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X-ray-diffraction study of critical phenomena at the spin-Peierls transition in CuGeO3

M. D. Lumsden, B. D. Gaulin, and H. Dabkowska
Department of Physics and Astronomy, McMaster University, Hamilton, Ontario, Canada L8S 4M1

~Received 12 November 1997; revised manuscript received 30 January 1998!

We have performed x-ray-diffraction measurements of the critical phenomena associated with the spin-
Peierls phase transition in CuGeO3. Measurements of the order parameter indicate a value of the critical
exponentb of 0.34560.03 consistent with conventional three-dimensional~3D! behavior and in closest agree-
ment with 3DXY universality, as expected on theoretical grounds. This work also indicates a rather narrow
asymptotic critical region which explains much of the inconsistency reported in previous critical exponent
estimates. Measurements of the relative changes in lattice constants have also been carried out to allow for
detailed comparison between the spontaneous strains present below the transition temperature and the order
parameter. The order parameter and lattice constant measurements were performed in identical thermal envi-
ronments on the same sample to allow for direct comparison with no adjustment of transition temperature. This
comparison suggests good agreement between the two except near the transition temperature where fluctuation
effects are observed in the spontaneous strain which are less evident in the order parameter.
@S0163-1829~98!02622-8#
ys
n

n
ai
an
p
o

op
m

re
e
S
t

pl

t.
w
ys

s
-

e

up

st

f
e.

by

nge
ow-

in a

the

as-

ni-
re-

stal

-
ts
rly
I. INTRODUCTION

Quantum fluctuations in low-dimensional magnetic s
tems are known to result in unique and exciting phenome
One particularly interesting effect is the spin-Peierls~SP!
transition which occurs in quasi-one-dimensionalS51/2
Heisenberg spin chains with antiferromagnetic interactio
In the presence of strong magnetoelastic coupling, the ch
are found to undergo a dimerization at low temperatures
a concomitant gap in the magnetic excitation spectrum se
rating a nonmagnetic singlet ground state from a triplet
excited states. The presence of this gap yields an isotr
drop in the magnetic susceptibility below the transition te
perature (Tsp).

Experimentally realized SP systems are rare as th
dimensional ~3D! magnetic interactions usually drive th
system to a Ne´el ordered state before the magnetoelastic
transition can occur. Previously, the only known systems
undergo such a transition were composed of large, com
organic molecules,1 such as MEM~TCNQ!2 and
TTF~CuBDT!, with a very low density of magnetic momen
However, interest in this phase transition has been rene
with the discovery of a structurally simple, inorganic SP s
tem, CuGeO3. It is now well established that CuGeO3 under-
goes a SP transition atTsp;14 K.2–6 The isotropic magnetic-
susceptibility drop and characteristic decrease inTsp in the
presence of a magnetic field were observed by Ha
Terasaki, and Uchinokura.2 The gap in the excitation spec
trum has been directly observed with neutron scattering3 and
the singlet-to-triplet nature of the gap has been confirm
under application of a magnetic field.4 Finally, the dimeriza-
tion has been observed using x-ray,5 neutron,5 and electron
diffraction.6

CuGeO3 has an orthorhombic unit cell with space gro
570163-1829/98/57~22!/14097~8!/$15.00
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Pbmmand room-temperature lattice constants ofa 54.81 Å,
b58.47 Å, andc52.94 Å.7 ~Recent measurements sugge
a different but related crystal structure for CuGeO3 with
space groupP21212 and lattice constantsa59.60 Å, b
58.47 Å, andc511.78 Å.8 However for the remainder o
this paper we will refer to the conventional crystal structur!
The structure consists of chains of CuO4 octahedra stacked
along thec axis which are separated from each other
chains of GeO3 tetrahedra. The one-dimensional~1D! spin
chains are formed by Cu21 ions stacked along thec axis and
the one-dimensionality arises from a strong superexcha
interaction mediated through the O atoms. There exist, h
ever, non-negligible interchain couplings withJb;0.1Jc and
Ja;20.01Jc .3 It has been proposed that thec-axis dimer-
ization is out of phase between neighboring chains9 and this,
together with slight displacements of the O atoms results
doubling of the unit cell along thea axis in addition to the
expected dimerization of the spin chain. Consequently,
unit cell is doubled along botha and c and superlattice re-
flections of the form (h/2,k,l /2) with h and l odd have been
observed.

The measurements to date of the critical phenomena
sociated with the SP transition in CuGeO3 have produced a
rather murky picture with exponents spanning several u
versality classes. Early neutron measurements produced
sults consistent with tricritical behavior (b;0.25),10,11

whereas more recent neutron-diffraction studies on a cry
with a reducedTsp (;13.26 K) have determined a value ofb
consistent with 3D universality (0.3360.03).12 Thermal-
expansion measurements have yielded estimates ofb ranging
from 0.30 to 0.35,13,14 while ultrasonic attenuation has pro
duced ab estimate of 0.25.15 Specific-heat measuremen
have resulted in an equally unclear picture with an ea
measurement producing a rather large value ofa;0.4,16
14 097 © 1998 The American Physical Society
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14 098 57M. D. LUMSDEN, B. D. GAULIN, AND H. DABKOWSKA
while later measurements estimate values ofa consistent
with conventional 3D universality,20.15<a<0.12.17

While no clear picture as to the true universality of the
transition in CuGeO3 has existed, one thing that is clear
that the results for CuGeO3 are not the same as those for t
previously studied organic SP systems where critical p
nomena consistent with mean-field behavior have b
observed.18,19 The immature status of this experimental fie
led us to carefully examine the temperature dependenc
the superlattice peak intensity using x-ray diffraction w
high-temperature stability. A preliminary report of these
sults has been published previously.20

Previous neutron21 and x-ray-diffraction10 measurements
indicated a spontaneous strain in theb-axis lattice constan
which develops belowTsp and scales with the square of th
order parameter. The x-ray-diffraction results also seeme
indicate a slight upturn in thea-axis lattice constant but th
resolution was insufficient to ascertain whether this spon
neous strain also scales with the order parameter.10 Later
neutron work22 and high-resolution capacitance dilatome
measurements13 indicated spontaneous strains along all th
crystal axes. In order to understand the relationship betw
the order parameter and the spontaneous strains, we
performed high-temperature stability, high-resolution x-ra
diffraction measurements of the temperature dependenc
all three lattice constants. Our apparatus provides a un
opportunity to perform the spontaneous strain and order
rameter measurements on the same sample in iden
sample environments with identical thermometry. Both m
surements can be performed with very high-temperature
bility and the results can be compared directly with no co
pensation for temperature calibration. This should allow
detailed comparisons to be made and systematic devia
between the two quantities can be observed.

II. EXPERIMENTAL DETAILS

The single crystal used in these measurements was gr
from a CuO flux by slow cooling from 1220 °C. The dime
sions of the crystal were approximately 23130.5 mm3 and
the sample was of good quality with a mosaic spread
about 0.04° half width at half maximum~HWHM!. For both
the order parameter and thermal-expansion work, the sam
was mounted in a Be can in the presence of a He excha
gas. This can was connected to the cold finger of a clos
cycle He refrigerator and a temperature stability of ab
0.005 K was obtained over the temperature range of inte
The incident radiation was CuKa radiation from an 18 kW
rotating anode x-ray generator. For the order-parameter m
surements, a vertically focusing PG~0,0,2! monochromator
crystal was used in order to maximize the number of phot
incident on the sample. For the lattice constant meas
ments, a flat, perfect single crystal of Ge~1,1,1! was used as
the monochromator and the incident radiation consisted
Cu Ka1 only with Cu Ka2 being removed by distance co
limation before the sample.

III. ORDER PARAMETER

A. Experimental results

The temperature dependence of the (1/2,5,1/2) supe
tice Bragg peak was examined in order to measure the o
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parameter associated with the SP transition in CuGeO3. This
reflection was chosen due to its relative strength when c
pared to other possible reflections.9 It is important to note
that our measurements, as well as previously reported st
ture factor calculations,9 indicate that this superlattice peak
reduced in intensity by a factor of;1024 when compared to
principal Bragg peaks such as~0,4,0! and, consequently, ex
tinction effects should be negligible.

Prior to performing our measurements, the effect of sp
taneous strains present belowTsp on the peak position and
line shape of the superlattice peak were examined carefu
Both longitudinal and transverse scans through (1/2,5,1
were performed at temperatures near the transition and
well below the transition and the resulting longitudinal sca
at 7 and 13 K are shown in Fig. 1. The solid lines repres
best fits to a single Gaussian with resulting peak position
57.804~5! at 7 K and 57.807~5! at 13 K and corresponding
widths of 0.44~1! at 7 K and 0.44~1! at 13 K. We certainly
expected any changes in position or line shape which oc
below the transition temperature to be negligible given
relatively low-Q resolution configuration employed in thes
measurements. However, to emphasize this point, the i
shows the same data background subtracted and norma
to unity. Once again, there is no noticeable change in p
tion or line shape. Consequently, the peak intensity will
proportional to the square of the order parameter and

FIG. 1. Longitudinal scans through the (1/2,5,1/2) superlatt
reflection at temperatures of 7 and 13 K. The solid lines repres
best fits to a single Gaussian resulting in peak positions
57.805~5! at 7 K and 57.807~5! at 13 K with corresponding widths
of 0.44~1! and 0.44~1!. The inset shows the two curves backgrou
subtracted and normalized to unity.
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observed temperature dependence of the peak intensity
the (1/2,5,1/2) reflection is shown in Fig. 2.

B. Analysis and discussion

In order to determine the critical behavior of the ord
parameter, the measured data was fit to a power law in
reduced temperaturet512T/Tsp:

Intensity5I 0t2b1Background. ~1!

This power law is expected to be valid in the so-call
asymptotic critical region, nearTsp, where the length scale
associated with fluctuations in the order parameter domin
over all other relevant length scales in the system. As
moves below the asymptotic region in temperature, the
pected power-law behavior must be modified by succes
correction-to-scaling confluent singularity terms,23 the first
of which is shown in Eq.~2!.

Intensity5I 0t2b~11AtD!1Background, ~2!

where the exponentD has an approximate value of 0.5.
fitting the data to Eq.~2!, the exponentD was first treated as
a variable parameter, but was never found to deviate fr
0.5 in any significant manner. As a result,D was fixed at 0.5
for the remainder of the analysis.

FIG. 2. X-ray-scattering peak intensity of the (1/2,5,1/2) sup
lattice reflection as a function of temperature. The solid line rep
sents the best fit to a power law with the first correction-to-sca
term added@Eq. ~2!#. The inset shows the same data, backgrou
subtracted, on a logarithmic scale@~a! and ~b! have been displaced
vertically#. The solid line in~b! represents the same fit as in th
main panel, while that in~a! represents a fit of the data at sma
reduced temperaturet to a simple power law.
for

r
he

es
e

x-
e

m

An important point of note is that the sign of the corre
tion amplitudeA should be negative resulting in a correctio
term (11AtD) which is less than unity for temperatures b
low Tsp. This point is discussed in detail in the Appendix

The fit represented by the solid line in Fig. 2 represe
the best fit using the modified power law@Eq. ~2!# and yields
an exponentb of 0.34560.03 at a transition temperature o
14.0560.01 K. The inset of Fig. 2 represents the same p
intensity data, background subtracted, plotted on logarith
scales with fits to the simple power law~a! as well as the
power law with the first correction-to-scaling term include
~b!. The corrected power law describes the data very w
over the entire temperature range whereas the ordin
power-law fit is seen to deviate from and exceed the data
reduced temperatures in excess of about 0.03. To correc
this deviation, one clearly needs a correction term which w
be less than unity for temperatures belowTsp and thus the
correction amplitudeA in Eq. ~2! must be less than zero a
expected.

The deviation of the data from the simple power law
low temperatures motivated us to examine in more detail
dependence of the fits on the range of data included. T
fits were carried out as a function of the lowest temperat
included as this temperature is varied from about 12.5 K
to about 13.5 K. The results could not be extended m
beyond 13.5 K as the uncertainty in the fits became exc
sive. The obtained results forb as a function of lowest tem
perature are shown in Fig. 3 for fits to both the ordina

-
-

g
d

FIG. 3. The dependence of the critical exponentb on the range
of data included in the fits for fits to a simple power law@Eq. ~1!#
and to a power law with the first correction-to-scaling term add
@Eq. ~2!#. All fits are performed with the same highest temperatu
For reference, the predicted values ofb for 3D Ising, XY, and
Heisenberg universality are also included.
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14 100 57M. D. LUMSDEN, B. D. GAULIN, AND H. DABKOWSKA
power law@Eq. ~1!# as well as the power law with the firs
correction-to-scaling term included@Eq. ~2!#. Expectations
for the 3D Ising, 3DXY, and 3D Heisenberg universalit
classes are included in the figure as a point of referenc24

The value ofb obtained from the ordinary power law varie
continuously over the entire temperature range of inte
and we feel that this strong variation is largely responsi
for the wide range of values of critical exponents reported
previous measurements. The fits to the corrected power
@Eq. ~2!# show little dependence on the range of data
cluded. The fact that the value ofb obtained from the ordi-
nary power law varies over the entire temperature rang
taken as direct evidence that the asymptotic region is ra
narrow. The robust nature of the corrected power-law
indicates that only the first-order correction term is necess
to adequately describe the data at least over the temper
range which was investigated. Fits were also performed
ing a power law with the first two correction-to-scaling term
included and, as expected, no significant differences w
observed.

The extraction of the exponentb is generally made much
more difficult due to the presence of critical scattering fro
fluctuations in the order parameter in the immediate vicin
of the transition temperature. These fluctuations provide
ditional scattering at the ordering wave vector which atta
its maximum at the transition temperature where the size
the correlated regions diverge. This causes substantial cu
ture in the order parameter near the transition tempera
and makes the data in its immediate vicinity unusable. Ho
ever, in contrast to more traditional SP systems, there
been a great deal of difficulty in observing these critical flu
tuations in CuGeO3,

5,9–11 although recent measuremen
have made progress in this respect.12,25 Detailed scans were
performed through the (1/2,5,1/2) position at temperatu
nearTsp and no evidence of critical scattering was observ
The absence of critical scattering in our measurements m
it impossible to determine exponents associated with
Q-dependent susceptibilityx(Q) and the correlation length
j. It does, however, allow for a much more accurate de
mination of the exponentb associated with the order param
eter than is usually possible.

The dependence of the value ofb on the chosen transition
temperatureTsp was investigated in some detail as th
largely determines the accuracy of most critical expon
estimates. This dependence is shown in Fig. 4 whereb as
well as the goodness-of-fit parameterx2 are plotted versus
the chosen value of transition temperatureTsp. As can be
seen the value ofb obtained from these fits is a smoo
function of Tsp, indicating that, as expected, it is the unce
tainty in Tsp and not the statistical quality of the diffractio
data that is responsible for the uncertainty inb.

For reference, the expected values ofb for tricritical, 3D
Ising, 3DXY, and 3D Heisenberg universality are indicate
The plot ofx2 versusTsp has a very pronounced minima at
Tsp of about 14.05 K with a correspondingb value of about
0.345. The value ofb obtained from these measurements
consistent with conventional 3D behavior and strongly s
ports recent theoretical work26 based on a Landau-type de
scription of the free energy, where the displacements of b
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Cu and O are taken into consideration, which predicts
XY universality for whichb has been estimated theoretical
to be 0.345560.002.27

IV. LATTICE CONSTANTS

Our first set of measurements of the lattice parameter
CuGeO3 using a conventional approach led us to conclu
that such measurements would lack the resolution neces
for detailed comparison to the order parameter. The limit
factor was the mosaic quality of the single crystal and
subsequent lowering of Bragg peak intensity. The crys
used in these measurements has a mosaic spread of
0.04° HWHM. ~As a point of reference, the crystal used
the diffraction measurements of Harriset al. had a reported
mosaic of 0.009° HWHM.10! The conventional approac
consists of performing detailed longitudinal scans of the r
evant Bragg peaks and then extracting peak positions f
line-shape analysis.

A. Experimental description

The alternative approach we implemented is shown sc
matically in Fig. 5. As the temperature is changed, the p
in a longitudinal scan shifts position from pointA to pointB,
and thus the intensity at pointC undergoes a rather larg
change ending at pointD. In this way small changes in pea

FIG. 4. The dependence of the goodness-of-fit parameterx2

5( i$@ I calc(Ti)2I obs(Ti)#/s„I obs(Ti)…%
2 and the critical exponentb

on the chosen value of the transition temperatureTsp. The results
were obtained from fits to the power law with first correction-t
scaling term included@Eq. ~2!#. The predicted values ofb for 3D
Ising, XY, and Heisenberg universality, as well as for tricritic
mean-field behavior are included.
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position correspond to rather large intensity changes
those positions on the longitudinal scan whose slope is la
Large changes in position, such as those shown in Fig
could easily be measured using conventional techniques
this alternative approach has significant advantages for m
suring very small changes in lattice constant such as th
which occur in CuGeO3 ~the shift in peak position shown in
Fig. 5 has been exaggerated to allow for easier descriptio
the technique!. The technique allows high statistic measu
ments to be made as the time allotted per temperature no
the time involved in measuring a single point as opposed
that required for a detailed line shape. We estimate that
approach provided about an order of magnitude increas
sensitivity, resulting in measuredDL/L;1026.

The actual determination of the temperature depende
of the lattice constants consisted of the following procedu
The longitudinal line shape of a Bragg peak, such as
shown in Fig. 5 for the~0,0,1! reflection, was measured i
detail. An appropriate position on the line shape~such as
point C in Fig. 5! was selected so as to maximize changes
intensity. The temperature dependence of the intensity at
point was then measured. Initially, on ramping the tempe
ture, successive runs showed essentially the same rel
changes, but from one run to the next, there were often s
offsets in intensity. This was attributed to slight twists of t
sample-mount-cryostat system and to correct this, follow
each change in temperature, transverse scans were perfo
and the position was recentered in the transverse direc
This alleviated the offset problem as evidenced by the rep
ducibility of runs taken with both temperature increasing a
decreasing. The resulting data, shown in Figs. 6 and 7, w

FIG. 5. A sample longitudinal scan through the~0,0,1! Bragg
reflection. With a shift in peak position fromA to B, the intensity at
point C changes by a large amount, to that at pointD. The changes
in peak position represented by this figure are exaggerated an
shown to demonstrate the approach employed in the lattice con
measurements.
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typically made up of 8–10 runs with half done on warmin
and half on cooling. Finally, changes in peak position we
determined from changes in intensity using the detailed li
shape measurement.

Potential problems exist with this approach, such as s
tematic changes in the line shape due to, for example, sl
realignment of the grains which make up the mosaic sin
crystal. Throughout our measurements, we periodically p
formed longitudinal scans, such as those shown in Fig. 5
a check for these and related effects. In addition, as m
tioned above, the results were reproducible over many in
pendent warming and cooling runs.

B. Results and discussion

The results obtained for the temperature dependenc
the three lattice constants of CuGeO3 are shown in Fig. 6.
The results are presented as relative changes in lattice
stant normalized to give aD l / l of zero at a temperature of 2
K. For all lattice constants, the highestQ reflection possible
was measured to maximize resolution. Thea lattice constant
was measured using the~4,0,0! reflection while theb lattice
constant was measured using~0,8,0!. The c lattice constant
was measured from changes in the~0,0,1! peak position as
this was the highest attainable~0,0,L! reflection due to geo-
metrical constraints. The low-Q reflection used in measurin
c, coupled with the smaller magnitude of the spontane

are
ant

FIG. 6. Relative changes in thea, b, andc lattice constants as
a function of temperature normalized to produce aD l / l of zero at
20 K. The solid line represents the background obtained from m
surements on a 5% Zn-doped sample in addition to the order
rameter squared, as obtained from fits to the superlattice reflec
data shown in Fig. 2. The dashed line in the upper panel repres
the results obtained with a background fit using the data on the
sample for temperatures between 16 and 20 K, well above the t
sition temperature.
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strain along this direction,13 is responsible for the inferio
results obtained for this lattice constant compared with
other two.

As is evident from Fig. 6, there exist spontaneous stra
below Tsp for all three lattice constants. As a further cons
tency check, the magnitude of the changes in length w
compared to those obtained in previous capacitance dilat
etry measurements.13 We obtain relative length changes b
tween 12.5 and 14 K of 0.002, 0.004, and 0.0004 % fora, b,
and c, respectively, and these are in very close agreem
with dilatometry measurements where changes of 0.0
0.004, and 0.0003 % were obtained.13 We are therefore very
confident that the approach employed in measuring the s
taneous strains is free of systematic error.

It is important to note that this represents a substan
improvement over previous x-ray-diffraction results whe
measurements of thea-axis lattice constant indicated only
small upturn belowTsp and it had been suggested that t
changes in thec-axis lattice constant were too small to b
observed using such techniques.10 Our results show clea
changes in botha and c and the spontaneous strains alo
botha andb have been measured with sufficient accuracy
allow for quantitative analysis.

A difficulty in extracting the spontaneous strain from t
relative changes in lattice constant comes from determin
the background, representing the expected thermal expan

FIG. 7. Relative changes for thea, b, andc lattice constants as
a function of temperature for a single crystal of Cu12xZnxGeO3

with x;0.05. Again the data was normalized to produce aD l / l of
zero at 20 K. The solid lines represent the best polynomial desc
tion of the data. This was taken as an independent measure o
thermal expansion of pure CuGeO3 in the absence of the SP tran
sition.
e
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in the absence of the phase transition. This contribution m
be subtracted from the overall signal to isolate both the sp
taneous strain belowTsp and any possible fluctuation effec
nearTsp. Typically, the data well above the transition tem
perature would be fit to a suitable polynomial and this
would be taken to represent this background. In order
provide an independent measure of this background, lat
constant measurements were also performed on
Cu12xZnxGeO3 single crystal withx;0.05. The first studies
on the influence of Zn impurities on the SP transition
CuGeO3 indicated that this level of doping was sufficient
suppress the SP transition completely with only an antifer
magnetic phase transition at much lower temperature28

However, later measurements suggest that a sample with
concentration of Zn should exhibit a SP transition at a te
perature of about 11 K~Ref. 29! in addition to a lower tem-
perature Ne´el phase. While the precise nature of the pha
diagram for the Cu12xZnxGeO3 system is somewhat contro
versial, it is clear that Zn doping at the 5% level should
disruptive to the SP state displayed by the pure material,
thus this doped system may well serve for an appropr
background determination. The temperature dependenc
the three lattice constants in the 5% Zn-doped sample
measured using the approach described above and the re
ant relative changes are shown in Fig. 7. No evidence
spontaneous strains can be seen for temperatures betwe
and 20 K indicating the absence of a SP transition over
temperature range. This appears inconsistent with the p
ence of a SP transition at 11 K, as suggested by Sas
et al.,29 and is consistent with the absence of such a tra
tion as suggested by the earlier measurements of H
et al.28 Of course, any comparison between our present
sults and those of both Sasagoet al.29 and Haseet al.28 rely
on accurate determinations of the Zn concentration prese
the crystals employed in these studies.

The solid lines in Fig. 7 represent the best polynomial
describing the strain data for the 5% Zn-doped sample. Thb
lattice constant was fit to aT4 behavior as expected for th
low-temperature thermal expansion of an insulator where
thermal-expansion coefficient exhibits aT3 behavior:10

b5b0~11AT4!. ~3!

The a lattice constant could not be described by such
expression as it is observed to increase slightly at lower t
peratures. These data were fit to

a5a0@11A~T2T0!2#. ~4!

The best-fit line shown yields a value ofT0 of about 11.5 K
indicating an increase in thea lattice constant for tempera
tures below this value. One may argue this upturn to
indicative of a SP transition at this temperature, as would
expected from the phase diagram of Sasagoet al.29 How-
ever, no evidence of such a transition is seen in theb lattice
constant where the magnitude of the spontaneous stra
greatly enhanced and hence, we conclude that no SP tra
tion occurs in this sample over the temperature range of
terest.

These best-fit polynomial lines were taken to represent
thermal expansion of the pure material in the absence of
SP transition. Thus, the solid lines shown in Fig. 6 repres

p-
the
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this background with the order parameter squared added
temperatures belowTsp514.05 K. The order parameter wa
obtained from the best fit to the superlattice reflection d
shown in Fig. 2 using the modified power law@Eq. ~2!#. As
the measurements were carried out on the same crystal u
the same thermometry, no adjustment of the transition t
perature was required and the only tunable parameter is
overall amplitude@I 0 in Eq. ~2!#. This was scaled to provide
agreement atT;12.5 K as this is the lowest temperatu
included in the order-parameter measurements. The s
line in Fig. 6 gives a good description of the data for both
a-axis andb-axis lattice constants and, consequently,
conclude that the spontaneous strain does indeed scale
with the order parameter squared.

The importance of the independent background meas
ment can be appreciated by consideration of the dashed
in the upper panel of Fig. 6. This dashed line assume
background which is taken from a polynomial fit to the hi
temperature~16–20 K! data for thea lattice constant on the
pure sample. One can see that this provides an inferior
scription of the data and it is evident that the independ
background determination is necessary to properly desc
the data. The better agreement with the background obta
from the Zn-doped sample indicates that the upturn in
a-axis lattice constant observed for this sample is, in fac
good representation of the true background occurring in p
CuGeO3. This line still lies somewhat lower than the dat
suggesting that the true increase in background strain for
a-axis lattice constant below about 11.5 K in the pure ma
rial is slightly greater than that observed in the 5% Zn-dop
sample.

We have examined systematic deviations of the sponta
ous strains from the order parameter squared. The
shown in Fig. 6 are subtracted from the model calculat
represented by the solid lines in the same figure. The res
ing subtracted data were binned into groups of 5 and
results for both thea axis andb axis are shown in Fig. 8. As
a point of reference, the difference between the superla
reflection data and the order parameter fit, as shown in
2, is plotted in the inset. For the order parameter, signific
deviations from the fit are only observed for temperatu
within about 0.1 K of the transition temperature consist
with the absence of fluctuations. However, for both thea-
axis andb-axis spontaneous strain measurements, signific
deviations are observed within about 1 K of Tsp for the a
axis and within about 2 K for the b axis. We interpret these
differences as the presence of fluctuation effects in the sp
taneous strain data which are less evident in the or
parameter data. It is important to note that critical scatter
from fluctuations in the order parameter has been observe
several previous measurements5,12,25and the absence of suc
scattering in our order-parameter measurements is like
consequence of poor signal-noise. However, this effec
much more clearly observed in the spontaneous strain m
surements. Deviations are also observed in the case o
a-axis lattice constant at low temperatures (,12 K), how-
ever, this is a consequence of the slight difficulty in the ba
ground subtraction, as previously discussed. It is impor
to note that this slight difference in background does
alter the fluctuation effects observed in the vicinity ofTsp as
for
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this is largely determined by the shape of the order param
and the value of the transition temperature.

V. SUMMARY

In summary, we have performed high-temperature sta
ity measurements of the order parameter associated with
SP transition in CuGeO3 in the vicinity of Tsp and obtain a
value of the exponentb of 0.34560.03 at a transition tem-
perature of 14.0560.01 K. This value ofb is consistent with
conventional 3D universality and strongly supports the th
retical argument26 for 3D XY behavior, where the predicte
value ofb is 0.345560.002.27 Our results also demonstrat
that the asymptotic critical region is rather narrow and t
factor is most likely responsible for the inconsistency
critical exponent estimates obtained from previous meas
ments.

In addition, high-resolution, high-temperature stability
ray-diffraction measurements of relative lattice const
changes have been performed and this has allowed f
detailed comparison between the spontaneous strains pr
below Tsp and the order parameter. This comparison sho
the spontaneous strains to be well accounted for by the o
parameter squared with fluctuation effects present in
spontaneous strains, nearTsp, over a temperature range of a
least 1 K. These fluctuation effects, easily observed in

FIG. 8. Difference between the data and the model of the sp
taneous strain being proportional to the square of the order pa
eter~shown as the solid lines in Fig. 6!. The inset shows the differ-
ence between the superlattice reflection data and the best fit to
power law with correction-to-scaling included, which is the so
line shown in Fig. 2. For both the thermal expansion and or
parameter data, the resulting differences have been binned
groups of five to improve statistics.
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spontaneous strain measurements, are much more difficu
observe in the order parameter with little evidence seen
our results. The nature of this additional contribution to t
spontaneous strain is not clear, but the peak observed in
difference plots shown in Fig. 8 are reminiscent of tho
typically seen in measurements of heat capacity or
Q-dependent susceptibility due to the build up of critic
fluctuations near typical continuous phase transitions.
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APPENDIX: THE FIRST CORRECTION-TO-SCALING
AMPLITUDE

For a modified power law with the first correction-to
scaling term included, the amplitude of this term@repre-
sented asA in Eq. ~2!# should be less than zero.

To appreciate this, let us consider the case of mean-fi
theory where one commonly considers the solution to be

m;t1/2, ~A1!
r,

.

tt.

, P

-

.

J.

da
a

E
I.

g-

M

to
in
e
he
e
e
l

J.

f

ld

wherem is the order parameter andt512T/Tsp. This result
is only valid near the asymptotic critical region with th
temperature near the transition temperature. In fact wit
mean-field theory, the full solution of the order parameter
a function of temperature is known:30

m5tanhS Tsp

T
mD , ~A2!

where the order parameter is normalized to unity atT50.
The lowest order expansion of this transcendental equa
for temperatures nearTsp, wherem is small, results in

m531/2S T

Tsp
D t1/2. ~A3!

So one does obtain the commonly used form shown in
~A1!, but even the lowest-order expansion is modified b
termT/Tsp. One would expect the correction-to-scaling ter
in Eq. ~2!, when applied to mean-field theory, to modify th
order parameter in a manner consistent with theT/Tsp term
shown in Eq.~A3!. As this will act to reduce the order pa
rameter for temperatures belowTsp, one would expect the
same for the correction term (11AtD) in Eq. ~2! and, hence,
the first correction-to-scaling amplitudeA should be less
than zero.
m-

chi,

Z.

dl,

B

v.

se,
s.

-
u,

M.

ra,

.

1See J. W. Bray, L. V. Interrante, I. S. Jacobs, and J. C. Bonne
Extended Linear Chain Compounds, edited by J. S. Miller~Ple-
num, New York, 1983!, Vol. 3, p. 353, and references therein

2M. Hase, I. Terasaki, and K. Uchinokura, Phys. Rev. Lett.70,
3651 ~1993!.

3M. Nishi, O. Fujita, and J. Akimitsu, Phys. Rev. B50, 6508
~1994!.

4O. Fujita, J. Akimitsu, M. Nishi, and K. Kakurai, Phys. Rev. Le
74, 1677~1995!.

5J. P. Pouget, L. P. Regnault, M. Ain, B. Hennion, J. P. Renard
Veillet, G. Dhalenne, and A. Revocolevschi, Phys. Rev. Lett.72,
4037 ~1994!.

6O. Kamimura, M. Terauchi, M. Tanaka, O. Fujita, and J. Akim
itsu, J. Phys. Soc. Jpn.63, 2467~1994!.
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