ggeNp 0145€0; is almost identical to that in the
perature dependence. Again, similar results are obtaineure samplésee Table)l However, in the doped compound
from neutron-scattering measurements on Si-dopethe absolute values are significantly larger. This increase of
CuGeQ. 1 The strong decrease of the| for T<Tyis more thedTgp/dp;’s is a consequence of the fact the,, is much
difficult to explain. A comparison with neutron-scattering more strongly suppressed by Zn doping tidam (see Figs. 1
data indicates that the; are not determined by the order and 3.
parameter of thD phase alone. Instead, there is an addi- For the Si-doped sample this different suppression of
tional effect due to the antiferromagnetic ordering. ExactlyAa; andAC, is even more pronouncedee Figs. 2 and)4
speaking, there is an additional coupling betweenettend ~ and, accordingly, the/Tgp/dp;’s are even larger. We find
the Neel order parameter. A quantitative separation of both—11 and+4.9 K/GPa forp, andp,, respectively. The pres-
contributions is, however, not possible. sure dependencies ©f, show a clear anticorrelation to those
From the similarity of the order parameters in tBe of Tsp They have the same anisotropy but opposite signs
phases we conclude that the source of the suppression of th¢ 7.1 and —3.3 K/GPa forp, and p., respectively. As
spin-Peierls transition in CuGey Si and Zn doping is mentioned above, we could only measurganda.. Since
similar. However, the reason for this strong suppression byhe anisotropy betwee#T./dp, and dT./dp, for both Ty
such small amounts of both Si and Zn is still an open quesand Tgp is nearly the same as in the other two samples, we
tion. In the following we will show that, surprisingly, this assume a corresponding anisotropy relativediq./dpy, .
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TABLE I. Uniaxial and hydrostatic pressure dependences ofunder already moderate hydrostatic pressure. Moreover, the
Tsp and Ty of CuGeQ, CuygsNoo1f€0;, and  occurrence of the antiferromagnetic  ordering in
CUG®) 9955i0.00:03 for pi—0. In CUGE g95Sio. 0003 ap, could notbe  CuGe ¢:Siy 0005 disappears. Uniaxial pressures along the
measured, therefore the values fay and py,q are only estimates  h andc axis cause similar changes as hydrostatic pressure at,
assuming the usual anisotrofsee text however, smaller and larger values pf and p., respec-
tively. Uniaxial pressure along theaxis causes the opposite

CuGeQ 1.4% Zn 0.5% Si effects, ie., Tgp is strongly suppressed and in
Tse=14.3 K Tep=l15K Tep=1L1K Tn=29K  c4Gg 00:Siy00iOs @ drastic increase ofy occurs. Appar-
ITsdl op; ITsdl op; dTsdopi  dTNIIp; ently, the kind of(magneti¢ order in doped CuGeQis ex-
(KiGPg (KIGPg (KIGPg (KIGPg tremely sensitive to pressure. In particular, the different signs
Pa —-3.7(5) —~6.8(10) —-11.110) 7.1(8) of the pressure dependences ofy and Tgp In
Po 7.25) 12.1(10) (22) (—14) CU-G%‘gggsiolo(BOg indicate a competition betwe_en the spin-
Pe 1.6(5) 2.8(10) 4.910) -3.38) Peierls and the Nai state. Moreover, we men'flon that the
Phyar 5.1(5) 8.1(10) (15) (—10) anisotropy, which is present for both th&sp/9p;’s and the

dTy/dp;’s, is also found for another quantity of CuGgO
namely for the uniaxial pressure dependences of the mag-
netic susceptibilityy in the uniform phasé®?* This “uni-
Versal” anisotropy points to a common origin of the
g[essure—dependent changesTgh Ty, andy.

Summarizing our study of the influence of Si and Zn dop-
ing on the specific heat and thermal expansion of CueO

e find a quantitatively very different suppression of the

nomalies occurring i€, and thea; at Tsp Due to this
difference a drastic increase of the pressure dependences of

in the doped compounds too, we obtain the very surprisinq.sp is found for the doped compounds, which indicates that

result that forppyg=1 GPa the extrapolatedsps of the o influence of Si and zn is significantly reduced under
doped compounds exceed that of the pure sample. In other

?)ressure. Moreover, we have shown, using the Ehrenfest re-
WorQs, un_der pressuisp of CuGeQ would be enhancgd by lation, that the uniaxial pressure dependencesTgfare
doping. Since such an enhancement seems very unlikely, W(ﬁearly anticorrelated to those %
expect that in the doped compouiiddp) is strongly non- P
linear. Measurements of doped CuGa®der finite pressure The work in Cologne was supported by the Deutsche For-
are in progress to clarify this question. Nevertheless, ouschungsgemeinschaft through SFB 341. E.G. acknowledges
measurements indicate that the strong suppressidiyfy  support by the Graduiertenkolleg GRK14 of the Deutsche

doping, which is present at zero pressure, seems to vanigforschungsgemeinschaft.

Based on this assumption, we also give estimates for th
values ofdT./dp, anddT./d Prygr-

The pressure dependences derived from the Ehrenfest r
lation are valid in the limit of vanishing pressure. But it is
known that in pure CuGeQan almost linear increase of
Tgp IS present under hydrostatic pressure up to about
GPall?3|f we assume a linear pressure dependenc&spf
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