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Revival of the spin-Peierls transition in Cu12xZnxGeO3 under pressure
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Pressure- and temperature-dependent susceptibility and Raman scattering experiments on single-crystalline
Cu0.986Zn0.014GeO3 have shown an unusually strong increase of the spin-Peierls phase transition temperature
upon applying hydrostatic pressure. The large positive pressure coefficient~7.5 K/GPa!—almost twice as large
as for the pure compound~4.5 K/GPa!—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.@S0163-1829~98!02013-X#
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I. INTRODUCTION

The spin-Peierls~SP! transition1 in low-dimensional mag-
netic compounds is the magnetic analog of the well-kno
Peierls transition2 in low-dimensional metals. The interest
this magnetoelastic phenomenon, which has been stu
widely in organic compounds in the 1980s,3 has been
strongly renewed with the discovery of inorganic materi
@CuGeO3 ~Ref. 4!, a-NaV2O5 ~Ref. 5!# exhibiting this un-
usual phase transition. In particular CuGeO3 has attracted
strong experimental and theoretical attention over the p
few years6. There are at least three reasons for this: In
first place CuGeO3 allows for the growth of large single
crystals which permits for experiments which were diffic
to perform in the past. Second, CuGeO3 allows for well-
controlled substitutions ~e.g., Cu(12x)ZnxGeO3,
CuGe(12y)SiyO3) which provides a useful method to stud
its structural and, in particular, its magnetic properties.
surprising observation is that the SP phase transition is
tremely sensitive to substitution~5% of Zn substitution for
Cu already makes the SP phase disappear!. Equally surpris-
ing is that substitutions, which inherently increase the dis
der in the system, lead to the formation of a long-ran
ordered antiferromagnetic phase at low temperatures.7–10

In the third place CuGeO3 cannot be considered as
‘‘classical’’ spin-Peierls system. The susceptibility in th
uniform phase (T.TSP) strongly deviates from the Bonne
Fisher behavior11,12 and the spin-Peierls transition temper
ture strongly increases upon applying hydrostatic press
despite an apparently decreasing nearest-neighbor~NN! ex-
change interaction.13–15There may be several reasons for t
deviations from the classical behavior, notably a frustrat
next-nearest-neighbor~NNN! interaction,11,12the two dimen-
sionality of the magnetism in the system,16 and the degen-
570163-1829/98/57~13!/7749~6!/$15.00
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eracy of the energy scales for phonon and spin excitation
CuGeO3 which calls for a description of CuGeO3 in terms of
mixed spin-phonon excitations rather than more or less
coupled spin and phonon excitations. At present, howeve
is still unclear which of the above effects plays the domin
role in CuGeO3, although it has been shown that one c
certainly not neglect the frustration in the system induced
the next-nearest-neighbor interactions. The values repo
for the frustration in CuGeO3, based on one-dimensiona
~1D! adiabatic approximations, are in the range fro
a5Jnnn/Jnn50.24–0.36,11,12 and may even be higher in
CuGeO3 under hydrostatic pressure.15,17Within the 1D adia-
batic approximations one then expects CuGeO3 to have a
spin gap, even without dimerization, which is small f
ac,a!0.5, but increases strongly upon approaching
Majumdar-Gosh~MG! point (a50.5).18

The influence of nonmagnetic impurities on on
dimensional spin-Peierls systems has been studied theo
cally by several authors.19–22 One of the main conclusion
drawn from these studies is that one cannot consider suc
impurity as a local site defect. In fact, it is expected tha
nonmagnetic impurity induces local antiferromagnetic cor
lations over a length scale which is determined by the sp
spin correlation length (j;8–10 sites19!. This enhancemen
of the local antiferromagnetic correlations may explain t
extreme sensitivity of the SP phase to substitutions and p
sibly also23 the low-temperature antiferromagnetic~AF!
long-range order in Cu(12x)ZnxGeO3 and CuGe(12y)SiyO3.
Experimentally, evidence for these enhanced correlati
may be found in Raman scattering data on substitu
compounds.10 The Raman phonon modes activated in the
phase of pure CuGeO3 appear in substituted compounds a
ready at much higher temperatures, and are even observ
compounds having a substitution level for which the
7749 © 1998 The American Physical Society
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7750 57M. FISCHERet al.
phase has completely vanished.
Pressure-dependent experiments on CuGeO3 ~Refs. 17

and 24! have shown thatTSP strongly increases upon in
creasing pressure (]TSP/]p54.5 K/GPa!, in good agreemen
with earlier predictions derived from zero-pressure spec
heat and thermal expansion experiments13 using the Ehren-
fest relation (]TSP/]p55 K/GPa!. It has been argued15,17

that the pressure dependence ofTSP may be due to a strong
positive pressure coefficient of the NNN frustration
CuGeO3 (]a/]p.0). Recently, thermodynamic exper
ments on substituted compounds by Lorenzet al.25 have led
to the surprising prediction that]TSP/]p of substituted com-
pounds is enhanced by a factor of 2–3 over that of
pure compound. Motivated by these predictions, we
port here on the pressure dependence ofTSP for a
Cu0.986Zn0.014GeO3 single crystal as determined from
pressure-dependent susceptibility and Raman scattering
periments. At low pressure, where the above-mentioned
diction should be valid, the susceptibility experiments inde
show a strongly enhanced]TSP/]p, quantitatively in agree-
ment with the predicted]TSP/]p'8.1 K/GPa.25 In contrast
to the pure compound, however, Raman scattering exp
ments show that the pressure dependence ofTSP strongly
deviates from a linear behavior, and approaches the pres
dependence of the pure compound for higher pressures.
remainder of this paper is organized as follows: Section
and III describe the experimental results of the susceptib
and Raman scattering experiments, respectively. The su
quent section discusses these results in terms of a frustra
~and thus pressure-! dependent spin-spin correlation lengt
Finally, the last section presents the main conclusions of
paper.

II. SUSCEPTIBILITY

The Cu0.986Zn0.014GeO3 single crystal was grown from th
melt by a floating zone method using an image furnace.26 For
our measurements of the susceptibility under pressure we
a piece (53332 mm3) of the crystal studied in Ref. 25. O
the one hand, the specific heat and thermal expansion
presented there prove the high quality of this crystal. On
other hand, using the same sample enables an unambig
comparison between the measured pressure derivative
TSP and the predictions from thermodynamic properties.25

The ac susceptibility was measured in a pressure ra
0<p<0.43 GPa with a mutual inductance bridge at a f
quency of 6.1 kHz in a magnetic field of about 1 Oe. Bo
the primary coil and the astatic secondary coils are loca
inside the Teflon cup of a piston cylinder pressure cell wh
is similar to that described by Thompson.27 A methanol:etha-
nol ~4:1! mixture was used as pressure transmission med
in order to guarantee hydrostatic pressure conditions.
pressure was controlled at low temperatures by simu
neously measuring the superconducting transition temp
ture of a small piece of lead.

In Fig. 1 the raw data of the ac susceptibility measu
ments are presented for several pressures. The overall
perature dependence of the ac signal is mainly determine
a smooth background, which does not change strongly
function of pressure. This background signal is nearly te
perature independent above about 12 K and increase
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lower temperatures.28 Due to this background and its pre
sure dependence, a precise quantitative extraction of the
ceptibility of Cu0.986Zn0.014GeO3 is not possible. In particu-
lar, one can not separate the Curie-like increase ofx present
in doped CuGeO3 at low temperatures29 from the back-
ground signal. However, the pronounced anomalies at
spin-Peierls transition, which is associated with a rapid
crease of the susceptibility in a small temperature range,
clearly visible at all pressures. Besides the apparent incre
of TSPwe do not find significant pressure dependences of
susceptibility anomaly at the correspondingTSP.

As shown, e.g., in Ref. 30 the spin-Peierls transition te
perature can be derived precisely from a sharp maximum
the temperature derivative of the magnetic susceptibil
The TSP obtained in this way are shown as a function
pressure in Fig. 2. Together with the data we show a li
which represents a pressure derivative of]TSP/]p
58.1(10) K/GPa as predicted from the Ehrenfest relation
p→0.25 The measured, nearly linear, pressure dependenc
TSP up to 0.43 GPa is in excellent agreement with the p
dicted behavior. Fitting the data obtained from the susce
bility measurements by a linear increase ofTSP reveals an
only slightly smaller slope of]TSP/]p57.3(3) K/GPa. We
mention, however, that this slope systematically increa
with decreasing pressure range considered for the linea
For example, fitting the data up to 0.27 GPa yields 8.2~5!
K/GPa, whereas the slope]TSP/]p above 0.2 GPa only
amounts to 6.3~7! K/GPa. Thus the susceptibility data a
also consistent with a slight decrease of]TSP/]p with in-
creasing pressure. The susceptibility experiments are par
larly suited for the low-pressure region (p,1 GPa!, where

FIG. 1. Raw data of the ac susceptibility measurements~output
signals of the lock-in amplifier! for several pressures. The data a
subsequently shifted by 1024 V for clarity.
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57 7751REVIVAL OF THE SPIN-PEIERLS TRANSITION IN . . .
also the prediction made in Ref. 25 should hold. These lo
pressure data are shown in Fig. 2~solid symbols! which also
displays a linear fit to the data~solid line! and the prediction
made in Ref. 25~dashed line!. The measured, nearly linea
pressure dependence ofTSP clearly agrees well with the pre
dicted behavior in this pressure range.

Comparing the data on Cu0.986Zn0.014GeO3 presented so
far to the results for pure CuGeO3 it is apparent that the
pressure derivative in the doped compound is significa
larger. In other words, the reduction ofTSP due to doping
with 1.4% Zn decreases from.3 K at p50 to .2 K at p
50.5 GPa. Since an extrapolation of our data of dop
CuGeO3 would yield the unreasonable result thatTSP in-
creases above the value of pure CuGeO3 at high pressures
(p*2 GPa!, we have studied the behavior in this pressu
range using Raman scattering.

III. RAMAN SCATTERING

Pressure- and temperature-dependent Raman scatt
experiments have been performed on thin platelets (
3100340 mm3) of the same Cu0.986Zn0.014GeO3 single
crystal as used for the susceptibility measurements. Th
platelets were mounted in a clamp-type diamond anvil c
using a methanol:ethanol mixture as the pressure med
The cell has subsequently been mounted in a He flow
ostat with a temperature regulation better than 1 K. Polari
Raman spectra have been recorded in a quasibackscatt
geometry using the 514-nm line of an Ar1 laser for excita-
tion and a charge-coupled-device-~CCD-! equipped DILOR-
XY spectrometer for detection. The polarizations of incid

FIG. 2. Pressure dependence ofTSP as determined from the
susceptibility data of Cu0.986Zn0.014GeO3 ~solid symbols!. The lines
give the predicted pressure dependences from the Ehrenfest re
@solid line, Cu0.986Zn0.014GeO3 , ]TSP/]p58.1 K/GPa ~Ref. 25!;
dashed line, CuGeO3, ]TSP/]p55 K/GPa~Ref. 13!#.
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and scattered light have both been chosen parallel to thc
axis of the orthorhombic crystal structure~i.e., along the
Cu-O chains!.

Typical spectra observed for different pressures
T57 K are presented in Fig. 3. For atmospheric press
one observes three strong peaks at 184, 330, and 592 c21

which have been assigned toAg modes of the orthorhombic
crystal structure.31 The four additional modes observed at 2
105, 226, and 370 cm21 are characteristic of the SP
phase.32,33 The two modes at 105 and 370 cm21 can be as-
signed to Brillouin zone boundary phonons, and are activa
in the SP phase through the magnetic and/or structural
doubling. The low-frequency mode at 26 cm21 arises due to
transitions from the singlet ground state to the lowest m
netic singlet state.34 The energy of this mode is somewh
smaller than that of the corresponding mode in the pure c
pound ~30 cm21), indicating that Zn-substituted crysta
have a smaller spin gap. This is in good agreement with
observed reduction of the transition temperature
Cu0.986Zn0.014GeO3 (TSP @Cu0.986Zn0.014GeO3#'11 K, TSP
@CuGeO3#'14 K!. Finally, the broad, asymmetric respons
peaking at 226 cm21 is generally thought to arise from two
magnon scattering due to the Fleury-Loudon35 mechanism,
and should reflect a weighted two-magnon density of sta

Similar to the situation in the pure compound,24,17 the
application of hydrostatic pressure leads to drastic change
the observed Raman spectra. With increasing pressure
two-magnon peak shifts to lower frequencies~208 cm21 at
2.9 GPa!, reflecting an increasing magnetic frustration in t
system. In contrast to this, but for the same reasons,
gap-related mode at 26 cm21 rapidly shifts to higher fre-
quencies upon applying pressure. Simultaneously this m
also broadens, and at 2.9 GPa the singlet response is h
observed anymore. Most likely, this broadening is due

ion

FIG. 3. (ZZ) polarized Raman spectra of Cu0.986Zn0.014GeO3

recorded atT57 K for p50,1.2,1.6, and 2.9 GPa. The curves ha
been given an offset for clarity. The positions of observa
Ar 1-laser plasma lines are denoted by an asterisk.
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7752 57M. FISCHERet al.
nonhydrostatic effects at higher pressure, as is also refle
in the width of the phonon modes.

A good method to determineTSP for the pure compound
is to monitor the temperature dependence of the sin
mode.17 As is the case for the triplet spin-Peierls gap,36 the
energy of the singlet mode strongly decreases upon incr
ing temperature until it vanishes atTSP. Alternatively, it has
been shown that also the intensity of the spin-Peierls ac
370-cm21 phonon may be used to determineTSP.24 The in-
tensity of this mode shows a temperature behavior chara
istic for a second-order phase transition, i.e., an inten
which varies as the square of the order parameter. Th
demonstrated for CuGeO3 in Fig. 4~a!, which shows a com-
parison between the temperature dependence of the inte
of the 370-cm21 phonon ~solid symbols! with that of the
experimentally determined spontaneous strain~solid line!,25

which should vary as the square of the structural order
rameter. For the pure compound the above-mentioned m
ods yield essentially the same results and are in good ag
ment with the transition temperature obtained using ot
methods~e.g., thermal expansion, susceptibility, heat cap

FIG. 4. ~a! Intensity 370-cm21 mode in CuGeO3 as a function
of temperature forp50 ~solid symbols!, and 1.4 GPa~open sym-
bols!. The solid line gives the experimental temperature depende
of the spontaneous strain atp50 GPa~Ref. 25!. Dashed line is a
guide to the eye.~b! Intensity of the 370-cm21 mode in
Cu0.986Zn0.014GeO3 as a function of temperature forp50 ~solid
symbols!, 1.4, and 2.4 GPa~open symbols!. The solid line gives the
experimental temperature dependence of the spontaneous str
p50 GPa~Ref. 25!. Dashed lines are a guide to the eye. The in
shows the temperature dependence of the (ZZ) polarized spectrum
of Cu0.986Zn0.014GeO3 for p51.6 GPa.
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Since the present data do not allow one to use the sin

response as an indicator for the presence of the SP p
over the whole pressure range, we will use the intensity
the 370-cm21 mode to determineTSP. As an example, the
inset of Fig. 4~b! shows the temperature dependence of t
mode for P51.6 GPa. Relative to theAg(2) mode at 347
cm21, this mode, which is observed as a relatively stro
Lorentzian-shaped mode atT57 K, rapidly loses intensity
as the temperature increases, and finally disappears ar
TSP518 K. Figure 4~b! shows the temperature dependen
of the intensity of the 370-cm21 phonon as a function o
temperature~normalized to the intensity at the lowest tem
perature! for p50,1.6, and 2.4 GPa. For higher pressu
(p.1 GPa! the intensity indeed shows the expected beh
ior; i.e., it qualitatively seems to reflect the squared ord
parameter of a second-order phase transition. In contra
this and to the situation in the pure compound, the tempe
ture dependence of the intensity of the 370-cm21 mode at
p50 does not seem to reflect the square of the struct
order parameter. This becomes more clear from a comp
son of the temperature dependence of the intensity of
370-cm21 mode with the spontaneous strain measured
the same sample@Fig. 4~b!, solid line#. Although the sponta-
neous strain still shows the behavior of a relatively we
defined second-order phase transition withTSP511.5 K, the
intensity of the 370-cm21 mode drops much more rapidl
with temperature and, moreover, remains nonzero up to t
peratures well above the phase transition.38 These observa-
tions put into question the interpretation of a structura
induced intensity for the 370-cm21 mode in the SP phase
Indeed, the intensity of this mode in the pure compound a
shows a good correlation with the square of the singlet
ergy ~the square of the ‘‘magnetic order parameter’’!. This is
not surprising since the singlet energy directly correla
with the SP gapD, which itself is related to the structura
order parameterd (D5d2/3 within Cross-Fisher theory39!.
This indicates that the intensity of the 370-cm21 mode may
not be induced by the structural distortion in the SP pha
but rather by the doubling of the magnetic unit cell.40 It
furthermore strongly suggests that the relation between
structural distortion and the size of the SP gap may dra
cally change upon substitutions, strongly deviating from
Cross-Fisher prediction.39

IV. DISCUSSION

At low pressures the transition temperature in the sub
tuted compound indeed increases much faster with pres
(]TSP/]p'7.5 K/GPa! as compared to the increase for th
pure compound (]TSP/]p'4.5 K/GPa! ~see Fig. 2!. The
steep linear behavior observed for low pressures clearly c
not persist indefinitely. Indeed, the transition temperatu
obtained for higher pressure from the Raman data sho
pronounced nonlinear behavior at higher pressures~see Fig.
5, solid squares!. In this regime, the pressure dependence
the transition temperature for Cu0.986Zn0.014GeO3 approaches
that of the pure CuGeO3 compound.

In order to get some understanding of the strong press
dependence ofTSP in Cu(12x)ZnxGeO3, consider first the
strong dependence ofTSP on substitutions. As has bee
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57 7753REVIVAL OF THE SPIN-PEIERLS TRANSITION IN . . .
shown by, e.g., Fukuyamaet al.,19 a substitution at a single
site does not only perturb this site, but leads to the forma
of local AF ordering and suppression of the dimerizati
over several lattice sites. The spatial extent of the impurit
typically of the order of the spin-spin correlation lengthj
;(J/D)a. This immediately explains the strong reduction
TSP upon substitution, and may possibly also explain
occurrence of a long-range-ordered AF ground state in
substituted crystals.19,21,22As has been pointed out by Mos
tovoy and Khomskii,22 one expects the SP transition to b
fully suppressed when the average distance between the
purities becomes of the order of the spin-spin correlat
length, i.e., for concentrations of about 10% (j;8a–10a).

The strong increase ofTSP with increasing pressure in
pure CuGeO3 has been discussed in terms of a strongly
creasing frustration.15,17 This may, of course, also explai
part of the observed increase ofTSP in the substituted com
pound. There is, however, a second effect which arises f
the increasing frustration and is of importance in the sub
tuted compounds. As the frustration increases, one exp
the spin-spin correlation length to decrease. Indeed, aa
50.5 ~the MG point! one expects the ground state to
formed by singlets pairs and to have a correlation length
exactly two spins. Numerical density matrix renormalizati
group calculations of the correlation length have indeed c
firmed this picture.41 The consequence of the decreasing c
relation length is that the influence of impurities is strong

FIG. 5. Dependence ofTSP as a function of pressure fo
CuGeO3 ~open symbols! and Cu0.986Zn0.014GeO3 ~solid symbols:
triangles, obtained from susceptibility data; solid squares, obta
from Raman data!. The solid lines give the predictions for the zer
pressure derivatives.
n
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suppressed upon applying pressure. This actually may
plain the observed behavior of TSP(p) in
Cu0.986Zn0.014GeO3. Initially, the increase of the transition
temperature is driven by a combination of an increasing fr
tration and a decreasing influence of the impurities with fr
tration. At higher pressure the effect of the impurities
strongly suppressed, and the increase ofTSP is fully driven
by the increasing frustration alone. At these pressures
therefore expects only small differences between the p
and the substituted compounds, in good agreement with
observed behavior.

A further indication of the suppression of the effects
the impurities may be found from the temperature dep
dence of the intensity of the 370-cm21 mode@see Fig. 4~b!#.
As mentioned in the previous section, at low pressures
behavior of the intensity of this mode does not agree w
with the temperature dependence of the structural order
rameter. In addition, the mode remains observable at t
peratures well above the phase transition. This latter ob
vation is consistent with the idea that the mode is induced
magnetoelastic interactions and the magnetic cell doubl
If indeed the presence of impurities leads to enhanced
correlations around the impurities, then this also leads t
local magnetic unit cell doubling and, hence, to an activat
of the 370-cm21 mode in the Raman spectra. Of course,
high enough temperatures the intensity should still disapp
due to the decreasing correlation length, i.e., the decrea
spatial ‘‘size’’ of the impurities. At high enough pressu
(p.1 GPa! the temperature dependence of the intensity
the 370-cm21 mode is again in qualitative agreement wi
the dependence observed for the pure compound, in g
agreement with the idea that the influence of the impuritie
strongly reduced for high pressures.

V. CONCLUSIONS

In this paper we have shown, by two different metho
that the pressure dependence of the spin-Peierls trans
temperature in Zn-substituted CuGeO3 is strongly enhanced
over that of the pure compound. The initial-slope data
found to be in excellent agreement with the predictions us
the Ehrenfest relation.25 At higher pressure the pressure c
efficient ]TSP/]p of Cu0.986Zn0.014GeO3 approaches that o
the pure compound. The strong enhancement at low pres
and the approach to the behavior of the pure compoun
high pressure are in good agreement with an increasing f
tration in these compounds, which leads to a decreasing
relation length and thus to a decrease of the influence of
impurities.
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