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X-ray scattering study of two length scales in the critical fluctuations of CuGeO3
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~Received 20 April 2000; published 5 January 2001!

The critical fluctuations of CuGeO3 have been measured by synchrotron x-ray scattering, and two length
scales are clearly observed. The ratio between the two length scales is found to be significantly different along
thea axis, with thea axis along the surface normal direction. We believe that such a directional preference is
a clear sign that random surface strains, especially those caused by dislocations, are the origin of the long
length scale fluctuations.
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I. INTRODUCTION

High resolution x-ray and neutron scattering studies of
critical fluctuations associated with structural and magn
phase transitions typically reveal ‘‘two length scales,’’ th
is, two distinctive scattering line shapes superimposed u
each other in the critical scattering profile.1 Since the exis-
tence of the second length scale seems to contradict the
damental assumption of modern critical phenomena the
that there exists only one characteristic length in the crit
fluctuations, extensive experimental and theoretical effo
have been devoted to elucidating the exact origin of t
phenomenon. However, in spite of a significant amount
work dedicated to this problem, a consensus still has
been reached. Presently, there exist two main approac1

~1! models based on intrinsic near-surface effects and~2!
explanations involving near-surface random defects. The
cumulating experimental evidence seems to favor the
domness interpretation although there is still no definit
experiment to pinpoint the exact origin of the second len
scale fluctuations.

In the present paper, we present a high-resolution s
chrotron x-ray scattering study of the critical fluctuations
sociated with the spin-Peierls structural phase transition
CuGeO3. Not only do we clearly observe two line shapes
the critical scattering profile, but we also observe a dram
change of the anisotropy ratio of the correlation length div
gence along the three primary crystal axes. The existenc
the modified anisotropy ratio provides substantial evide
that near-surface dislocations are the origin of the sec
length scale fluctuations.

Our paper is organized as follows: In Sec. II we provi
details of the sample preparation and experimental meas
ments. In Sec. III we present our experimental results
discussion of the results and conclusions are given in S
IV.

II. EXPERIMENTAL PROCEDURES

The experiment was carried out at MIT-IBM beamlin
X20A at the National Synchrotron Light Source. The x-r
beam was focused by a mirror, monochromatized by a
of Ge~111! crystals, scattered from the sample, and analy
by a Si~111! analyzer. The x-ray energy was 8.5 keV. Hig
quality pure CuGeO3 and Cu0.99Zn0.01GeO3 single crystals
grown by the traveling solvent floating zone method we
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used. Carefully cleaved samples were placed inside a Be
filled with helium heat-exchange gas and mounted on
cold finger of a 4 K closed cycle cryostat. The experime
was carried out around the~1.5, 1, 1.5! SP dimerization peak
position with the (HKH) zone in the scattering plane.

III. EXPERIMENTAL RESULTS

Pretransitional lattice fluctuations along theH, K, andL
directions have been measured in pure CuGeO3 by x-ray2,3

and neutron scattering.4 All of the experiments have show
rapid and anisotropic broadening of the scattering pe
when the sample was heated acrossTSP, which was clear
evidence of anisotropy in the magnetic interaction.2 Close to
TSP, however, Schoeffelet al.2 observed a crossover tem
peratureTCO where the ratio of the correlation lengths alon
the three crystal axis directions appeared to change abru
jc /ja;4 andjc /jb;1 below TCO and jc /jb;1.6 above.
This was used as evidence of a crossover to a t
dimensional ~2D! lattice fluctuation regime aboveTSP.
Later, both experimental and theoretical efforts were devo
to elucidating the exact nature of the 2D crossover.5,6 Harris
et al.,3 on the other hand, studied the critical behavior in t
immediate vicinity aboveTSP and reported a different aniso
ropy ratio. However, the critical fluctuations reported
Harris et al.3 have length scales which are about an order
magnitude larger than those reported by Schoeffelet al.2 The
discrepancies in these two experiments demonstrate that
must treat the data near the transition more cautiously
extracting the correlation length just aboveTSP, it is neces-
sary to take into account explicitly that there exist two d
tinct scattering length scales. Distinguishing and separa
their individual contributions to the total cross section will b
of primary importance. This comprises a principal motiv
tion of this experiment.

To reconcile the results of previous critical scatteri
studies of CuGeO3 ~Refs. 2 and 3! and to obtain some insigh
into the physical origin of the second length scale, we ca
fully studied the pretransitional critical behavior just abo
TSP. Though the exact origin of the long length scale flu
tuations has not been determined, it has long been specu
that they originate from random surface stresses cause
defects.1,3 Hence, we prepared our samples by cleaving th
several times until no observable cracks could be seen
visual inspection. In doing so, we took advantage of the f
that CuGeO3 crystals are inclined to self-cleave along thea
©2001 The American Physical Society02-1
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crystal plane. Thus, no additional grinding or polishing p
cess is necessary to achieve a visually smooth mirror surf
To put the two previous seemingly conflicting experime
together, we need to have information on both length sc
in the same sample. Fortunately, this is exactly what we h
observed in our experiment. In Fig. 1 we show the criti
scattering profiles along theH, K, and L directions atTSP
10.1 K and TSP10.3 K for undoped CuGeO3. At TSP
10.1 K, there clearly exist two distinct scattering profil
along all three directions, with a sharp central peak super
posed upon a broader peak. This corresponds to arche
two-length scale behavior. However, a closer examination
the data reveals that even though there are clearly two
tures along all three directions, the central peak along th
direction is much sharper in comparison to the broad
than is observed along the other two directions. In ot
words, the ratio of the correlation lengths for these t
length scales are significantly different along one of the th
crystal axis directions.

In Fig. 2, we show the inverse correlation lengths of t
broad component as functions of temperature along theH, K,
and L directions. Several features can be recognized im
diately. First, the correlation length diverges rapidly as
temperature approachesTSP from above, which demon
strates that the SP transition in our CuGeO3 crystal is a well-
defined second-order phase transition. Second, the cor
tion length also diverges anisotropically along the th
crystal axes. In the temperature rangeTSP,T,TSP
10.4 K, the anisotropy ratio remainsjc /ja;5 andjc /jb
;3, which is consistent with the high-temperature d
taken both by x-ray and neutron scattering.2,4 Thus we do not
observe any evidence for the presumed 2D crossover2 in

FIG. 1. Representative critical scattering scans at the supe
tice peak (1.5211.5) for undoped CuGeO3, the dashed lines rep
resent the instrumental resolution function, the solid lines are fit
the data. In the bottom panel, in the close vicinity ofTSP, a sum of
Lorentzian plus Lorentzian squared line shape is used. In the u
panel, much higher thanTSP, a single Lorentzian line shape i
used, the fits are the results of the convolution with the resolu
function.
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which there should exist a dramatic change in the anisotr
ratio about 1 K aboveTSP. Specifically, in Ref. 2 it is argued
that below this crossover temperature, the correlation len
along theb-axis direction equals the correlation length alo
the c-axis direction. Our results clearly demonstrate that
correlation length anisotropy ratio remains unchanged fr
high temperatures to very nearTSP, that is, there is no evi-
dence for any crossover.

Figure 3 shows the inverse correlation length of the sh
component as a function of temperature. One of the sal
features is that, although the correlation length of the sh
component diverges in a manner similar to that of t
broader component, the anisotropy ratio of the correlat
lengths along the three axes directions is modified tojc /ja
;1.5 andjc /jb;4.4. This is reminiscent of the high reso
lution results reported by Harriset al.3 Instead of the rela-
tionship jc.jb.ja , the large length scale fluctuations e
hibit the hierarchyjc.ja.jb . The change of the order o

t-
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n

FIG. 2. Inverse correlation length along theH, K, andL direc-
tion of the thermal critical scattering~short length scale feature! for
undoped CuGeO3 as functions of temperature.

FIG. 3. Inverse of the correlation length associated with the lo
length scale fluctuation along theH, K, and L directions as func-
tions of temperature.
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the correlation lengths is informative, since there are
many physical mechanisms that could induce such a di
tional preference. The confirmation of the change of the
der of the correlation lengths in our experiment proves t
this is a general phenomenon instead of an irreproduc
singular case. Furthermore, if we directly compare the m
nitude of the two-length scales along thea, b, andc crystal
axes, ratios of 28:6:8 would result, with the maximum along
the a axis and similar values along theb and c axes. The
other feature worth mentioning is the relative importance
the second length scale fluctuations in both studies. In
Harris et. al.3 case, only the long length scale fluctuatio
were clearly observable over the temperature range stud
On the other hand, in our experiments, the fluctuations a
ciated with both length scales are clearly observable, wh
proves that the relative amplitude of the second length s
fluctuations is sample dependent.

Over the last several years, we and others have carried
detailed studies of the effects of dopants on the CuG3
magnetic and structural phase transitions with a focus on
overall phase diagram.7–9 Such studies can be regarded a
systematic exploration of the effects of point defects on
CuGeO3 structural phase transition. Thus, as a byproduc
our Cu12x(Zn,Mg)xGeO3 phase diagram studies, we also a
able to test the hypothesis that the long length scale fluc
tions are caused by point defects.10

Figure 4 shows the inverse correlation lengths along

FIG. 4. ~a! peak intensity of the superlattice peak and critic
fluctuation intensity at the wing as functions of temperature fox
50.01 Zn-doped CuGeO3. ~b! Inverse correlation length alongH,
K, and L directions of the thermal critical scattering forx50.01
Zn-doped CuGeO3 as functions of temperature.
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three crystal axes as functions of temperature for 1%
doped CuGeO3. The dramatic effects of the Cu ion dilutio
on the phase transition are apparent: the transition temp
ture has been suppressed by more than 1 K upon only 1% Zn
doping, and the critical exponent associated with the co
lation length appears to be different from that of the undop
sample. We are uncertain currently whether this appare
different critical behavior is intrinsic or merely due to
trivial concentration gradient effect. Further experiments
needed to clarify this issue. However, the ratios of the
verse correlation lengths arejc :jb :ja55.9:2.0:1, which are
essentially identical to those of the undoped samples. T
consistency of the anisotropy ratios between the doped
undoped sample naturally excludes models for the sec
length scale based on point defects.

IV. DISCUSSION

Before we present our interpretion of our experimen
observations, we first briefly summarize the results of pre
ous experimental and theoretical studies on the two-len
scale phenomenon. Most high resolution critical scatter
studies of both structural and magnetic phase transitions
veal two-length scales.1 Further, an elegant neutron scatte
ing study by Shirane and co-workers reveals that the lo
length scale fluctuations are located in the ‘‘skin’’ of th
sample.11,12 A subsequent study on the same single crys
by transmission electron microsopy13 ~TEM! finds that the
density of dislocations has a steep increase within a few
crons of the sample surface, which coincides with the on
of the long length scale. Based on the spatial coexistenc
the second length scale fluctuations and dislocations, the
thors of Ref. 13 conclude that the second length scale or
nates from dislocations, albeit in an indirect way. As mo
and more experimental evidence turns up, a gradual con
sus is emerging that the origin of the second length sc
fluctuations is the random strain fields caused by defect
the sample skins.1 However, an intrinsic effect explanatio
cannot be excluded.1 Moreover, even if the idea that th
second length scale originates from defects is taken
granted, there exists additional complexity because the
fects can either be point defects or line defects such as
locations. A recent study suggests that point defects are
sponsible for the occurrence of the second length sca10

The dislocation theory, on the other hand, has been less
vored. One of the key objections used against it is the lac
directional preference1 in all the previous studies, that is
dislocations are line defects and they should inevitably fa
particular directions. From the results of our study, we b
lieve that CuGeO3 serves as a model system to study t
origin of the second length scale and provides strong e
dence that dislocation defects are responsible for the oc
rence of the second length scale fluctuations.

Using dislocation theory, in the following, we explain ou
experimental observations by a phenomenological mo
One of the marked differences between our results and th
reported by Harriset al.3 is the relative importance of the
long length scale fluctuations. This can easily be explain
since the density and spatial distribution of dislocations na
rally depend on sample preparation and surface proces
such as chemical etching, so they would unavoidably v

l
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BRIEF REPORTS PHYSICAL REVIEW B 63 052502
from sample to sample. The most determinant piece of in
mation to support a dislocation model is the occurrence o
directional preference. The experimental results on the
doped sample provide additional support by demonstra
the irrelevancy of point defects. To understand qualitativ
the experimentally observed direction preference, we refe
the theoretical work by Altarelli, Nunez-Regueiro, an
Papoular,14 in which the effect of dislocations has bee
treated on a qualitative level. As discussed by Altare
Nunez-Regueiro, and Papoular,14 in real crystals, surface
treatment always induces slipping parallel to the surfa
These defects are edge dislocations parallel to the sam
surface but randomly oriented in the plane. They induce
isotropic stress fields in the surrounding crystal since th
are line defects by nature. The stress field produced by
locations can be well modeled by dipole fields with th
maximum in the plane perpendicular to the dipole, which
the Burgers vector direction in our case. The whole probl
can then be mapped into that of a group of randomly orien
dipoles lying in a plane. The stress field can lower the f
energy of the structually ordered phase, thus increasing
phase transition temperature in the stressed region. Th
used to account for the emergence of the second len
scale.14,13

Using this theory, the different ratio between the tw
length scales can be qualitatively explained. We recall t
CuGeO3 crystals naturally cleave in thea plane.The differ-
ence in magnitude of the two-length scales is most promin
along thea axis because the fluctuation amplitude is pr
sumed to be proportional to the average stress field.
random orientation of the dipoles in the surface would res
in an isotropic stress field distribution in the plane. Howev
the maximum average stress field would be produced al
the surface normal direction due to the dipole nature.
believe that the stress field is responsible for the creation
pretransitional ordered domain structures.13 These domains
order at a higher temperature than the bulk and have an
isotropic structure owing to the anisotropy of the stress fie
This can naturally explain the unusual sharp feature of
critical scattering along thea axis and also why the ratio o
the two-length scales remains relatively unmodified in t
other two directions.
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We find a tiny difference in the ratio along theb and c
directions, in agreement with Harriset al.3 We speculate tha
this subtle anisotropy originates in a slight anisotropic dis
bution of the dislocations in the plane. Indeed, a closer
spection of a naturally cleaved CuGeO3 sample surface re
veals that the apparently smooth surface is actu
composed of some stripes running along thec-axis direction.
These are most likely formed during crystal growth. Wh
the single crystals are grown using the floating zone met
the seed rod is oriented with the easy growth direction c
ciding with the traveling zone direction. Stripes are th
naturally formed along the direction of the crystal grow
which is c axis. From the theory of dislocations, structu
line defects are preferentially created along the same d
tion. These defects are normally edge dislocations with
Burgers vector perpendicular to the dislocation line and ly
in the slip plane, theb-axis direction in our case. Hence, th
could create a tiny preference for the dipoles to lie in thb
direction: a resulting minimum ratio along theb axis is ex-
pected.

We should further comment that even though disloca
theory offers a satisfactory heuristic explanation of our c
cal scattering results, many open questions still exist.
example, why is there a similar ratio between these t
length scales in many different physical systems, and
does a clear phase transition exist for the long length s
fluctuations despite the fact one is assuming a spread of
sition temperatures? More theoretical and experimental w
is needed to address these issues.

In conclusion, we have studied the critical fluctuations
pure and Zn-doped CuGeO3. Two-length scales have be
observed with different anisotropy ratios for the correlat
lengths along the three crystal axes. The maximum of
magnitude of the two length scales is found to be along
a-axis direction, which is the surface normal of the crys
We argue that dislocation theory serves as the best exp
tion of the origin of the second length scale fluctuations.
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