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Temperature and magnetic-field dependence of the lattice constant in the spin-Peierls cuprate
CuGeO3 studied by capacitance dilatometry in fields up to 16 T

T. Lorenz, U. Ammerahl, T. Auweiler, and B. Bu¨chner
II. Physikalisches Institut, Universita¨t zu Köln, Zülpicher Strasse 77, 50937 Ko¨ln, Germany

A. Revcolevschi and G. Dhalenne
Laboratoire de Chimie des Solides, Universite´ Paris-Sud, 91405 Orsay Ce´dex, France

~Received 17 June 1996; revised manuscript received 26 September 1996!

We present high-resolution measurements of the thermal-expansion coefficient and the magnetostriction
along thea axis of CuGeO3 in magnetic fields up to 16 T. From the pronounced anomalies of the lattice
constanta, occurring for both temperature- and field-induced phase transitions, clear structural differences
between the uniform, dimerized, and incommensurate phases are established. A precise field temperature phase
diagram is derived and compared in detail with existing theories. Although there is fair agreement with the
calculations within the Cross-Fisher theory, some significant and systematic deviations are present. In addition,
our data yield a high-resolution measurement of the field and temperature dependence of the spontaneous strain
scaling with the spin-Peierls order parameter. Both the zero-temperature values as well as the critical behavior
of the order parameter are nearly field independent in the dimerized phase. A spontaneous strain is also found
in the incommensurate high-field phase, which is significantly smaller and shows a different critical behavior
than that in the low-field phase. The analysis of the temperature dependence of the spontaneous strain yields a
pronounced field dependence within the dimerized phase, whereas the temperature dependence of the incom-
mensurate lattice modulation compares well with that of the dimerization in zero magnetic field.
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I. INTRODUCTION

Since the discovery of a spin-Peierls transition in the
organic cuprate CuGeO3 by Hase, Terasaki, and Uchinokura

1

this unusual magnetoelastic transition occurring in qua
one-dimensional antiferromagnetic insulators has again
tracted considerable attention. Compared to the well-kno
organic spin-Peierls systems2 the structure of CuGeO3 is
rather simple. This fact and the possibility of growing lar
high-quality single crystals allows for a much better study
the spin-Peierls phenomena in CuGeO3 than in the organic
compounds.

Most properties expected from the well developed the
of the spin-Peierls transition, e.g., the Cross-Fisher~CF!
theory,3,4 are observed in CuGeO3. For example elastic neu
tron and x-ray scattering show a doubling of the orthorho
bic unit cell below the transition temperatureTSP.14.3 K
leading to two nonequivalent Cu sites in the magnetic cha
This lattice distortion leads to alternating Cu-O-Cu super
change paths, i.e., alternating intrachain magnetic excha
constants. Also in agreement with the CF theory a gap in
magnetic excitations is observed,5 which scales with the
structural order parameter, i.e., the dimerization. Wher
these properties of the dimerized (D) phase of CuGeO3 seem
to be well represented by a model of spin-1/2 Heisenb
chains with a spin-Peierls transition, some significant dev
tions from this most simple treatment are present in the u
form (U) phase, i.e., forT.TSP. Most strikingly the mag-
netic susceptibility in theU phase of CuGeO3 disagrees with
the temperature dependence calculated for one-dimens
spin-1/2 Heisenberg chains.1,6,7 There is evidence that th
corrections which are necessary to explain the magnetism
550163-1829/97/55~9!/5914~15!/$10.00
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the U phase also influence the spin-Peierls transition. I
argued for example that due to a frustration of the magn
exchange in the quasi-one-dimensional chains6,8 TSP is
strongly enhanced in CuGeO3.

The influence of a magnetic field represents a furt
characteristic feature of the spin-Peierls transition, which
be directly compared to the different theoretical predictio
Due to the additional Zeeman term in the Hamiltonian t
nonmagnetic dimerized phase is destabilized when apply
a magnetic field. Consequently an additional phase wit
finite susceptibility occurs at high magnetic fields,
CuGeO3 for H*12 T. An incommensurate lattice modula
tion has been predicted theoretically for thisI phase and was
recently observed by x-ray diffraction.9 However, the knowl-
edge about this phase is still very limited, e.g., the spa
character of the incommensurate lattice modulation—dom
walls or sinusoidal modulation—is still a subject of debat

The theoreticalH-T phase diagrams which have been c
culated with different treatments of spin-1/2 Heisenberg~or
XY! chains differ significantly. A detailed experimental d
termination of the phase diagram in CuGeO3 therefore al-
lows for a test of these theories and future descriptions
corporating, e.g., a frustration of the magnetic exchange.
theories yield different predictions for the positions of t
three phase boundaries—U/D, U/I , and D/I—in reduced
field and temperature scales. Moreover, the CF theory
the earlier theory by Bulaevskii, Buzdin, and Khomskii10

predict a discontinuous first orderD/I transition, whereas a
continuous transition is obtained within the soliton picture11

So far theH-T phase diagram of CuGeO3 has been
mainly studied via measurements of the magnetization.
phase boundaries roughly agree with the predictions of
5914 © 1997 The American Physical Society
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55 5915TEMPERATURE AND MAGNETIC-FIELD DEPENDENCE . . .
CF theory,12 though when analyzing the data in detail som
deviations seem to be present. Up to now there is only li
information on the thermodynamic and structural proper
in high magnetic fields, particularly with regard to the i
commensurate phase.

In this paper we will present a detailed study of the co
ficient of the thermal expansiona along thea axis in mag-
netic fields up to 16 T.13 As shown in Ref. 14 there is a ver
large anomaly ofa at theU/D transition. Therefore, a very
detailed investigation of theH-T phase diagram is possibl
via measurements ofa in external fields. Moreover,a rep-
resents a thermodynamic property similar to the spec
heat. Therefore it allows us to study the nature of the diff
ent transitions and the critical behavior. Furthermore,a is
per definition a structural property, i.e., the temperature
pendence of the relative lattice constant. Because of tha
giant anomalies ofa at TSP measure the development o
spontaneous strains~e! at theU/D transition. The spontane
ous strains of theD phase in CuGeO3 are surprisingly rather
large ~.1025 ! and have been observed not only by hig
resolution capacitance methods but also by diffract
techniques.15–17

A comparison with neutron-diffraction data reveals th
the spontaneous strains are proportional to the squared o
parameter of the spin-Peierls transition. Thus, the hi
resolution measurements ofa yield a precise measureme
of the order parameter in theD phase as a function of bot
temperature and magnetic field. In addition, we will sho
that reduced but still large spontaneous strains are prese
the I phase, and thus the temperature dependence of th
commensurate lattice modulation can also be determ
from our data.

The thermal-expansion measurements performed at fi
fields yield information on the phase transitions occurring
a function of temperature. In order to allow for the discu
sion of a completeH-T phase diagram, we will also prese
some measurements of the magnetostriction,18 i.e., the
changes of the lattice constant as a function of a magn
field at a fixed temperature. The magnetostriction sho
anomalies at field driven phase transitions and thus it is p
sible to determine theD/I phase boundary which is near
parallel to the temperature axis in theH-T phase diagram
and therefore difficult to analyze by thermal-expansion m
surements.

The paper is organized as follows. After a short desc
tion of the capacitance dilatometer we will give an overvie
of the experimental observations in Sec. III. The pronoun
differences between the lattice constants of the three ph
of CuGeO3 are already visible in these raw data. TheH-T
phase diagram obtained from our measurements is prese
and discussed in Sec. IV. Section V is divided into five pa
Before discussing the influence of the magnetic field on
lattice constant in detail we will shortly repeat some resu
extractable froma in zero magnetic field. Then we are goin
to discuss the reduction of the anomaly ofa at TSP with
increasing field by considering its relationship to t
anomaly of the specific heat. The next part deals with
critical behavior of the order parameter, which differs for t
U/D and U/I transitions, respectively. Hereafter th
magnetic-field dependence of the dimerization at low te
peratures, which is found to be extremely weak in theD
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phase, and the pronounced discontinuous changes of
spontaneous strains at the field drivenD/I transition are dis-
cussed. Finally in Sec. V the temperature dependences o
order parameter well belowTSP are analyzed. We find a re
markably strong field dependence within theD phase,
whereas the temperature dependence of the incommens
modulation compares well with that of the dimerization
zero magnetic field.

II. EXPERIMENTAL

The single crystal of CuGeO3 used for the present stud
was cut from a large crystal~80 mm along thea axis! grown
by a floating-zone technique.19 The sample is of cylindrical
shape with dimensions of about 63538.3 mm3 for thea, b,
andc axis, respectively. Various experimental investigatio
on samples prepared in this way have already been p
lished. Some details of structural and magnetic propertie
these crystals are described, e.g., in Ref. 20.

The measurements were carried out with a capacita
dilatometer. It was originally designed to allow for measu
ments of the coefficient of the thermal expansi
a[1/L•]L/]T ~L is the length of the sample! in fixed ex-
ternal fields only. Besides, it enables us to measure the m
netostriction, i.e., the field-induced length changesDL(H)/L
at fixed temperatures. Both types of measurement can
performed during a single run, i.e., for exactly the same o
entation of the crystal in the dilatometer. During the me
surements the dilatometer is mounted into an evacua
stainless-steel tube, which fits into the 40 mm bore of a
perconducting 16 T magnet. Although the dilatometer
based on our conventional one described in Ref. 21 so
significant differences exist. The main difference is a therm
decoupling between the sample and the plate capacitor,
the temperature of the sample is changed, but the capacit
thermally coupled to the liquid-He bath. Therefore no th
mal expansion of the capacitor itself occurs during a m
surement and the capacitance changes mainly reflect
length changes of the sample~‘‘small cell effect’’!. More-
over, the mass whose temperature has to be controlle
drastically reduced. It only consists of the sample itself an
small sample holder~.50 g Cu!. This allows for a rapid and
accurate control of the temperature using, e.g., a softw
technique. The temperature range is restricted by the m
mum heater current toT&200 K.

We use platinum~Pt 103! and ‘‘Cernox CX-1050’’ tem-
perature sensors~Lake Shore! for temperatures above an
below 100 K, respectively. The field dependence of the la
can be neglected, since its magnetoresistance is extre
small—the deviation is 2% at 2.5 K forH516 T and rapidly
decreases with increasingT. The length changes of th
sample are calculated from the capacitance changes m
sured by a temperature stabilized capacitance bri
~Andeen-Hagerling! with a resolution of 531027 pF. Thus,
length changes of less than 0.01 Å can principally be
solved. Due to mechanical vibrations, etc., the resolution
limited to .0.1 Å in practice. The thermal-expansion me
surements are performed in a continuous mode, i.e., cap
tance data are recorded while the temperature is continuo
increased with a small and constant rate, usually 2–3 m
For calibrating the dilatometer we measured the w



ra
a-
e.

a-
e

e
m

ed

ur
en
to
ll
th

pr

w

ll
n
ra
I
a
ol

1
o
a
ts

e
t t

to

g
e
io
-

al
a
he

. I
d
r

-
a

l

-
the

nd

f

ed

y

5916 55T. LORENZ et al.
known22 thermal expansion of aluminum samples of seve
lengths~4 to 8 mm!. The calibration was checked by me
suring a 5 mmcopper sample. The relative resolution, i.
the scatter of the data, amounts to.531028/K and the de-
viation to the data reported in the literature22 is less than
.131026/K for temperatures up to 200 K. In the temper
ture range below 45 K, which is considered in this pap
only, the maximum deviation is even less than.131027/K.

For the magnetostriction measurements temperatur
held constant and length changes are detected while the
netic field is swept from 0 up to 14~or 16! and back to 0 T
with a rate of 2.5–4 mT/s. For calibration we perform
magnetostriction measurements on a 5 mmsilicon sample.
The cell effect—due to magnetic impurities and eddy c
rents which cause stresses on the dilatometer via the Lor
force—amounts up to 250 Å, which corresponds
.531026 for a 5 mmsample. The reproducibility of this ce
effect and thus the accuracy of the absolute values of
magnetostrictionDL/L is better than.531027. The scatter
in DL/L amounts to.231029, which corresponds to 0.1 Å
as mentioned above.

III. RESULTS

A. Thermal expansion

Since some organic spin-Peierls compounds show a
nounced hysteresis of the magnetic susceptibility23,24as well
as of the structure25 when changing the magnetic field at lo
temperatures, all measurements ofa were performed in the
field-cooled mode. After applying the magnetic field we
aboveTSP, usually atT.25 K, the sample was cooled dow
to 4 K ~or 2 K!. Then the data were taken while the tempe
ture was continuously increased with a rate of 2 mK/s.
order to check the presence of hysteretic behavior we h
also performed some measurements in the zero-field-co
mode, e.g., after applying magnetic fields ofH511 and 14 T
at 4 K and after decreasing the magnetic field from 14 to
T at 4 K. In all cases studied the data agree with those
tained from the field-cooled measurements at the same m
netic fields. In CuGeO3 the hysteresis of the lattice constan
as well as that of other properties26–28,12 in the H-T phase
diagram is apparently rather weak and restricted to a v
narrow field range, i.e., the data in Figs. 1 and 2 represen
behavior of the lattice constanta in thermal equilibrium ex-
cept for the regionH.12.5 T ~see below!.

As shown in an earlier publication14 there is a very pro-
nounced decrease ofa along thea axis at the spin-Peierls
transition in zero magnetic field. This decrease is related
large negative uniaxial pressure dependencedTSP/dpa.24
K/GPa on the one hand, and to a spontaneous lengthenin
thea axis in the dimerized phase on the other hand. Figur
gives an overview of the changes of the thermal-expans
coefficient along thea axis occurring as a function of mag
netic field. A pronounced field dependence ofa is present
only below 20 K, i.e., in the spin-Peierls phase. First of
the transition temperatureTSPreduces with increasing field,
result known, e.g., from measurements of t
susceptibility.28,29 In addition, a change of the anomaly ofa
as a function of the magnetic field is apparent from Fig. 1
all cases the phase transition shows up by a pronounced
crease ofa. However, note that in Fig. 1 the anomaly fo
l
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H514 T is distinctively smaller than that forH58 T,
whereas the sizes of the anomalies forH58 and 0 T are very
similar.

This nonlinear change of the size of the anomalies is re
lated to the different low-temperature phases occurring as
function of magnetic field. InH58 T the anomaly still arises
from the spin-Peierls transition between theU the D
phases,26,28,9whereas the anomaly ofa for H514 T is due to
a phase transition between theU andI phases. Although the
anomaly forH514 T is reduced in size, a clear structura
change between theU and I phases of CuGeO3 is inferred
from these data. Moreover, this transition is strongly pres
sure dependent and leads to a spontaneous lengthening of
a axis, similar to that in zero magnetic field.

Figure 2 shows an expanded view of the temperature a
magnetic-field dependence ofa up to 17.5 K and for 0
T<H<16 T. With increasing magnetic field the anomaly o

FIG. 1. Thermal expansion of CuGeO3 along thea axis in dif-
ferent magnetic fields. The solid line represents the extrapolat
low-temperature behavioraextr of theU phase.

FIG. 2. Thermal expansion of CuGeO3 along thea axis in dif-
ferent magnetic fields given in the figure. The curves are shifted b
531026/K for clarity.
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55 5917TEMPERATURE AND MAGNETIC-FIELD DEPENDENCE . . .
a is systematically shifted to lower temperatures, reflect
the decrease of the transition temperature with increa
magnetic field. This decrease amounts to ab
TSP~0!2TSP(H).2 K for fields up toH511 T and to.4 K
for H516 T, respectively. Considering the shape and size
the anomalies the curves can be clearly classified into th
groups: ~i! Up to 12 T the anomalies remain nearly u
changed.~ii ! A very pronounced decrease of ‘‘Da’’ as a
function of the magnetic field is present in the rather sm
field range between 12 and 13 T. Besides the strong fi
dependence this second group of curves is characterize
additional anomalies occurring below 10 K. As shown
Fig. 3 very strange thermal expansions indicating the p
ence of several phase transitions as a function of tempera
are found in the entire field range between 12 and 13 T, m
pronounced forH512.5 T~see Fig. 3!. ~iii ! In the field range
between 13 T and the maximum field of 16 T again only o
transition is present. The sizes of the anomalies are m
smaller than those at low fields and they further reduce w
increasing magnetic field. Despite of the limited field ran
for the investigation of this third group a stronger magne
field dependence of the anomaly size than in the first gr
~H,12 T! is apparent even from the raw data.

The different groups of curves reflect the different kin
of phase transitions. Below 12 T there is a transition betw
theU andD and above 13 T between theU andI phases. In
the field region 12 T<H<13 T the three phase boundari
U/D, U/I , andD/I meet in a tricritical point. At tempera
tures below this tricritical point two transitions are expect
with increasing magnetic field~D/I andI /U!. A sequence of
transitions is also possible and present~see Fig. 3! as a func-
tion of temperature pending on the details of theD/I phase
boundary, which is nearly horizontal in theH-T phase dia-
gram, i.e., occurring at a nearly constant magnetic field.

From the data presented so far it becomes apparent th
transitions between the three phases of CuGeO3 lead to pro-
nounced anomalies of the thermal-expansion coefficient,
each phase transition causes spontaneous strains. It shou
mentioned that a dimerization alone, which is characteri
by the development of alternating distances between nea
neighbors, i.e., an antiferro distortion, does not necessa

FIG. 3. Thermal expansion of CuGeO3 along thea axis in mag-
netic fields close to theD/I phase boundary. The additional anom
lies reflect temperature-dependent transitions between theD and I
phases and vice versa.
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lead to spontaneous strains. Especially within the CF the
pressure dependences ofTSP and thus anomalies of th
thermal-expansion coefficients are obtained only if one a
an anharmonic coupling between elastic degrees of free
and zone-boundary phonons.30,31 Such a coupling is of
course no general property of the spin-Peierls transition
thus the pressure dependences strongly differ for the s
Peierls compounds.30,31

B. Magnetostriction

Whereas the measurements of thermal expansion a
very sensitive probe of theU/D andU/I phase transitions, it
is rather difficult to determine theD/I phase boundary sinc
the temperature dependence of the latter is very small. Th
fore we also performed measurements of the magnetos
tion, i.e., measurements of the magnetic-field-induc
changes of the lattice constanta at a fixed temperature
where theD/I phase boundary is crossed almost perpend
lar.

In Fig. 4 we showDa(H)/a (H50) obtained with in-
creasing magnetic field at several temperatures betwee
and 18 K. At the lowest temperature there is only an e
tremely small magnetostriction in theD phase and at
HD/I.12.5 T a large jumplike decrease of the lattice co

FIG. 4. Magnetostriction of CuGeO3 along thea axis at differ-
ent temperatures given in the figure. Upper panel: Discontinu
transitions betweenD andI phases. With increasingT ~indicated by
the arrows! the character of the transition gradually changes fr
rather strong to weak first order. Inset: Field derivativ
1/L•]L/]H at 3.4 K measured with increasing~s! and decreasing
~d! magnetic field. The hysteresis, resolved up to;11 K, system-
atically decreases with decreasingT. Lower panel: Continuous tran
sitions betweenD andU phases. The transition fields as well as t
overall magnetostriction rapidly decrease with increasingT. Within
theU phase~T518 and 14 K forH*8 T! a positive magnetostric-
tion is present.
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5918 55T. LORENZ et al.
stanta occurs reflecting the first-order phase transition
tween theD and theI phase. With increasing temperatu
the ‘‘jump’’ of the lattice constant at theD/I transition
strongly decreases indicating that the phase transition gr
ally changes from a discontinuous to a continuous one. N
however, thatHD/I and the total magnetostriction up to 14
i.e., a(14T)2a(0T), remain roughly constant below 11 K
Moreover, a large magnetostriction is found in theD phase
in this temperature range. A comparison with the therm
expansion data in Fig. 2 shows that all magnetostrict
curves obtained in this temperature range reflect differen
of the lattice constant between theD and theI phases. The
gradual change from a clearly first-order transition to a c
tinuous one can also be extracted from the hysteresis o
magnetostriction aroundHD/I ~see inset of Fig. 4!. At low
temperatures a small hysteresis with a maximum value
about 0.2 T~at T.3 K! is determined when comparing th
measurements with increasing and decreasing magnetic
With increasing temperature the amount of this irreversibi
systematically decreases and vanishes forT*11 K.

At temperatures between.11 and 14.5 K, i.e., for
TSP(0T).T.TSP~12 T! ~see Fig. 2! the field-driven transi-
tions are no longer between theD and I phases. The still
very pronounced and continuous decrease of the lattice
stanta up to a critical field now reflects the continuous pha
transition between the low-fieldD and the high-temperatur
U phase of CuGeO3. In contrast to the behavior at lowe
temperatures both the transition field and the total magn
striction rapidly decrease with increasing temperature. T
first observation arises from the decrease ofTSPas a function
of the magnetic field~see Fig. 2!, which implies a decreas
of HD/U with increasing temperature. The second obser
tion reflects the temperature dependence of the spontan
strain, i.e., the continuous increase of the structural dif
ence between theD andU phases with decreasing temper
ture.

At temperatures above 14.5 K no phase transition
found. However, a finite magnetostriction is clearly obse
able also in theU phase. Note that in contrast to the findin
at lower temperatures the lattice constanta now increases
with increasing magnetic field. This magnetostriction in t
U phase is not related to fluctuations of the spin-Peierls o
parameter. It measures the magnetoelastic coupling
CuGeO3, which is a precondition for the occurrence of
spin-Peierls transition.8 It should be mentioned that this pos
tive magnetostriction is found in the entire temperature ra
studied, i.e., up to 80 K. A detailed discussion of the ma
netoelastic coupling in the uniform phase as extracted fr
the magnetostriction and its anisotropy will be given in
forthcoming publication. The finite and slightly temperatur
dependent magnetostriction in theU phase implies a field
dependence of the thermal expansion forT.TSP. However,
in agreement with the findings presented in Fig. 1 this fi
dependence is estimated to be extremely weak. As an u
limit for the difference a(0T)2a(14T) we obtain
231028/K for 20 K,T,80 K corresponding to a relativ
change ofa smaller than 1%. However, this finite magnet
striction in theU phase has to be taken into account fo
quantitative comparison of the results of thermal expans
and magnetostriction measurements at low temperatures~see
below!.
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IV. H -T PHASE DIAGRAM

From the measurements of magnetostriction and ther
expansion it is possible to determine a complete and pre
H-T phase diagram of CuGeO3 since both quantities show
pronounced anomalies at the different phase transitions.
anomalies of the magnetostriction give the fields at theD/I
and D/U phase transitions at different temperatures wh
those ofa give the temperatures at theU/D andU/I transi-
tions at different magnetic fields. It is apparent from the r
data presented so far that~i! the phase boundaries in CuGeO3
follow the characteristic course expected for the spin-Pei
transition and that~ii ! our observations are in rough agre
ment with the findings from other properties, e.g., t
magnetization.12,28 We did, however, not observe an
anomaly of the thermal expansion or magnetostriction
H58 T, where Poirieret al. found evidence for an additiona
phase boundary from ultrasonic studies.26

The l-like shape of the anomalies ofa but also of the
specific heat32 signal the presence of pronounced fluctuatio
in CuGeO3, which have to be taken into account when d
termining the transition temperatures. In literature quite d
ferent ways have been used to defineTSP from the anomaly
of the specific heat.33,32Ignoring the fluctuations and describ
ing the anomaly as a broadened mean-field step as in Re
one would obtain a transition temperature of.14.5 K for our
crystal. However, this description is apparently not approp
ate for our more homogeneous sample. If one assum
~nearly! symmetric shape of the anomaly on a reduced te
perature scale and a linear regular part,32 i.e., the behavior
expected for critical fluctuations, the transition temperat
is distinctively smaller. It is found close to the maximum
Cp or the minimum ofa, i.e., at 14.16 K for our crystal
However, the experimentally observed anomalies of the th
modynamic properties of CuGeO3 all show a pronounced
asymmetry even close toTSP. Therefore the temperature a
the minimum ofa only yields a lower limit for the transition
temperature. In this paper we have definedTSP at the maxi-
mum slope of the anomaly yieldingTSP514.35, which lies in
between the two extreme values mentioned above. We
phasize that, despite this rather large uncertainty of the
solute value, the decrease ofTSP as a function ofH is ob-
tainable with very high precision~better than60.05 K! from
our data, e.g., from the shift of the minimum ina, since the
shape of the anomalies does not change significantly~see
below!.

In Fig. 5 theH-T phase diagram of CuGeO3 for fields
parallel to thea axis is displayed. The transition fields me
sured via the magnetostriction are defined in a similar way
TSP, i.e., at the maximum value of the field derivative. A
visible in Fig. 5 the boundaries obtained from the two e
perimental methods perfectly agree. For the transition fie
between theD and I phases two values are given represe
ing the hysteresis at this phase transition. The lower~higher!
value corresponds to the transition field found with decre
ing ~increasing! magnetic field. The inset of Fig. 5 shows th
D/I phase boundary on a smaller field scale. The hyster
can be clearly resolved at least up to about 10 K. This h
teresis and the shape of the anomalies of the magnetos
tion ~see Fig. 4! show that the field drivenD/I transitions are
of first order. The shapes of the additional anomalies in
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thermal expansion~Fig. 3!, which show up very close to thi
phase boundary, also indicate a weakly first-orderD/I tran-
sition as a function of temperature.

Similar to the experimental results found in the orga
spin-Peierls compounds34 the H-T phase diagram o
CuGeO3 does not support the soliton theories of the sp
Peierls transition. Most of the arguments given in Ref.
which favor the traditional theories, e.g., the CF theory,
the case of TTF-BDT~Au! also hold for CuGeO3. For ex-
ample the soliton theory predicts a continuousD/I transition,
whereas experimentally a first-order transition is foun
Moreover, the D/I transition is predicted to occur a
gmBHD/I.0.6E0 , whereE0 denotes the spin-excitation ga
at zero temperature.35,36 Using the excitation gap derive
from inelastic neutron-scattering studies,37 theD/I transition
should occur atHD/I.8.5 T, which is significantly smalle
than the experimental value.

The experimental data agree much better with the ca
lations of Cross4 and the earlier treatment of Bulaevsk
Buzdin, and Khomskii.10 A simple comparison to these ca
culations is possible by considering firstly the decrease
TSPat small magnetic fields and secondly the tricritical poi
where theU/D, U/I , and I /D phase boundaries meet. Bo
theories yield in leading order a quadratic decrease
TSP(H) with H, i.e., @TSP(H)2TSP~0!#/TSP~0!
52t„gH/2TSP~0!…2. The predicted quadratic field depe
dence is confirmed by our data up to about 6 T. The prefa
amounts tot50.21 K2/T2, which agrees with the data re
ported by Poirieret al.26 Taking into account theg factor of
2.15 for fields parallel to thea axis38 the theoretical treat-
ments of Bulaevskiiet al.and Cross yieldt50.19 K2/T2 and
t50.16 K2/T2, respectively. The tricritical point is derive
from our measurements atHc512.25 T andTc511 K ~see
Fig. 5!. The reduced valuesTc/TSP~0!50.77 and
gHc/2TSP~0!50.92 T/K can directly be compared to theor
Bulaevskii, Buzdin, and Khomskii find ratios of 0.63 an

FIG. 5. Magnetic-field temperature phase diagram of CuGe3
derived from thermal-expansion~circles! and magnetostriction~tri-
angles! data. The solid line shows the result of Cross’ calculati
An almost perfect agreement to the experimental results for
entireU/D phase boundary is obtained by dividing the calcula
field scale by 1.12~dotted line, see text!. Inset: Hysteresis at the
D/I phase boundary obtained from the magnetostriction meas
with increasing~closed triangles! and decreasing field~open tri-
angles!.
-
,

.

u-

f
,

f

or

1.08,10 whereas Cross calculates 0.77 and 1.03~Ref. 4! for
the reduced tricritical temperature and field, respective
Apparently, our data very well agree with the prediction
Cross, especially with regard toTc . The deviations from the
calculations of Bulaevskii are somewhat larger. This is e
pected for quite general reasons, since more reliable res
are obtained from Cross’ Luther-Peschel treatment of
one-dimensional spin excitations than from the Hartree-F
approach used by Bulaevskii, Buzdin, and Khomskii.

In Fig. 5 the phase boundaries calculated by Cross
compared to our experimental findings. As mentioned ab
there are clear discrepancies. However, the shape of
boundaries is very similar and there is an easy way to ob
a perfect agreement between the theoretical curve and
experimentalU/D phase boundary. As also shown in Fig.
the experimental data follow a theoretical curve, when
reduced field scale is divided by 1.12~dotted line!. The ‘‘ef-
fective’’ magnetic field, which acts in CuGeO3, seems to be
larger than that calculated. Cross himself already gives so
possible reasons for this kind of deviation.4 For example,
using a too small zero-temperature susceptibility to der
the phase diagram causes an ‘‘effective’’ magnetic field t
is also too small. Thus, the discrepancy between theore
and experimentalH-T phase diagrams might be related
the striking discrepancy between the measured and ca
lated susceptibility of CuGeO3 in theU phase. The latter ha
been attributed to a next-nearest-neighbor exchange6,7 in the
quasi-one-dimensional chains in CuGeO3. Recently, first cal-
culations of theH-T phase diagram within a model incorpo
rating a next-nearest-neighbor exchange have b
published.39 At the present stage these calculation do, ho
ever, not improve the agreement with the experimental d

Since particular properties of CuGeO3 might influence the
H-T phase diagram, a comparison to the findings in ot
spin-Peierls compounds seems worthwhile.40 As shown by
Haseet al.12,41 the H-T phase diagrams of all spin-Peier
compounds roughly coincide on reduced temperature
field scales. However, some small but systematic differen
are present. This is most clearly visible for theD/I phase
boundary, which is located at larger~reduced! magnetic
fields in the organic compounds than in CuGeO3. Despite the
rather large scatter of the data for the organic compounds
same trend is also found when comparing theD/U bound-
aries of the organic compounds to our data of CuGe3.
Thus, an enhanced ‘‘effective’’ magnetic field, which des
bilizes theD phase of CuGeO3, can also be inferred from a
comparison to the organic spin-Peierls compounds.

In order to compare the phase boundaries to theI phase
one has to take into account a particular property of the
ganic spin-Peierls compounds. A pre-existing soft phon
which stabilizes the commensurate lattice deformation,10,4

seems to be a characteristic feature of all these system
CuGeO3 the experimentally observed field at theD/I transi-
tion is rather low compared to the calculated one. Moreov
the transition temperatures at theU/I transitions are larger
and less field dependent than predicted by theory. Thus,
H-T phase diagram yields no evidence that details of
phonon spectrum favor theD phase compared to the othe
phases. In agreement with this conclusion drawn from
H-T phase diagram no pre-existing soft phonon has b
observed so far in CuGeO3.

.
e
d

ed



he
an
o

ll a
e
tio

cl
n
b
t

a
-

e
n
t
as

e
e

s,
si

f
h

is

th
e
O
E
e-
c
e
re

w
e

o
la

ri-

ore

es

g-
sion

n

r-

r
he
s
m-

en
sion
ion

us

5920 55T. LORENZ et al.
V. FIELD DEPENDENCE OF THE THERMAL EXPANSION
AND THE SPIN-PEIERLS ORDER PARAMETER

The presented data of the magnetostriction and the t
mal expansion in magnetic fields do not only allow for
accurate determination of the phase diagram. Information
thermodynamic properties of the phase transition as we
information about the field and temperature dependenc
the structure are also obtained from these high-resolu
measurements of the lattice constanta. Before we discuss
the field dependences in detail, we recall the basic con
sions drawn from the zero-field data in the following sectio
In addition, all properties, whose field dependences will
analyzed in the subsequent four chapters, are defined in
section.

A. Zero magnetic field

The main conclusions from the anomalies of the therm
expansion coefficient atTSP in zero magnetic field have al
ready been presented in a previous publication.14 From gen-
eral thermodynamic arguments an anomaly ofa is expected
for each phase transition with a finite pressure dependenc
the transition temperature. This yields not only for mea
field jumps, where the anomalies ofa and the specific hea
Cp are related via the Ehrenfest relation, but also for ph
transitions strongly affected by fluctuations42 as the spin-
Peierls transition in CuGeO3.

14,32Assuming a finite pressur
dependence ofTSPone expects the same temperature dep
dence of the leading singular parts ofCp anda at the phase
transition. Quantitatively both quantities are related by
scaling factor measuring the~positive or negative! uniaxial
pressure dependence of the transition temperature. Thu
long as one treats the anomalies of the thermal-expan
coefficient~Da! and the specific heat (DC) in a similar way,
one can determine the uniaxial pressure dependence o
transition temperature in the limit of vanishing pressure. T
relationship reads

]TSP
]p U

p→0

5VmTSP
Da

DC
, ~1!

whereVm denotes the volume per mol. Experimentally it
found that in CuGeO3 the similarity betweenCp and a is
restricted to a very narrow temperature rangeuTSP2Tu&0.2
K, where sample inhomogeneities may strongly alter
temperature dependence. Therefore it is not possible to
tract the critical behavior of the specific heat in CuGe3
~Ref. 32! from the thermal-expansion data. Nevertheless,
~1! is valid for CuGeO3, since the hydrostatic pressure d
pendence calculated from the thermal expansion and spe
heat14 perfectly agrees with the hydrostatic pressure dep
dence that is directly determined via susceptibility measu
ments at finite pressures.43

To obtain a quantitative measure of the anomaly size
consider the largest deviation of the measured thermal
pansion from the extrapolated behavior aboveTSP ~aextr,
solid line in Fig. 1! Da[max @a~T,TSP!2aextr# i.e., the
height of the asymmetric peaklike anomaly. Note thatDa
does not correspond to a real jump ofa in the sense of a
mean-field theory. BelowTSP the anomalous contribution t
a, i.e., the difference between the measured and extrapo
r-
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temperature dependenceda(T)[a(T)2aextr(T), strongly
differs from that of the specific heat. This is found expe
mentally, but also expected from, e.g., CF theory.C~T,TSP!
is dominated by the magnetic excitations and theref
shows activated behavior at low temperatures,44,32,33whereas
da is closely related to the structural order parameter (Q),
i.e., the dimerization of the lattice. By definition it measur
the development of a spontaneous strain~e! in the D
phase.14–16

To describe the temperature dependence ofe andda and
their relationship toQ one can start from the usual Ginzbur
Landau expansion of the free energy. Taking the expres
given by Cross and Fisher,3 adding the elastic energy 1/2ce2

~c5elastic constant! and assuming a coupling betwee
dimerization and lattice strainsmQ2e ~m5const!, which is
quite common for structural phase transitions,45 the free en-
ergy reads

F5gF12
T

TSP
2
1

2
hS H

TSP
D 2GQ21

1

2
nQ41mQ2e1

1

2
ce2.

~2!

The constantsg, h, andn are related to the mean-field the
modynamic properties belowTSPand the leading order of the
decrease ofTSP in magnetic fields.

3 In thermodynamic equi-
librium without external stress, i.e., for]F/]e50, it is easy to
obtain the relationship betweene and the order paramete
from Eq. ~2!. The spontaneous strain is proportional to t
square of the order parameter14,16 and thus the anomalou
contribution of the thermal expansion represents the te
perature derivative ofQ2:

Q2~T!52
c

m
e~T![2

c

m E
TSP

T

da~T8!dT8. ~3!

In Fig. 6 we show that in zero field the scaling betwe
the spontaneous strain obtained from the thermal-expan
coefficient and the intensity of a superstructure reflect
from neutron-scattering data46 is fulfilled in the entire tem-

FIG. 6. Comparison between the spontaneous strain~d! and the
intensity of a superstructure reflection~s! found from neutron dif-
fraction ~Ref. 46!. Main part: Zero-field data. Inset: Spontaneo
strain inH510 T and neutron-scattering intensity inH59.85 T.
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55 5921TEMPERATURE AND MAGNETIC-FIELD DEPENDENCE . . .
perature range belowTSP ~see also Ref. 16!. The intensity of
the superstructure reflection is proportional to the square
the dimerization, i.e., of the structural order parame
Moreover, it is apparent from Fig. 6 that the thermal exp
sion yields a high-resolution measurement ofQ2(T), since
the scatter of these data is much smaller than that of
diffraction experiments.

At this point we mention that it is also possible to dete
mine the temperature dependence of the spin-Peierls o
parameter in external fields from Eq.~3!. In this case one ha
to define the anomalous contribution ofa with respect to the
extrapolated behavior ofa measured in the correspondin
field. For quite general reasons a finite field dependencea
in theU phase, i.e., a finite magnetostriction, is expected
to the magnetoelastic coupling which is a precondition
the occurrence of a spin-Peierls transition. This magnetoe
tic coupling also implies a magnetic-field dependence
aextr. However, in our analysis ofQ(T,H) which we will
present in the subsequent sections we will neglect this fi
dependence ofaextr for two reasons.

First, as shown in Fig. 1 the field dependence ofa in the
U phase is extremely small~not resolvable!. Note that this
does not contradict a finite magnetostriction, since the m
netic part ofa does not scale with the magnetostriction its
but with its temperature dependence, which is very weak
the U phase as mentioned in Sec. III B. Second, althou
aextr is not known exactly, it is apparent from Fig. 1 that it
much smaller than the anomalous contributionda. Thus, any
reasonable choice of the background as a function of t
perature and field yields the same anomalous contributionda
within our resolution. Therefore in the following we wi
assume a field independentaextr. Up to now there are only
few diffraction data of CuGeO3 in magnetic fields available
to check our assumption. The inset of Fig. 6 compares
spontaneous strain in a field of 10 T to the intensity o
superstructure reflection in a field of 9.85 T.46 Although
there are small differences in the fields as well as their
entations with respect to the crystal axes the agreement o
data is quite good. We mention that the same scaling fa
was used for comparing the zero-field and field data, resp
tively.

Let us now turn to the discussion of the temperature
pendence of the spin-Peierls order parameter in zero field
Fig. 7 we compare the experimentally determin
Q2(T)/Q2~0 K! to a theoretical BCS temperature depe
dence~dotted line!, which has been found for other spin
Peierls compounds.47 Obviously, there are strong deviation
in the entire temperature range belowTSP for CuGeO3. For
T→TSP this is of course due to the fluctuations of the ord
parameter. As a further consequence of these fluctuat
the transition temperature is reduced compared to a hy
thetical mean-field transition temperature~TSP

mf!. Since the
mean-field temperature dependence ofQ depends onTSP the
fluctuations may also explain the deviations between
measuredQ2(T) and the dotted line in Fig. 7 at low tem
peratures. Vice versa, assuming a BCS mean-field temp
ture dependence at low temperatures one can estimate
decrease of the transition temperature due to fluctuation
corresponding analysis is shown in Fig. 7. Below about 10
the experimentally foundQ2(T) follows a BCS temperature
dependence with aTSP

mf.15.8 K, i.e.,~TSP
mf2TSP!/TSP

mf.10%.
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Although there is a large uncertainty and in addition to th
no real physical meaning ofTSP

mf , we emphasize that a quan
titative comparison to mean-field theories has, in princip
to consider a decrease ofTSPwhich is due to fluctuations.

Close, but not too close, to the phase transition the te
perature dependence of the spontaneous strain is well
scribed by a power lawe}(TSP2T)2be ~Fig. 7, see also
Refs. 14 and 48!. From a fit to our data we find 2be50.61~5!.
The large error in the exponent is a direct consequence o
uncertainty in the absolute value ofTSP discussed above
Renormalization-group theory predicts an expon
b50.325 for the order parameter of the three-dimensio
structural transition in CuGeO3 ~universality class 3d Ising!.
This prediction is confirmed by our data when assuming
scaling betweene andQ2 @see Eq.~3!#. However, note that
the large error bar of 2be prevents a further discrimination
between different three dimensional universality clas
~XY, Heisenberg!. Moreover, deviations from the power-law
behavior of the spontaneous strain occur very close toTSP.
This is only partially due to sample inhomogeneities, sin
such deviations are also expected for a more general rea
As mentioned above the critical behavior of the therm
expansion coefficient for temperatures very close toTSP is
expected to scale with that of the specific heat. Therefore
critical behavior ofe5*da should change very close toTSP
and finite values of*da aboveTSP are expected.

In the following four sections we will investigate the fiel
dependence of the quantities defined above, i.e., the
dependence of~i! the anomaly sizeDa, ~ii ! the critical expo-
nent 2be , ~iii ! the spontaneous straine, and~iv! the tempera-
ture dependence of the order parameterQ.

B. Field dependence ofDa

As can already be inferred from Figs. 1 and 2, the size
the anomalies ofa markedly decreases as a function ofH. In
Fig. 8Da is plotted as a function of the magnetic field. Th
correlation between this field dependence ofDa and the
phase diagram is apparent. A dramatic change ofDa occurs

FIG. 7. Symbols: Temperature dependence of the squared o
parameter in zero magnetic field as obtained from the thermal
pansion. Solid line: Power law~14.352T!0.61 representing the
order-parameter fluctuations close toTSP. Dotted line: BCS
mean-field behavior forTSP514.35 K. Dashed line: BCS mean
field behavior for a hypotheticalTSP

mf515.8 K ~see text!.
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5922 55T. LORENZ et al.
exactly at the field, where the character of the phase tra
tion changes. Therefore a clear discrimination betweenU/D
andU/I transitions is possible, when considering the te
perature dependence of the lattice constants. Furtherm
our data indicate significant structural differences betw
theD andI phases. The much smaller anomalies ofa at the
U/I transitions mean that the spontaneous strain in thI
phase is strongly reduced compared to that in theD phase
~see below!. Besides this pronounced change ofDa(H) at
the tricritical point the data in Fig. 8 also show a smal
decrease ofuDau with increasing field for bothU/D andU/I
transitions. Although we could follow the latter only within
restricted field range, our data suggest a rather strong
dependence ofDa at the U/I phase boundary, which
amounts to about 5%/T. This rather strong decrease, w
occurs at a roughly constantTSP, indicates the presence o
continuous structural changes within theI phase as a func
tion of H.

At theU/D phase boundary we find a much weaker fie
dependence ofDa, though the transition temperature d
creases stronger. Up toH512.15 T the reduction ofDa
amounts only to about 10%. Note that the decrease ofuDau
obtained in the entire field range ofU/D transitions is much
smaller than the decrease of the specific-heat anomaly fo
for a rather small field of 6 T.32 Moreover, as visible in Fig.
8 uDau shows a nonlinear decrease with increasing field si
lar to that of the transition temperatureTSP(H). Indeed the
decreases of both quantities can empirically be related
each other. The ratioDa/ATSP(H) ~right part of Fig. 8! is a
constant value for all magnetic fields, i.e.,Da(H)
}ATSP(H).

The size of the anomaly ofa is related to the~uniaxial!
pressure dependence ofTSP @Eq. ~1!#, which strongly differs
for different spin-Peierls compounds.2 Thus,Da itself is not
predicted by theory. However, the field dependence ofDa
can be compared—at least qualitatively—to theoretical p
dictions. The universalH-T phase diagram of spin-Peier
compounds implies a similar universality for a single co
pound when studied at finite pressure. This is valid at leas
the limit of vanishing pressure, which is sufficient to discu
our data. A pressure-induced change ofTSP~H50 T! also
affects the scaling of the field axis in the phase diagram.
take this into account]TSP/]p has to change as a function o
H:

FIG. 8. Left panel: Anomaly sizeDa[max~a2aextr! as a func-
tion of magnetic field. Right panel:Da/ATSP versus magnetic
field ~see text!. The dashed vertical lines denote the field at t
tricritical point.
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]TSP~H,p!

]p U
p→0

5
]TSP~0,p!

]p U
p→0

3S TSP~H !

TSP~0!
2

H

TSP~0!

]„TSP~H !…

]H D ~4!

.
]TSP~0,p!

]p U
p→0

S 11t
g2H2

4TSP
2 ~0! D

~ for H<6 T!. ~5!

Note that the expression in the brackets of Eq.~5!, which is
derived from the quadratic decrease ofTSP(H) ~see Sec. IV!,
is larger than 1. This means that the absolute value of
pressure dependence ofTSP increases with increasing mag
netic field. Combining Eqs.~1! and~4! the field dependence
of Da is given by

Da~H !

Da~0!
5

DC~H !

DC~0! S 12
H

TSP~H !

]„TSP~H !…

]H D . ~6!

It is apparent from this equation that one expects a ra
small change ofDa as a function of the magnetic field. Es
pecially, the decrease of the relative anomaly sizeDa(H)/
Da~0! is expected to be much weaker than that of the spec
heat. However, a detailed knowledge of the field depende
of the specific heat is necessary to analyze the simple sca
we find betweenATSP andDa ~Fig. 8!. Simple models for
DC(H), e.g., based on the free energy given in Ref. 3,
not sufficient. Assuming a mean-field behavi
DC(H)}TSP(H) one even obtains an increase ofuDau with
increasing field, which is in disagreement with the da
Studies of the specific heat in high magnetic fields are
progress and a detailed comparison ofDC(H) andDa(H)
obtained at the same crystal will be given in a forthcomi
publication. At present we conclude that the rather sm
field dependence ofDa for fields below 12 T shown in Fig.
8 is in qualitative agreement with the field dependence e
mated from thermodynamic relations.

C. Critical behavior of the spontaneous strain
in external fields

In zero magnetic field the spontaneous straine close to
TSP follows a power law expected for the squared order
rameter~see Fig. 7!. In Fig. 9 we showe as a function of the
reduced temperature 12T/TSP(H) for several magnetic
fields in a double logarithmic scale. From these plots a po
law-behavior in a rather field-independent temperature ra
0.7,T/TSP,0.95 is found for all fields studied except thos
very close to the tricritical point, where two transitions occ
~see Fig. 3!. Moreover, it is apparent from Fig. 9 that for low
magnetic fields the slope in the double logarithmic scale
roughly constant, i.e., the exponent 2be is constant. There is
however, a pronounced difference between the low-field d
and those at 15 and 16 T, where a smaller exponen
present.

The field dependence of 2be is plotted in the lower part of
Fig. 9. As mentioned above and displayed in the figure th
is a rather large systematic error~60.05! of the absolute
values due to the uncertainty in the absolute value ofTSP at
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55 5923TEMPERATURE AND MAGNETIC-FIELD DEPENDENCE . . .
a given field. This uncertainty does, however, not affect
field dependence of 2be , since the field-induced decrease
TSP is extractable with much higher accuracy from our da
In other words, an alternative definition ofTSP in zero mag-
netic field causes a shift of 2be to higher or lower values, bu
the field dependence of 2be shown in the lower part of Fig. 9
remains nearly unchanged. For theU/D transitions at low
fields a large exponent of about 0.6 is found, which d
creases only slightly with increasing field. Within the err
this value is consistent with that expected for a 3d Ising
transition~b50.325! as discussed for the zero-field data.

The critical exponents of theU/I transitions are signifi-
cantly smaller than those of theU/D transitions and show a
rather strong increase with increasing magnetic field. T
interpretation of the findings for theU/I transition is more
complicated for two reasons. First the nature of theI phase is
still discussed controversially9 and there are to our knowl
edge no theoretical predictions for the critical exponen
Second our studies are restricted to a field range rather c
to the tricritical point where theory predicts a smaller exp
nent b50.25. This proximity might be the reason for th
systematic increase of 2be with increasing field and thus, on
may argue that the small exponents we observe for allU/I
transitions are related to tricritical behavior. However, abo
Hc the range of small 2be is much larger than belowHc ~Fig.
9!. This pronounced difference indicates a critical behav
within the I phase, which differs from the rather usual o
found at theU/D transitions. In principle the small values o
2be might also arise from a different strain order-parame
coupling in theI phase. However, as we will show below

FIG. 9. Critical behavior ofe. Upper panel:e versus reduced
temperature on a double logarithmic scale. The curves are sh
for clarity. Lower panel: Magnetic-field dependence of the criti
exponents 2be .
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the temperature dependence of the spontaneous strain
high fields indicates the usual linear quadratic coupling
the U/I transitions, too. Irrespective of whether the critic
behavior at theU/I transition is intrinsically characterized b
a smallerbe or the tricritical behavior is found in a large
field range, the critical exponents indicate a qualitative d
ference between theD and I phases.

D. Magnetic-field dependence of the spontaneous strain

From our data of the thermal-expansion coefficient
magnetic fields we can follow the spontaneous strain a
function of magnetic field as well as a function of tempe
ture. Figure 10 presents the development of the spontan
strain as a function ofH and T. In addition, we show the
spontaneous strain as a function of temperature for so
representative fields in Fig. 11. The magnetic-field dep
dence ofe is dominated by the field-induced phase tran
tions. At low temperatures there is only a moderate decre
of e with increasing field within theD phase, i.e., forH&12
T. At the discontinuousD/I transition a strong decrease ofe

ed
l

FIG. 10. Spontaneous strain~s! as a function of temperature
and magnetic field. The phase boundaries between theU, D, andI
phases are given by the closed symbols~d!.

FIG. 11. Spontaneous strain as a function ofT for several mag-
netic fields given in the figure. The different field ranges repres
the different kinds of low-temperature phases. AtH512.5 T the
competition betweenD and I phase close to theD/I phase bound-
ary is seen.
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5924 55T. LORENZ et al.
occurs in a narrow field range followed by a weaker decre
within the I phase. Close to theD/I boundary the tempera
ture dependence ofe reflects the competition between the
phases leading to multiple transitions.

The field dependence ofe at fixed temperatures is close
related to the field dependence of the lattice constant, i.e
our measurements of the magnetostriction presented in
III. However, small but significant differences occur, wh
comparing the field dependence of the lattice constana
quantitatively withe. The field dependence ofe is always
smaller than the magnetostriction at the same tempera
~see Figs. 4 and 11!. These differences arise from the fini
magnetostriction aboveTSP. Whereas the spontaneous stra
is zero and thus field independent aboveTSP, the lattice con-
stant does depend on the magnetic field. From the defini
of the spontaneous strain one obtains

e~H,T!2e~O,T!5E
T0.TSP

T

@da~H,T8!dT82da~0,T8!#dT8

5
DL~H,T!

L
2

DL~H,T0!

L
. ~7!

Equation~7! means that the field dependence ofe at a tem-
peratureT is given by the difference of the magnetostrictio
at the same temperature and the magnetostriction at a
peratureT0 aboveTSP. Subtracting the magnetostriction da
atT0520 K from the low-temperature magnetostriction lea
to a good agreement between the spontaneous strain de
from the magnetostriction and thermal-expansion data,
spectively. That means that the lattice constant and the s
taneous strain follow variations ofT andH in a reversible
way in almost the entire field and temperature range. T
only exception is a small region around theD/I phase
boundary at low temperatures where hysteresis effects
present in the magnetostriction.

Please note that the need for correcting the magnetos
tion data before comparing withe does not imply that the
magnetostrictive effects present in theU phase are also rel
evant in the dimerized phase. The correction according
Eq. ~7! is just a consequence of the definition of the spon
neous strain. There is, however, some experimental evide
for an unexpected magnetoelastic coupling in theD phase. A
closer inspection of the magnetostriction data in Fig. 4 be
about 5 K shows a small increase ofa with increasing field
in theD phase. Since the sign of this effect differs from t
magnetostriction found at the field driven transitions, it
probably not related to the field dependence of the spont
ous strain. However, there seems to be a correlation to
magnetostriction in theU phase, which shows the same si
and order of magnitude. At present we have no explana
of this finite magnetostriction in the dimerized phase at l
temperatures. Detailed investigations of the other lattice c
stants and also for crystals with different impurity concent
tions are in progress to clarify this low-temperature behav

A detailed discussion of the temperature dependence oQ
in external fields will be given in the following section. He
we will restrict the discussion ofe(H) to the low-
temperature range, i.e., forT→0. Within theD phase the
scaling between the spin-Peierls order parameter and
spontaneous strain is valid as discussed in Sec. V A. Thu
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is apparent from Fig. 11 that the field dependence of
order parameter at low temperatures is extremely weak.
trapolating the data toT50 our measurements are consiste
with a field independentQ2~0!. In other words, not only the
wave vector of the distortion is pinned and thus field ind
pendent up to the critical fieldHD/I but also the amount o
the structural distortion forT→0 does not change as a fun
tion of H. This is in striking contrast to the strong decrea
of the energy gap in the magnetic excitations due to
Zeeman splitting of the triplet state.37 The scaling between
structural deformationQ and the energy gap, theoretical
expected and observed in CuGeO3 for zero magnetic
field,16,49 is obviously not present at finite fields. Howeve
we emphasize that this is not in contrast to theoretical tre
ments of the spin-Peierls transition. For example, calcu
tions within theXY model really yield a field-independen
order parameter atT50.50

A similar simple interpretation ofe(H) as a measure o
the amount of the structural distortion is not possible at a
above theD/I phase transition. The spontaneous strain for
individual field is a consequence of the strain ord
parameter coupling, too. According to our datae is reduced
but still large for theU/I transitions. However, in contrast t
the behavior at low fields the character of the lattice dist
tion now changes as a function ofH. This has been studied
with x-ray diffraction showing a field-dependent wave vec
q of the lattice distortion at and slightly above theD/I
transition.9 In this field range it is impossible to correlate th
field dependence of the spontaneous strain to a single q
tity. Assuming a homogeneous incommensurate modula
of the lattice the decrease of the spontaneous strain may
consequence of a reduced amplitude of the distortion an
a consequence of a wave-vector-dependent strain or
parameter coupling. Similarly, assuming a domain-wall p
ture, the decrease ofe may be a consequence of a reduc
amplitude of the distortion within the individual domain
and/or the number of domain walls. With the present kno
edge of the structural deformation in theI phase it seems
neither possible to favor one of the two models nor to rel
the e(H) to a structural characteristic of theI phase. How-
ever, note that the large anomalies at theD/I transition
clearly show structural differences between theD and I
phases. Moreover, as visible in Fig. 11 and also in the m
netostriction data, there is no indication for a field indepe
dente for T→0 as we observe within theD phase. Obviously
the structural parameter~s! determining the spontaneou
strain in the I phase continuously change with increasi
field.

E. Temperature dependence of the spin-Peierls order
parameter in external fields

The field dependences of the quantities discussed in
last three subsections,Da~TSP!, 2be , ande~T5const!, mainly
reflect the field driven phase transitions. In particular, th
are only minor changes within theD phase. A completely
different picture is obtained when considering the tempe
ture dependence of the order parameter. Within theD phase
the temperature dependence ofe well below TSP systemati-
cally increases with increasing field~see Fig. 11!. For fields
of 15 and 16 T, i.e., in theI phase, a much smaller slope
obtained. In order to analyze the temperature dependenc
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the ~squared! order parameter we will not consider the spo
taneous strains plotted in Figs. 10 and 11. Instead of tha
will directly investigate their temperature derivativesda,
where small changes of the temperature dependence oQ2

show up more clearly.
As a starting point of this discussion we investigate

field dependence ofda in the low-temperature range. Figur
12~a! showsda at a fixed temperature of 5 K as afunction of
magnetic field. It is apparent that this field dependen
strongly differs from those discussed in the last sections
particular, it strongly differs from the field dependence of t
anomaly sizeDa at TSP. Within theD phaseudau systemati-
cally increases withH. At theD/I boundaryuda~5 K!u jumps
back to smaller values and for higher fields it is rough
constant. We emphasize that this strong field dependenc
da~5 K! in theD phase is not due to the decreasingTSP(H).
As displayed in Fig. 12~b! at a fixed reduced temperatu
~TSP/2! a very similar field dependence ofda is present in the
D phase. However, in this representationudau is significantly
smaller in theI phase than in theD phase. This difference
can be traced back to the different sizes of the anomalie
TSP ~see Fig. 8!. In Fig. 12~c! the different sizes are take
into account by considering relative values, i.
da~TSP/2!/Da, as a function ofH. The result is rather sur
prising. The zero-field value roughly coincides with the v
ues at very high magnetic fields, i.e., with those of theI
phase. However, the pronounced field dependence ofda
within theD is still present.

In the following we first analyzeQ2(T) for different mag-
netic fields within theD phase. In order to avoid complica

FIG. 12. Different representations of the temperature deriva
da5]e/]T}]Q2/]t of the spontaneous strain versus magne
field: ~a! da(H) at a fixed temperatureT55 K. ~b! da(H) at a
fixed reduced temperaturet5TSP(H)/2. ~c! 2da/Da at
t5TSP(H)/2 ~see text!.
-
e

e

e
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tions due to tricritical behavior and the additional anomalie
in the vicinity of theD/I phase boundary~see Fig. 3! we
restrict the discussion to fields below 11 T. From the dat
analysis given in the previous sections one concludes that t
decrease of the transition temperature is the main cons
quence of the magnetic field in this field range, whereas on
minor changes occur in all structural quantities. In particula
the zero-temperature value ofQ2 as well as its critical be-
havior are roughly field independent. Thus, one might eve
expect a universal relationship between the order parame
and the reduced temperaturet5@TSP(H)2T#/TSP(H) within
theD phase, i.e., a simple scaling behaviorQ(t,H)5Q(t,0).

However, this universality is not present at all in theD
phase. To demonstrate this we considerda•TSP(H), i.e., the
derivative ]e(t)/]t}]Q2(t)/]t ~Fig. 13!. Obviously there
are pronounced systematic differences of the temperature d
pendence ofQ in different magnetic fields. Close to the tran-
sition temperature]Q2(t)/]t decreases withH, whereas at
low temperatures the opposite field dependence is present.
t.0.44 all curves meet in a single point, i.e.,]Q2(t)/]t is
field independent for this particular reduced temperature. It
not possible to improve the agreement between the curv
for different magnetic fields in the whole temperature rang
by any normalization ofda ~see the inset of Fig. 13!. For
example, when investigatingQ2(t) divided by its zero-
temperature value, i.e., the quantity shown for the zero-fie
data in Fig. 7, a systematic increase of the derivative withH
is obtained at low temperatures. Thus, the BCS-like low
temperature behavior ofQ(T) present forH50 ~see Fig. 7!
does significantly change with increasing magnetic field.

Instead of a field-independentQ(t) we empirically find a
rather surprising result. The temperature dependence of t
order parameter in different magnetic fields is universal o
an absolute temperature scale. Figure 14 shows a plot o
da/ATSP(H) versus@T2TSP(H)#: All the curves from 0 up
to 11 T, i.e., in the entire field range of the dimerized phas
perfectly agree within the experimental resolution. Note tha
the factor 1/ATSP(H), which is used to scale they axis, is
necessary to take into account the slight decrease of t

e
c

FIG. 13. Derivativeda•TSP(H)}]Q2(t)/]t versus reduced tem-
peraturest for different magnetic fields given in the figure. Inset:
Same data after an arbitrary normalization of they axis.
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anomaly sizeDa. We emphasize that the temperature a
for the different curves in Fig. 14 is not scaled but simp
shifted by the field-dependent transition temperature. To
knowledge there is no theoretical calculation of the tempe
ture dependence of the spin-Peierls order parameter in m
netic fields, at least none that is consistent with our findin
For example from the exact solution of theXY model one
obtains indeed an increase of]Q2/]t with H at low tempera-
tures. However, the opposite field dependences for small
large reduced temperatures as well as the crossing att.0.44
are not obtained.50

Now we turn to the temperature dependence of the sp
taneous strain in theI phase, which compares well with tha
in zero magnetic field. At first sight any similarity betwee
high-field and zero-field data is covered by the much sma
size of the anomalies at theU/I transition. However, the dat
in Fig. 12 already give a first hint on this similarity: Afte
normalizing theda axis the temperature derivatives of th
spontaneous strains at high fields nearly agree with tha
zero field atTSP/2 @Fig. 12~c!#. This holds atTSP/2 but also in
the entire low-temperature range. On reduced scales the
perature dependences ofda in H50 and 16 T are very simi-
lar ~see Fig. 15!. Only close toTSP slight differences are
present, which have already been discussed in connec
with the critical exponent 2be ~see Fig. 9!. The scaling used
to obtain agreement betweenH50 and 16 T data is quite
natural, since the first—considering the reduced tempera
TSP/2—takes into account the smallerTSPand the second the
reduced anomaly sizeDa and/or the reduced spontaneo
strain in theI phase~see Figs. 8 and 11!. From Fig. 15 one
thus concludes that apart from the absolute values of b
e~T50! andTSP the spontaneous strain in the incommen
rate phase corresponds to that found in theD phase atH50.
This similarity is also found for the other fields withU/I
transitions.

To connecte in the I phase to the order parameter of t
incommensurate modulation, we can follow the proced
applied forH50. A strain order-parameter coupling cause

FIG. 14. Universal temperature dependence of theD phase or-
der parameter. Note, that the temperature axis is only shifted bu
scaled byTSP(H). The division ofda by ATSP(H) takes into ac-
count the slight decrease of the anomaly size withH ~see text!.
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spontaneous strain and the temperature dependence ofe mea-
sures that of the incommensurate modulation@Eqs. ~2! and
~3!#. There are no neutron-scattering measurements of
superstructure reflections. Thus, we cannot prove a lin
quadratic coupling, as we did for smaller fields in Fig.
However, the similarity between zero and high magne
fields strongly indicates the same linear quadratic str
order-parameter coupling in theI phase. This means that th
spontaneous strain yields a measure of the squared orde
rameter of theI phase, too. In particular, at low temperatur
the order parameter of theI phase follows roughly a BCS
mean-field behavior~see Fig. 7!. Up to now there are, to ou
knowledge, neither measurements nor calculations ofQ(T)
in the I phase of any spin-Peierls compound. Thus, at pres
we can neither compare our result to other findings nor ju
whether the presented data give a possibility to distingu
between the different models of the structural distortion
the I phase, i.e., domain walls or sinusoidal modulation.

VI. CONCLUSIONS

Using a high-resolution capacitance dilatometer we h
investigated structural and thermodynamic properties of
inorganic spin-Peierls compound CuGeO3. The temperature
and field dependence of the lattice constanta have been
studied via measurements of the thermal expansion and
magnetostriction, respectively. Pronounced anomalies
found at all phase transitions present in the character
field temperature phase diagram of spin-Peierls compou
Thus, clear structural differences between the three ph
are established from our data. The very large anomalies
observe at all phase transitions allow for a precise deter
nation of theH-T phase diagram of CuGeO3. Moreover, our
data show that all phase boundaries strongly depend on p
sure, since the anomalies of the thermal expansion and
magnetostriction are related to the uniaxial pressure dep
dences of the transition temperature and field, respectiv
Summarizing our detailed comparison of the experimen
H-T phase diagram to existing theories, one concludes
there are pronounced discrepancies to the soliton theory
the other hand, the predictions given by Cross as well as

ot

FIG. 15. Comparison between the derivativ
da•TSP(H)}]Q2(t)/]t versus reduced temperaturet in H50 ~s;
left y scale! andH516 T ~d; right y scale!.
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Bulaevskiiet al.are in rough agreement with the experime
tal results. This holds for the first-order character of theD/I
transition and also for a quantitative comparison of the tr
sition fields at the phase boundaries. However, clear de
tions from the latter theories are also present. The temp
ture at the tricritical point calculated by Bulaevskiiet al., for
instance, is significantly too small. With respect to this po
the Cross theory agrees very well with the data. Moreov
the overall shape of theU/D phase boundary follows Cross
calculations although the field scales differ slightly. The ‘‘e
fective’’ field acting in CuGeO3 is about 10% larger than
predicted by theory. This enhancement indicates that part
lar magnetic properties of CuGeO3 determine the exact po
sitions of the phase boundaries.

Our high-resolution measurements of the lattice cons
do not only yield the phase boundaries. Properties of
ordered phase can also be extracted. From a simple treat
within Landau theory one obtains a scaling between
squared spin-Peierls order parameter and the spontan
strain, which is experimentally confirmed for theU/D tran-
sitions. Since the anomalous contribution of the therm
expansion corresponds to the temperature derivative of
spontaneous strain, our data yield a high-resolution meas
ment of the field and temperature dependence of the o
parameter. The temperature dependence of the order pa
eter is strongly affected by fluctuations. In zero magne
field, for example, there are pronounced deviations from
mean-field behavior in the entire temperature range. Clos
TSP a power law as a function of the reduced temperatur
found and the extracted exponent is consistent with the
dictions for a 3d-Ising transition. In order to describeQ2(T)
at low temperatures by a BCS-like behavior one has to
sume a 10% reduction ofTSP, which is due to fluctuations.

For the discussion of the field dependence of the spo
neous strain one has to discriminate between the diffe
low-temperature phases. Up to 12 Te(T,H) measures the
dimerization, i.e., the order parameter of theD phase. There
are three main conclusions from our data in this field ran
At very low temperatures the order parameter is nearly fi
independent. The critical behavior at theU/D transition is
also rather field independent for a wide field range. The th
finding is rather surprising. The temperature dependenc
Q2 is universal on an absolute temperature scale, i.e., w
e,
-
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plotting Q2 versusTSP(H)2T. In contrast pronounced sys
tematic differences are present after scaling the tempera
axes, i.e., when analyzingQ2 as a function of the reduce
temperature@TSP(H)2T#/TSP(H). Thus, the similarity to a
BCS-like behavior found forH50 rapidly vanishes with in-
creasing field.

The interpretation of our findings involving the incom
mensurate phase is more complicated. In this field range
wave vector of the structural deformation changes withH
and thus the spontaneous strain is not related to a single,
field-independent, structural parameter. The field depende
of e might be a consequence of a field-dependent order
rameter as well as a field-dependent strain order-param
coupling. Nevertheless, the temperature dependence ofe at a
given field reflects that of the corresponding order parame
At a fixed temperature, e.g., forT→0, there is a strong de
crease ofe with increasing field. This decrease is most pr
nounced at the first orderD/I transition itself, wheree re-
duces to about 40% of its zero-field value. Within theI phase
e shows a further decrease withH, which indicates continu-
ous structural changes as a function of field.

For fixed fields we analyzed the critical behavior ofe
close toTSP as well as its temperature dependence well
low the transition. The critical exponents in theI phase are
significantly smaller than those found in theD phase. Al-
though we could investigate theI phase only in a rathe
small field range, the critical exponents indicate a qualitat
difference betweenU/D andU/I transitions. Apart from the
region close toTSP the temperature dependence ofe in the I
phase compares well with that of the squared order par
eter forH50. Thus, the incommensurate lattice modulati
roughly follows a BCS mean-field behavior forT→0, similar
to the dimerization in zero magnetic field.
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