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Pressure- and temperature-dependent susceptibility and Raman scattering experiments on single-crystalline
Cuyp 9seZNg 0145€0; have shown an unusually strong increase of the spin-Peierls phase transition temperature
upon applying hydrostatic pressure. The large positive pressure coeffitigrii{/GPa—almost twice as large
as for the pure compoun@.5 K/IGPa—is interpreted as arising due to an increasing magnetic frustration
which decreases the spin-spin correlation length, and thereby weakens the influence of the nonmagnetic Zn
substitution[S0163-1828)02013-X

I. INTRODUCTION eracy of the energy scales for phonon and spin excitations in
CuGeQ which calls for a description of CuGeg@n terms of
The spin-Peierl$SP transitiort in low-dimensional mag- mixed spin-phonon excitations rather than more or less de-
netic compounds is the magnetic analog of the well-knowrcoupled spin and phonon excitations. At present, however, it
Peierls transitiohin low-dimensional metals. The interest in is still unclear which of the above effects plays the dominant
this magnetoelastic phenomenon, which has been studigdle in CuGeQ, although it has been shown that one can
widely in organic compounds in the 198bshas been certainly not neglect the frustration in the system induced by
strongly renewed with the discovery of inorganic materialsthe next-nearest-neighbor interactions. The values reported
[CuGeQ (Ref. 4, a-NaV,05 (Ref. 5] exhibiting this un-  for the frustration in CuGe§) based on one-dimensional
usual phase transition. In particular CuGebas attracted (1D) adiabatic approximations, are in the range from
strong experimental and theoretical attention over the past=J,n/Jyn=0.24—0.36112 and may even be higher in
few year§. There are at least three reasons for this: In theCuGeQ under hydrostatic pressutg!l’ Within the 1D adia-
first place CuGe@ allows for the growth of large single batic approximations one then expects CuGge® have a
crystals which permits for experiments which were difficult spin gap, even without dimerization, which is small for
to perform in the past. Second, CuGg@llows for well-  «a.<a<0.5, but increases strongly upon approaching the
controlled substitutions  (e.g., Cyy - ZnGeQ;, Majumdar-GoshMG) point (e=0.5) 18
CuGe; ) SiyO5) which provides a useful method to study  The influence of nonmagnetic impurities on one-
its structural and, in particular, its magnetic properties. Adimensional spin-Peierls systems has been studied theoreti-
surprising observation is that the SP phase transition is excally by several authorS 22 One of the main conclusions
tremely sensitive to substitutiofb% of Zn substitution for drawn from these studies is that one cannot consider such an
Cu already makes the SP phase disappé&aually surpris- impurity as a local site defect. In fact, it is expected that a
ing is that substitutions, which inherently increase the disornonmagnetic impurity induces local antiferromagnetic corre-
der in the system, lead to the formation of a long-rangedations over a length scale which is determined by the spin-
ordered antiferromagnetic phase at low temperat{ir¥s. spin correlation length{~8-10 site¥’). This enhancement
In the third place CuGe9cannot be considered as a of the local antiferromagnetic correlations may explain the
“classical” spin-Peierls system. The susceptibility in the extreme sensitivity of the SP phase to substitutions and pos-
uniform phase T>Tsp) strongly deviates from the Bonner- sibly alsd® the low-temperature antiferromagnetié\F)
Fisher behavidr'? and the spin-Peierls transition tempera-long-range order in Gy_,)ZnGe0; and CuGg_,)Si,Os.
ture strongly increases upon applying hydrostatic pressurExperimentally, evidence for these enhanced correlations
despite an apparently decreasing nearest-neigfiid) ex- may be found in Raman scattering data on substituted
change interactiof? ~°There may be several reasons for thecompounds® The Raman phonon modes activated in the SP
deviations from the classical behavior, notably a frustratingphase of pure CuGefappear in substituted compounds al-
next-nearest-neighbdNNN) interaction'*2the two dimen-  ready at much higher temperatures, and are even observed in
sionality of the magnetism in the systéfhand the degen- compounds having a substitution level for which the SP
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phase has completely vanished. — T

Pressure-dependent experiments on CuGéRefs. 17 6
and 24 have shown thafgp strongly increases upon in-
creasing pressurelsfdp=4.5 K/GPg, in good agreement
with earlier predictions derived from zero-pressure specific
heat and thermal expansion experim&htssing the Ehren-
fest relation Tsddp=5 KI/GP3. It has been arguéd’’
that the pressure dependencelgh may be due to a strong
positive pressure coefficient of the NNN frustration in
CuGeQ (daldp>0). Recently, thermodynamic experi-
ments on substituted compounds by Lorenzl?® have led
to the surprising prediction thafl s¢/dp of substituted com-
pounds is enhanced by a factor of 2—3 over that of the
pure compound. Motivated by these predictions, we re-
port here on the pressure dependence Tofp for a
Clp 9sZNo 01£5€0; single crystal as determined from
pressure-dependent susceptibility and Raman scattering ex-
periments. At low pressure, where the above-mentioned pre-
diction should be valid, the susceptibility experiments indeed or
show a strongly enhancetll s¢/dp, quantitatively in agree-
ment with the predictedTsddp~8.1 KIGP&® In contrast W Cu  Zn  GeO
to the pure compound, however, Raman scattering experi- I 0986 0.014 37
ments show that the pressure dependencéd (f strongly P N T S
deviates from a linear behavior, and approaches the pressure 10 12 14 16 18
dependence of the pure compound for higher pressures. The Temperature (K)
remainder of this paper is organized as follows: Sections Il
and Il describe the experimental results of the susceptibility FIG. 1. Raw data of the ac susceptibility measuremémtsput
and Raman scattering experiments, respectively. The subssignals of the lock-in amplifigrfor several pressures. The data are
guent section discusses these results in terms of a frustratioaubsequently shifted by 18 V for clarity.

(and thus pressuredependent spin-spin correlation length.

Finally, the last section presents the main conclusions of thitower temperature€ Due to this background and its pres-
paper. sure dependence, a precise quantitative extraction of the sus-
ceptibility of Cuy ggeZNg 0145€0; is not possible. In particu-

lar, one can not separate the Curie-like increasg pfesent

in doped CuGe@ at low temperaturés from the back-

The Cuy gsZNp 0245€0; single crystal was grown from the ground signal. However, the pronounced anomalies at the
melt by a floating zone method using an image furriideor spin-Peierls transition, which is associated with a rapid de-
our measurements of the susceptibility under pressure we uggease of the susceptibility in a small temperature range, are
a piece (5<3x 2 mn?T) of the crystal studied in Ref. 25. On clearly visible at all pressures. Besides the apparent increase
the one hand, the specific heat and thermal expansion da@ Tspwe do not find significant pressure dependences of the
presented there prove the high quality of this crystal. On théusceptibility anomaly at the correspondifige.
other hand, using the same sample enables an unambiguousAs shown, e.g., in Ref. 30 the spin-Peierls transition tem-
comparison between the measured pressure derivatives perature can be derived precisely from a sharp maximum of
Tspand the predictions from thermodynamic properf%s_ the temperature derivative of the magnetic susceptibility.

The ac susceptibility was measured in a pressure rangehe Tgp Obtained in this way are shown as a function of
0<p=0.43 GPa with a mutual inductance bridge at a fre-pressure in Fig. 2. Together with the data we show a line,
quency of 6.1 kHz in a magnetic field of about 1 Oe. Bothwhich represents a pressure derivative @ff sp/dp
the primary coil and the astatic secondary coils are located 8. 1(10) K/GPa as predicted from the Ehrenfest relation for
inside the Teflon cup of a piston cylinder pressure cell whicho— 0.2 The measured, nearly linear, pressure dependence of
is similar to that described by Thomps®hA methanol:etha- Tsp up to 0.43 GPa is in excellent agreement with the pre-
nol (4:1) mixture was used as pressure transmission mediurdicted behavior. Fitting the data obtained from the suscepti-
in order to guarantee hydrostatic pressure conditions. Thbkility measurements by a linear increaseTaf, reveals an
pressure was controlled at low temperatures by simultaenly slightly smaller slope 08 Tsp/dp=7.3(3) K/GPa. We
neously measuring the superconducting transition temperanention, however, that this slope systematically increases
ture of a small piece of lead. with decreasing pressure range considered for the linear fit.

In Fig. 1 the raw data of the ac susceptibility measure+for example, fitting the data up to 0.27 GPa yields(®.2
ments are presented for several pressures. The overall tedd/GPa, whereas the slop&Tsp/dp above 0.2 GPa only
perature dependence of the ac signal is mainly determined lymounts to 6.&) K/GPa. Thus the susceptibility data are
a smooth background, which does not change strongly as @&so consistent with a slight decrease &fsp/dp with in-
function of pressure. This background signal is nearly temereasing pressure. The susceptibility experiments are particu-
perature independent above about 12 K and increases krly suited for the low-pressure regiop€1 GP3, where

> 0.27 |
0.317]

0.38 ]

AC Signal U(T)-U(20K) (104V)

0.437

Il. SUSCEPTIBILITY
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FIG. 3. (ZZ) polarized Raman spectra of §44Zng 01450,

FIG. 2. Pressure dependence Bfp as determined from the recorded af=7 K for p=0,1.2,1.6, and 2.9 GPa. The curves have
susceptibility data of CibgegZno 0145€0; (solid symbols. The lines bein given an of_fset for clarity. The positions of observable
give the predicted pressure dependences from the Ehrenfest relatiéyi ' -laser plasma lines are denoted by an asterisk.

[solid line, CuyggelNond5eQ;, dTsddp=8.1 K/GPa (Ref. 25;

dashed line, CUGED /Toddp—5 KIGPa(Ref. 13]. and scattered light have both been chosen parallel ta@ the

axis of the orthorhombic crystal structutee., along the

- . Cu-O chaing
also the prediction made in Ref. 25 should hold. These low- Typical spectra observed for different pressures at

pressure data are shown in Fig(sdlid symbol$ which also  1-7 k gre presented in Fig. 3. For atmospheric pressure
displays a linear fit to the datgolid line) and the prediction  5ne gbserves three strong peaks at 184, 330, and 592 cm
made in Ref. 2§dashed line The measured, nearly linear, \yhich have been assigned Ay modes of the orthorhombic
pressure dependence D clearly agrees well with the pre-  ¢ysta) structurd? The four additional modes observed at 26,
dicted behavior in this pressure range. 105, 226, and 370 cit are characteristic of the SP
Comparing the data on GYseN 0145€0; presented SO phagef233 The two modes at 105 and 370 chcan be as-
far to the results for pure CuGeQt is apparent that the gjgned to Brillouin zone boundary phonons, and are activated
pressure derivative in the doped compound is significantly,"the SP phase through the magnetic and/or structural cell
larger. In other words, the reduction @kp due to doping  goypling. The low-frequency mode at 26 charises due to
with 1.4% Zn decreases from3 K atp=0t0=2 Katp  tmansitions from the singlet ground state to the lowest mag-
=0.5 GPa. Since an extrapolation of our data of dopedyetic singlet statd* The energy of this mode is somewhat
CuGeQ would yield the unreasonable result thBép in-  gmaller than that of the corresponding mode in the pure com-
creases above the value of pure Cuge® high pressures poyund (30 cnil), indicating that Zn-substituted crystals
(p=2 GPag, we have studied the behavior in this pressurengyve a smaller spin gap. This is in good agreement with the

range using Raman scattering. observed reduction of the transiton temperature in
Clo 986ZM0.0165€0; (Tsp [Clo ggeZMo.015€Q]~11 K, Tgp
IIl. RAMAN SCATTERING [CuGeQ]~14 K). Finally, the broad, asymmetric response,

peaking at 226 cm'® is generally thought to arise from two-

Pressure- and temperature-dependent Raman scatteringagnon scattering due to the Fleury-Loutfbmechanism,
experiments have been performed on thin platelets (108nd should reflect a weighted two-magnon density of states.
X 100X40 um?3) of the same CylogeZNoo1d5€0; single Similar to the situation in the pure compouffd’ the
crystal as used for the susceptibility measurements. Thessgpplication of hydrostatic pressure leads to drastic changes in
platelets were mounted in a clamp-type diamond anvil cellthe observed Raman spectra. With increasing pressure the
using a methanol:ethanol mixture as the pressure mediuntwo-magnon peak shifts to lower frequenci@98 cm * at
The cell has subsequently been mounted in a He flow cry2.9 GPa, reflecting an increasing magnetic frustration in the
ostat with a temperature regulation better than 1 K. Polarizedystem. In contrast to this, but for the same reasons, the
Raman spectra have been recorded in a quasibackscatteriggp-related mode at 26 cm rapidly shifts to higher fre-
geometry using the 514-nm line of an Adaser for excita- quencies upon applying pressure. Simultaneously this mode
tion and a charge-coupled-devid€CD-) equipped DILOR- also broadens, and at 2.9 GPa the singlet response is hardly
XY spectrometer for detection. The polarizations of incidentobserved anymore. Most likely, this broadening is due to
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] ity), as shown in Refs. 13, 25, and 37.

1.2 CuGeOQ, m p=0 a) Since the present data do not allow one to use the singlet
1- 0 p=1.4GPa response as an indicator for the presence of the SP phase
1.0 8- over the whole pressure range, we will use the intensity of
] the 370-cm? mode to determind@gp. As an example, the
0‘8'_ inset of Fig. 4b) shows the temperature dependence of this
0.6 mode forP=1.6 GPa. Relative to th&,(2) mode at 347
] cm 1, this mode, which is observed as a relatively strong
0.4 - Lorentzian-shaped mode @t=7 K, rapidly loses intensity
. as the temperature increases, and finally disappears around
2 0.2 T<p=18 K. Figure 4b) shows the temperature dependence
2 7 of the intensity of the 370-cm" phonon as a function of
5’:—’- 0.0+ temperaturgnormalized to the intensity at the lowest tem-

perature¢ for p=0,1.6, and 2.4 GPa. For higher pressure
(p>1 GPa the intensity indeed shows the expected behav-
ior; i.e., it qualitatively seems to reflect the squared order
parameter of a second-order phase transition. In contrast to
this and to the situation in the pure compound, the tempera-
ture dependence of the intensity of the 370-¢rmode at
p=0 does not seem to reflect the square of the structural
order parameter. This becomes more clear from a compari-
son of the temperature dependence of the intensity of the
370-cm ! mode with the spontaneous strain measured on
the same sampld-ig. 4(b), solid ling]. Although the sponta-
neous strain still shows the behavior of a relatively well-
defined second-order phase transition With=11.5 K, the
intensity of the 370-cm' mode drops much more rapidly
Temperature (K) with temperature and, moreover, remains nonzero up to tem-
peratures well above the phase transifidhese observa-
FIG. 4. (a) Intensity 370-cm* mode in CuGe@as a function  tions put into question the interpretation of a structurally
of temperature fop=0 (solid symbol3, and 1.4 GPdopen sym-  jnquced intensity for the 370-cid mode in the SP phase.
bols). The solid line gives_, the experimental temperature c_iepgndencmdeed, the intensity of this mode in the pure compound also
of _the spontaneous strain pt=0 GPa(Ref. 25. Dagrled line IS@  shows a good correlation with the square of the singlet en-
guide to the eye.(b) Intensity of the 370-cm _mOde n ergy (the square of the “magnetic order parameteiThis is
Clh.geeZNoo145€0; as a function of temperature f@=0 (solid surprising since the singlet energy directly correlates

symbolg, 1.4, and 2.4 GPépen symbols The solid line gives the - - .

experimental temperature dependence of the spontaneous strain 't;[jh the SP gtarg, X"r_"‘gz‘,s'ts‘?&.'s E(:alated':t_ohtheﬂs]tru%ural
p=0 GPa(Ref. 25. Dashed lines are a guide to the eye. The inse®r .er. pr—:lrame ep ( T W'_ In Lross- '?h;r’] eary).
shows the temperature dependence of &) (polarized spectrum 1 1iS indicates that the intensity of the 370-cmmode may

- not be induced by the structural distortion in the SP phase,

Of CthsadNo 014360y for p=1.6 GPa. but rather by the doubling of the magnetic unit é8lilt
nonhydrostatic effects at higher pressure, as is also reflectddrthermore strongly suggests that the relation between the
in the width of the phonon modes. structural distortion and the size of the SP gap may drasti-

A good method to determin€sp for the pure compound cally change upon substitutions, strongly deviating from the
is to monitor the temperature dependence of the singleEross-Fisher predictiof,
model’ As is the case for the triplet spin-Peierls giphe
energy of the singlet mode strongly decreases upon increas- IV. DISCUSSION
ing temperature until it vanishes @tp. Alternatively, it has
been shown that also the intensity of the spin-Peierls active At low pressures the transition temperature in the substi-
370-cm* phonon may be used to determifigo.? The in-  tuted compound indeed increases much faster with pressure
tensity of this mode shows a temperature behavior charactetdTsddp~7.5 K/GPa as compared to the increase for the
istic for a second-order phase transition, i.e., an intensitypure compound {Tsddp~4.5 K/GPa (see Fig. 2 The
which varies as the square of the order parameter. This isteep linear behavior observed for low pressures clearly can-
demonstrated for CuGgQOin Fig. 4(a), which shows a com- not persist indefinitely. Indeed, the transition temperatures
parison between the temperature dependence of the intensigptained for higher pressure from the Raman data show a
of the 370-cm? phonon (solid symbol$ with that of the  pronounced nonlinear behavior at higher pressses Fig.
experimentally determined spontaneous stfamiid line),>> 5, solid squares In this regime, the pressure dependence of
which should vary as the square of the structural order pathe transition temperature for ggseZng 0145€0; approaches
rameter. For the pure compound the above-mentioned metithat of the pure CuGefcompound.
ods yield essentially the same results and are in good agree- In order to get some understanding of the strong pressure
ment with the transition temperature obtained using otheflependence offgp in Cu; ,)Zn,GeQ;, consider first the
methods(e.g., thermal expansion, susceptibility, heat capacstrong dependence ofgp on substitutions. As has been

Cu

norm.

5 10 15 20 25 30
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VT T T suppressed upon applying pressure. This actually may ex-
plain the observed behavior of Tgdp) in
Cly 98ZNg.01£5€0;. Initially, the increase of the transition
temperature is driven by a combination of an increasing frus-
tration and a decreasing influence of the impurities with frus-
tration. At higher pressure the effect of the impurities is
=] 1 strongly suppressed, and the increasd &f is fully driven
by the increasing frustration alone. At these pressures one
20 | 5] - therefore expects only small differences between the pure
and the substituted compounds, in good agreement with the
o ] observed behavior.
A further indication of the suppression of the effects of
61 E i the impurities may be found from the temperature depen-
K/GPa dence of the intensity of the 370-crhmode[see Fig. 4b)].
As mentioned in the previous section, at low pressures the
behavior of the intensity of this mode does not agree well
10 i with the temperature dependence of the structural order pa-
E rameter. In addition, the mode remains observable at tem-
peratures well above the phase transition. This latter obser-
vation is consistent with the idea that the mode is induced by
sl v v magnetoelastic interactions and the magnetic cell doubling.
00 05 10 15 20 25 30 If indeed the presence of impurities leads to enhanced AF
correlations around the impurities, then this also leads to a
local magnetic unit cell doubling and, hence, to an activation
FIG. 5. Dependence offgp as a function of pressure for of the 370-cm* mode in the R_aman_spectra. Of,COHfse’ at
CuGeQ (open symbols and Cl esZno013€0; (solid symbols:  high enough temperatures the intensity should still disappear
triangles, obtained from susceptibility data; solid squares, obtainedue to the decreasing correlation length, i.e., the decreasing
from Raman data The solid lines give the predictions for the zero- Spatial “size” of the impurities. At high enough pressure
pressure derivatives. (p>1 GPa the temperature dependence of the intensity of
the 370-cm! mode is again in qualitative agreement with
shown by, e.g., Fukuyamet al,'® a substitution at a single the dependence observed for the pure compound, in good
site does not only perturb this site, but leads to the formatio@greement with the idea that the influence of the impurities is
of local AF ordering and suppression of the dimerizationstrongly reduced for high pressures.
over several lattice sites. The spatial extent of the impurity is
typically of the order of the spin-spin correlation length V. CONCLUSIONS
~(J/A)a. This immediately explains the strong reduction of

T o substitution. and m bl al xolain th In this paper we have shown, by two different methods,
sp Upon substitution, a ay possibly aiso expiain €& i 1he pressure dependence of the spin-Peierls transition
occurrence of a long-range-ordered AF ground state in th

substituted crystaf®2L22As has been pointed out by Mos- ?emperature in Zn-substituted CuGefd strongly enhanced

59 o over that of the pure compound. The initial-slope data are
tovoy and Khomskif,® one expects the SP transition to b? found to be in excellent agreement with the predictions using

fully .suppressed when the average d|stan.ce bgtween thg "The Ehrenfest relatiof? At higher pressure the pressure co-
purities becomes of the order of the spin-spin correlation

. . efficient 9Tgdp of Cuy ggeNg 0145€0; approaches that of
len?:]he' ;(tar.c')r:gr izc::rr]gggga;’onSV\(/)iIha?rlocurte;g%;Sp?;slsc?e. in the pure compound. The strong enhancement at low pressure
pure CuGeQ@ has been disgassed in terms of a strongly in—a-nd the approach_to the behavior of the pure comp_ound at
creasing frustratioR™1 This may, of course, also explain high pressure are in good agreement with an increasing frus-

. . ; tration in these compounds, which leads to a decreasing cor-
part of the observed increase Bf in the substituted com- P g

: . . relation length and thus to a decrease of the influence of the
pound. There is, however, a second effect which arises frorﬂnpurities

the increasing frustration and is of importance in the substi-
tuted compounds. As the frustration increases, one expects
the spin-spin correlation length to decrease. Indeedy at
=0.5 (the MG poin} one expects the ground state to be We gratefully acknowledge G. Bouzerar for many fruitful
formed by singlets pairs and to have a correlation length ofliscussions and for the calculations on the frustration depen-
exactly two spins. Numerical density matrix renormalizationdence of the correlation length. This work was supported by
group calculations of the correlation length have indeed conbFG through SFB 341 and by BMBF 13N6586/8. Labora-
firmed this picturé’’ The consequence of the decreasing cor+toire de Chimie des Solids is Uniide Recherche assoeie
relation length is that the influence of impurities is strongly CNRS No. 446.
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