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X-ray scattering study of the incommensurate phase in Mg-doped CuGeO3
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We present results of a systematic x-ray scattering study of the effects of Mg doping on the high-field
incommensurate phase of CuGeO3. Lorentzian-squared line shapes, the changing of the first-order transition to
second order, and the destruction of long-range order with infinitesimal doping are observed, consistent with
random-field effects in a three-dimensionalXY system. Values for the soliton width in pure and lightly doped
CuGeO3 are deduced. We find that even a very small doping has a drastic effect on the shape of the lattice
modulation.
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I. INTRODUCTION

The spin-Peierls phase is a novel state of matter con
ing of coupled magnetic and structural order paramete1

One-dimensional Heisenberg magnetic systems cannot o
due to the effects of fluctuations. However, chains of antif
romagnetically coupled quantum spin-1

2 ions which are ar-
rayed in a three-dimensional crystal structure can lower t
overall energy if the lattice is deformable, allowing neig
boring spins within the chains to pull together into a dim
ized structure and thereby form spin singlet pairs, a co
bined magnetic and structural ordering which is known
the spin-Peierls state. The dimerization opens up a gap in
long-wavelength spin excitation spectrum, thus reducing
quantity of fluctuations, and the associated energy.
lowest-energy fluctuations from the dimerized state are
paired spins known as solitons.

It is not surprising that the spin-Peierls phase, with
intricate coupling between structure and magnetism, sho
be sensitive to an external magnetic field. As early as 197
was predicted that the spin-Peierls transition tempera
should decrease with increasing magnetic field,1 and that
when the energy of the spins in the magnetic field exce
the lattice commensurability energy~Umklapp!, solitons
should spontaneously form. If these solitons repel each o
~as they do!, they should form a lattice incommensurate w
the crystal structure, with an incommensurability which
proportional to the applied field.2,3 Since each soliton is ac
companied by a structural antiphase domain wall, the inco
mensurate phase is visible to structural x-ray scattering
periments as a splitting of the spin-Peierls dimerization p
into two peaks displaced along the chain direction.

As has been demonstrated heuristically by Harriset al.,4,5

the spin-Peierls phase can be mapped onto an Ising mo
0163-1829/2002/66~17!/174105~9!/$20.00 66 1741
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where the up or down pseudospins correspond to the
choices of pairing~left or right! for a given spin. The incom-
mensurate phase, on the other hand, seems to be eviden
XY phase, since the order parameter has two dimensions
magnitude of the ordering and the phase of the incomm
surability.

Until 1993, all of the materials which were known t
display a spin-Peierls transition were organic. This mad
very difficult to carry out systematic studies. It was genera
difficult to grow high-quality large single crystals of the o
ganic materials and the organics tended to be easily dam
by x-ray radiation, which meant that studies of the struct
were mostly limited to lower resolution neutron scatteri
measurements.

In 1993, Haseet al.6 discovered that CuGeO3 was a spin-
Peierls system, with a transition at around 14.3 K. This d
covery initiated a renewed flurry of experimental activi
surrounding the spin-Peierls transition. Particularly, the
cess to an inorganic spin-Peierls system opened up the
sibility of controlled study of the effects of disorder on th
spin-Peierls state. The growth defects in the organic mat
als, as well as the damage caused by x-ray radiation, ten
to act as uncontrolled and uncharacterizable sources of
order. Consistent results for pure samples were therefore
ficult to obtain, and it was even more difficult to characteri
the effects of a given doping. CuGeO3, on the other hand
was simple to grow with few defects and was not sign
cantly damaged by x-ray radiation, making the level of u
intentional defects small.

The high-field incommensurate state was directly o
served in CuGeO3 using x-ray scattering by Kiryukhinet al.7

Shortly thereafter, they published a study of the effects
doping on the incommensurate state.8 In this work, we ex-
pand upon the results presented in their paper to try to c
©2002 The American Physical Society05-1
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struct a comprehensive picture of the incommensurate s
and the effects of doping on CuGeO3.

II. CuGeO3

CuGeO3 is orthorhombic (a54.81, b58.47, c52.94 Å
at room temperature! and consists of CuO2 chains along the
c direction separated by chains of GeO which are displa
alonga andb ~see Fig. 1!. The superexchange between t
spin-12 Cu21 ions through the oxygen bond angle of 9
makes the in-chain coupling antiferromagnetic withJc
510.4 meV. The couplings alonga and b are 20.1 meV
and 1.0 meV, respectively.9 The spin coupling is also very
nearly Heisenberg.

CuGeO3 is easily doped with a large range of differe
ions. Zn21 and Mg21 ~both S50) and Ni21 (S51) go in
substitutionally for Cu21 and dilute the magnetism of th
chains directly. Si41 can be also added in place of Ge41. The
doped Si ions distort the lattice and the configuration of o
gens around the copper sites enough to reverse the cou
from antiferromagnetic to ferromagnetic.10 This disrupts the
antiferromagnetic interaction even more effectively than
chain dilution, since the Si ions can affect two neighbori
oxygen bonds.

No matter which dopant is used, the resulting zero-fi
phase diagram retains the same overall topology. This z
field phase diagram has been extensively characterize
several experimental investigations.11–15 As doping is in-
creased, the spin-Peierls transition temperature decrease
addition, an antiferromagnetic phase~Néel phase! appears,
with a transition temperature which increases with increas
x. At x'0.023, which is referred to as the critical concent
tion, the spin-Peierls state no longer attains long-range or
Heuristically, the dopants remove a spin, making it unav
able for pairing, and thereby inducing an antiphase bound
in the spin-Peierls ordering. If the region between two nei
boring impurities contains an odd number of Cu sites, th
is also one unpaired spin remaining, which is a mobile s
ton. At low enough temperature, these solitons can or
with respect to each other; this is the Ne´el state~see Fig. 2!.

While the zero-field phase diagram is essentially the sa
for all dopants,16 the uniformity and accuracy of doping tha
can be achieved varies dramatically among the different d
ings. Mg is generally the easiest dopant to use as it sub
tutes uniformly and very close to the intended concentrati
as grown. It was with this in mind that we chose to u

FIG. 1. Structure of CuGeO3.
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Mg-doped samples for our studies of doped CuGeO3 in a
magnetic field.

III. EXPERIMENT

We took data on a series of six Cu12xMgxGeO3 crystals:
x50.0, 0.004, 0.008, 0.017, 0.021, and 0.023. The crys
were all grown by the floating-zone method at the Univers
of Tokyo, and the level and uniformity of doping were cha
acterized using inductively coupled plasma–atomic emiss
spectra. All of the samples were found to be uniform tox
60.001.

Data were taken at the X20A beamline at Brookhav
National Laboratory’s National Synchrotron Light Sourc
The x-ray beam was vertically focused by a grazing in
dence mirror, and an energy of 8 keV was selected b
vertical double-bounce germanium monochromator. Af
scattering from the sample, the resolution was improved
noise reduced by scattering from a germanium analyzer
the scintillation counterdetector. Counts were normalized
ing an ion chamber monitor placed after the monochroma

We used a horizontal scattering geometry to accommod
the 13-T Oxford split-pair superconducting magnet. Sca
were taken around the (H K L)5(3.5 1 2.5) spin-Peierls re-
flection to optimize the intensity and minimize the critic
field, which is lowest along theb direction. Due to the in-
ability to adjust the out-of-plane angle, thec axis was placed
in the scattering plane, and the transverse scans~perpendicu-
lar to the chains! shown in this work were taken along th
(3.5 K K) direction, which also lays in the scattering plan

IV. CuGeO3 IN A MAGNETIC FIELD

A mean-field analysis of the spin-Peierls transition1 gives
a linear relation between the zero-temperature spin-Pe
gap and the zero-field transition temperature:D0
51.765Tsp(0). In addition, the mean-field results show
linear relation between the critical field at zero temperat
and the zero-field transition temperaturemBHc
50.75kBTsp(0). These results can be refined1 with the find-
ings of Cross and Fisher17 giving mBHc50.69kBTsp(0) or
with results of Nakano and Fukuyama18 giving mBHc

FIG. 2. Zero-field phase diagram of Mg-doped CuGeO3, re-
printed from Wanget al. ~Ref. 12!.
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X-RAY SCATTERING STUDY OF THE . . . PHYSICAL REVIEW B 66, 174105 ~2002!
50.14kBTsp(0). Above the commensurate-incommensur
~C-I! transition, Cross19 predicted that the peak splittin
along the chain directionL should be linearly proportional to
the applied fieldH: DL52gmBH/pJcc.

Figure 3 shows the critical field and zero-field spin-Peie
transition temperatures for our samples. Both the criti
temperature and critical field appear to be essentially lin
over the range of dopings, and hence linear with respec
each other in agreement with mean-field theory. The bes
to a linear relation betweenmBHc andkBTsp gives a propor-
tionality constant of 0.5860.01. This is intermediate be
tween the values predicted with Cross and Fisher and w
Nakano and Fukuyama. The dashed line in the figure sh
the prediction for the Cross and Fisher results, while
prediction of Nakano and Fukuyama is off scale.

The transition temperatures shown are from the susce
bility measurements of Fig. 2 and represent the onset t
perature for short-range spin-Peierls order at 1000 Oe.
x-ray measurements from the same figure show the ons
long-range order, which has a much stronger dependenc
doping than either the short-range order onset or the crit
field. It is not possible to find a zero-intercept linear relati
between the critical field and the onset of long-range ord

The left-hand side of Fig. 4 shows our scattering resu
for the ~3.5 1 2.5! spin-Peierls peak in pure CuGeO3 as we
raise the field across the C-I transition with the temperat
fixed at 4 K. Two features are evident here: the system
plays coexistence between the dimerized phase and th
commensurate phase over a narrow range of fields, and
incommensurabilityDL onsets at a non-zero value. Both
these observations are clear signals of a first-order transi
We also qualitatively confirm the hysteresis seen in the m
netostriction data for pure samples.20

The right-hand side of Fig. 4 shows scans alongL through
the reciprocal space position~3.5 1 2.5! as the field is raised
through the transition for a sample with 2.1% Mg. Sin

FIG. 3. Top panel shows critical temperatures from suscept
ity measurements atH51000 Oe~open circles! and fields corre-
sponding to the onset of x-ray incommensurate peaks at 4 K~filled
circles!. The bottom panel shows these quantities plotted aga
each other. The solid line is the best fit to a linear relation with
intercept forced to zero, the dashed line is the prediction of Cr
and Fisher~Ref. 19!.
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there is never any clear three-peak structure, there is
longer any obvious coexistence of the spin-Peierls ph
with the incommensurate phase. Instead, the spin-Pe
peak decreases in amplitude with increasing field and bro
ens until it splits into two incommensurate peaks. While it
difficult to rule out the existence of a small central peak, a
hence the possibility of a coexistence region, certainly
continuous nature of the progression from a single peak
pair of satellites indicates a transition which is more seco
order in character.

The widths of the peaks as well as the incommensura
ity were extracted from fits to a structure factor containing
central commensurate spin-Peierls peak and two incomm
surate satellite peaks. For low dopings, coexistence was
vious and three peaks were fit in the transition region. F
higher dopings, two peaks were sufficient to obtain good fi
though even at the highest doping, the existence of a sm
central peak could not be ruled out. For the intermedi
doping of 1.71% both two- and three-peak fits were
tempted in the transition region, and it was difficult to di
tinguish which gave the better fit. To avoid ambiguity, w
present no data very close to the transition for that samp

The peaks at higher dopings were not resolution limit
and it was therefore both possible and necessary to choo
specific line shape for fitting the peaks. Previous studies
shown that the peak shape at zero field was consistent w
Lorentzian-squared line shape, reminiscent of the scatte
profiles in random-field and spin-glass systems.12 Our data
for fields below the incommensurate transition confirm th
Above the critical field, a Lorentzian-squared line shape c
volved with the experimental resolution yields a better fit
the superlattice peaks than a simple Lorentzian convol
with the resolution~Fig. 5!. We therefore fit all of our data to
a Lorentzian squared convolved with the measured exp
mental resolution.

Perhaps the best evidence of the change in the natur
the transition can be seen in the incommensurability a
function of field for the various doped samples. Figure

l-

st
e
s

FIG. 4. L scans through the spin-Peierls peak position for va
ous fields crossing the transition at 4 K. The solid lines are
results of fits to a Lorentzian-squared cross-section convolved
the measured instrumental resolution.
5-3
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R. J. CHRISTIANSONet al. PHYSICAL REVIEW B 66, 174105 ~2002!
shows the field dependence of the incommensurability for
the samples we studied. As the doping level rises, increa
the number of soliton pinning sites, the transition moves
lower field. In addition, the transition becomes more gradu
presumably reflecting the crossover to a second-order c
acter of the transition. Of particular interest, we can trace
decrease in the onset incommensurability as the doping
creases. In the lower doping samples, the incommensu
peaks first appear at a well-resolved nonzero distance f
the spin-Peierls peak, while for the three highest dop
samples we cannot distinguish the initial incommensur
peaks from the broadened spin-Peierls peak.

The dashed line in Fig. 6 shows Cross’ prediction for t
linear dependence of the incommensurability on field. Ob

FIG. 5. Results of fits to data for the 2.1% sample at 11 T an
K. The solid line is a Lorentzian squared, while the dashed line
simple Lorentzian.

FIG. 6. Incommensurability for all samples at 4 K. The data
the Zn- and Ni-doped samples are from Kiryukhinet al. ~Ref. 8!.
Lines are the results of fits to Buzdinet al.’s ~Ref. 21! Eq. ~1! as
described in the text.
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ously, the data are not described well by Cross’ predicti
though at higher fields, which are inaccessible with our 13
magnet, the incommensurability could approach this pred
tion. Buzdin et al.,21 in an effort to improve upon Cross
work, dealt with the transition in the framework of theXY
model. They arrived at a formula for the incommensurabil
above a weakly first-order transition:

DL5
pD0

2vs ln~4/g!
, ~1!

whereg is defined by

~H2Hc!/Hc5g2 ln~4/g!/2 ~2!

andvs5pJcc/2.
The solid lines in Fig. 6 represent the results of fits

Buzdin et al.’s prediction. For the pure sample, the spi
Peierls gapD0 is taken to be fixed at the value 2.05 meV9

and the critical field is fit. The fit is quite good away from th
transition, and neutron-scattering results which overlap w
our data show agreement with Buzdinet al.’s form up to
14.5 T.22 However, in order to fit our data, the critical fiel
had to be taken at a value of 12.08 T, which is slightly high
than the field at which we see the onset of the incommen
rate peaks~12.0 T!. It is not surprising that Buzdinet al.’s
theory should fail very close to the transition, or that our d
should also differ from data taken in other experiments v
near the transition, since the behavior around the transi
field would likely depend on the characteristics of the p
ticular sample in consideration, and on the exact alignm
of the magnetic field.

For the doped samples, both the critical field and the sp
Peierls gap were fit. The spin-Peierls gap obtained from
fits decreases rapidly with increased doping, and the qua
of the fits, which is good for the lowest doping sample, d
teriorates quickly. Since Buzdin’s prediction was based
the existence of a~weakly! first-order transition, it is not
really surprising that the agreement is poor at the hig
dopings, where the transition appears to be continuous. A
many authors23,24have predicted an effective decrease of t
spin-Peierls gap with doping, which would agree with t
results of these fits. Other indirect evidence of this effect
been seen25,26 but no direct experimental measurement h
confirmed this.

One last note on Fig. 6: we have included in this figu
data of Kiryukhin et al. for the incommensurability of Ni-
and Zn-doped samples taken with the same scatte
configuration.8 As mentioned above, at zero field the effec
of doping on the overall topology of the phase diagram
not appear to depend upon the choice of dopant. Howeve
seems unlikely that, in a field, magnetic and nonmagn
ions would have the same effect upon the system. The
for the 1.5% Zn sample lie very close to our data for t
1.7% Mg doping, which is reassuring, since both Zn and M
are nonmagnetic. However, the data for the 2% Ni dopi
where Ni21 has spin 1, lie significantly above the 2.1% M
data. While it is possible that the electron probe microana
sis ~EPMA! measured doping for the Ni sample is not
perfectly accurate measure of the actual doping level, i
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unlikely that the actual doping would be significantly high
which would be necessary to reconcile the data for the
different samples. It is possible that the magnetic dopants
the incommensurate phase more effectively than the n
magnetic ions, thus stabilizing it at a lower field. However
more complete study comparing different Cu-site dopant
necessary before definitive conclusions can be drawn.

As mentioned previously, at zero field the spin-Peie
transition temperature decreases with increasing doping
til, at a critical concentration of around 2.1%, the sp
Peierls dimerization no longer achieves three-dimensio
long-range order. Similarly, we confirm and expand upon
previously reported results8 showing broadening of the in
commensurate peaks at high dopings.

Figure 7 shows the longitudinal~along the chain! and
transverse~perpendicular to the chain! widths of the spin-
Peierls and incommensurate peaks for the various dopi
There is a large increase in the peak width across the tra
tion, showing that the incommensurate phase is more se
tive to doping than the spin-Peierls phase. Our lowest dop
sample already shows broadening in the transverse direc
in the incommensurate phase, and the width of the pe
along both directions increases dramatically as the dop
increases. For the lowest dopings~not shown on the plot!, we
were unable to resolve the longitudinal width of the pea
which implies that the limiting correlation length is long
than 2000 Å.

A naive approach would predict that the correlation len
of the incommensurate phase should be of the same le
scale, and proportional to, the interdopant spacing.27 For
0.8% doping, there should be one dopant per 125 lat
spacings along thec direction. The correlation length for th
0.8% sample along theL direction is significantly longer

FIG. 7. Transverse and longitudinal widths of the spin-Peie
~below Hc) and incommensurate~aboveHc) peaks at 4 K. The
inset shows the approximate saturation values for the transv
inverse correlation length. The line is the interdopant spacing.
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than this. Clearly there is some communication along
chain direction around the dopants due to the structu
three-dimensional interactions between the chains. Unfo
nately, even at the highest field, theL width in all of the
samples was still decreasing with increasing field as
moved farther from the transition, making it impossible
extract a number for the limiting high-field correlatio
length. This also precludes the determination of the dop
dependence of the limiting correlation lengths.

It is interesting to note the different behavior of the co
relation length along and transverse to the chains. Both s
clear signs of an increasing width below the transition. Ho
ever, above the transition, the correlation length along
chain begins increasing again, while the correlation len
transverse to the chain appears to level off with increas
field. The inset for Fig. 7 shows the values for the transve
inverse correlation length at the highest-field value for ea
sample. For the lower doping samples, this appears to be
saturation value. In contrast to the longitudinal correlati
length, the transverse correlation length appears to be sig
cantly shorter than the interdopant spacing.

V. NÉEL STATE

The character of the Ne´el ordering in the incommensurat
spin-Peierls state is not yet well understood. At low field, t
spins associated with the doping-induced solitons order w
respect to each other, but to first approximation the solit
do not participate in the spin-Peierls ordering so long as
structure remains commensurate. At high field, however,
doping-induced solitons may be involved in the ordering
the incommensurate phase, contributing to the decreas
critical field which is seen with increasing doping.

Since the Ne´el state involves no additional structural di
tortion, we could not probe the peak corresponding to
ordering directly with structural x-ray scattering. Howeve
as temperature is lowered, the width of the spin-Peierls
satellite peaks begins to increase, corresponding to a
crease in the correlation lengthj. Previous results13,15at zero
field show that this is an indication of the onset of Ne´el
ordering. Hereafter, we defineTN as the temperature below
which the correlation length is suppressed. Since we w
able to take data down to 1.6 K, we could see this effec
all of the doped samples except for the 0.4%. The most c
plete data were taken on the 2.1% sample.

As a case study, we wished to make a complete cha
terization of the Ne´el state for a single doping sample. W
chose to do this for the 2.1% sample, since this sam
~which has a concentration very close to the critical conc
tration at zero field! had the highest Ne´el transition while
still maintaining a resolution-limited peak at zero field, hen
allowing us to make an accurate determination of the re
lution function.

For a series of fields from zero up to 13 T, we took sca
though the~3.5 1 2.5! position ~and satellite positions!. The
sample was zero-field cooled, the field was raised to the
propriate value, and data were taken upon raising the t
perature from base temperature~1.6 K! to the paramagnetic
transition. After each cooling we generally waited betwe
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15 and 30 min to stabilize the low-temperature phase be
taking data, as per the findings of Wanget al. that the time
scale of metastability for the low-temperature phase was
approximately this order of magnitude.12 We should note
that, due to the time necessary to raise the field, the w
before collecting data was longer for higher-field data th
for lower field. This time was on the order of 10–20 min f
the lower fields, and ranged up to an hour or more for
highest fields.

Above the critical field~Fig. 8! the behavior of the incom
mensurate peaks at the Ne´el transition is nearly identical to
that seen in the spin-Peierls peak at lower field. Howeve
does seem that the onset temperature of the Ne´el ordering
moves higher, probably because of the presence of additi
solitons. Figure 8 also shows the hysteresis of the Ne´el tran-
sition upon cooling back through the transition. This beh
ior is very similar to that seen in zero field by oth
experimenters.12 The integrated peak intensity is very near
constant upon heating, though scans taking upon coo
show a decrease in peak intensity~also seen in previous zero
field studies!.

In addition to the temperature-dependent data sho
above, we took three field scans at 2, 3, and 4 K~i.e., below,
at, and above the Ne´el transition!. These scans showed e
sentially the same behavior. Figure 9 shows the comp
phase diagram for the 2.1% sample which was deduced f
these measurements. The dashed line indicates the app
mate location of the incommensurate phase boundary. T
is no clear transition from the incommensurate phase to
high-temperature uniform phase. Rather, with increas
temperature at fixed field, we observe a slow increase of
width of the peaks together with a decrease of both the
tensity and the incommensurability.

Due in large part to the effects of metastability, and t

FIG. 8. Integrated intensities and inverse correlation leng
along the chain direction for zero-field cooling and increasing te
perature at various fields above the critical field for the 2.1
sample.
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inability to observe the Ne´el state directly, it is difficult to
draw any unambiguous conclusions. However, very gen
ally we can say that the subtle increase in the Ne´el tempera-
ture above the transition field indicates that the incomm
surate state is more unstable to the formation of unifo
Néel ordering than is the dimerized spin-Peierls state. Ho
ever, the nearly flat integrated intensity upon zero-field co
ing indicates that the strength of the local structural order
in both the dimerized state and the incommensurate sta
essentially unaffected by the Ne´el ordering. Rather the struc
tural state merely breaks up into smaller domains.

VI. THIRD HARMONICS

The naive picture of the incommensurate state as a la
of discrete flipped spins is more complicated in reality. Bo
the magnetic and structural ‘‘solitons’’ are actually accomp
nied by a much longer-range distortion of the surround
order. Many calculations have been performed concern
the shape of the solitons in the incommensurate phase
particular, quantitative predictions for the soliton width ex
for pure CuGeO3.1 The soliton width is a parameter whic
describes the extent of the soliton, and, when compared
the periodicity of the superlattice, this quantity can gi
some idea of whether the modulation of the lattice is discr
or sinusoidal. The soliton width can be extracted from a m
surement of the intensity of the third harmonic peaks of
incommensurate state. The higher-order Fourier compon
are sensitive to the shape of the modulation, being minim
for a pure sine wave, and maximum for a square-wave
tortion. Kiryukhin et al.8 measured the third harmonic inten
sity for pure CuGeO3 and arrived at a value forG of 13.6c.
The calculated value, using a field-theory description of
nearest-neighbor Heisenberg model, isG/c5vs /Dsp58.0,18

which is significantly smaller than the value deduced fro
the x-ray measurements, and therefore indicates a much
sinusoidal soliton shape.

We attempted to measure the third harmonic scatterin
our doped samples. In all of the samples but the lowest d
ing ~0.4%! and pure samples, the third harmonic intens
was too weak to measure~less than 1/1000 of the incommen
surate peak!. We performed thorough measurements of t
pure and 0.4% samples, with some unexpected results.

s
-

FIG. 9. Experimentally determined phase diagram for the 2.
Mg-doped sample. The dashed line indicates the approximate l
tion of the high-temperature limit for the incommensurate phas
5-6
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Figure 10 shows the third harmonic scans in pu
CuGeO3 at 4 K and 12.5 T. The third harmonic is well de
fined and resolution limited along the chain direction, as o
would expect. However, as shown in the lower panel of
figure, the transverse (3.5K, K) scan through the third har
monic is broadened, though the first harmonic peak is re
lution limited in this direction~see inset! as well as in the
longitudinal direction. This broadening was not observed
previous x-ray scattering studies, mostly due to a mu
lower signal, which limited the amount of data that could
taken on the third harmonics.

It is not unusual that the first and third harmonic orderin
should have different characteristic length scales. Studie
smectic liquid crystals28 show a similar broadening of th
higher harmonic scattering with respect to the first harmo
Subsequent theoretical calculations29,30 were able to accoun
for the observed correlation length ratio for that system. T
theory is not easily adaptable to our system. Nevertheless
a quite general basis it is evident that the observation o
nonzero width in the third harmonic peak requires a nonz
width of the first harmonic. We can therefore conclude t
the incommensurate phase in nominally ‘‘pure’’ CuGeO3,
though of a correlation length long enough to appear res
tion limited ~greater than 2000 Å), is in fact not long-rang
ordered transverse to the chain direction.

The most likely explanation for this is that there exists
any real sample some quantity of impurities and imperf
tions. The ‘‘pure’’ sample must in fact be considered to b
very low doping sample. This is consistent with the fact th

FIG. 10. Scans through the third harmonic peak forH
512.5 T, T54 K. The solid lines are the results of fits used
extract the soliton width. The dashed lines show resolution-limi
fits ~the asymmetry in theL scan is from mosaicity!. The inset in the
bottom panel shows the resolution-limited transverse scan (0
,K,1.005) through the first harmonic.
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TSP at zero field varies among nominally stoichiometr
CuGeO3 samples. Our measurements therefore indicate
in the direction perpendicular to the chains, the incomm
surate phase in CuGeO3 is critical, in the sense that an
amount of disorder will disrupt the long-range order.

The broadening of the third harmonic in the transve
direction has the additional effect of increasing the integra
intensity from that found if the transverse scan is assume
be resolution limited, as it was in Kiryukhinet al.’s work.8

We therefore took a series of measurements ofI 3 /I 1 as a
function of field and compared it to the relation betweenG
and the incommensurability:

p/DL52kK~k!G, ~3!

I 3 /I 15S Y

Y21Y11
D 2

, ~4!

Y5exp@2pK~A12k2!/K~k!#, ~5!

whereK is the complete elliptic integral of the first kind an
k is a parameter between 0 and 1 which describes the so
shape. This form assumes a shape to the soliton whic
described by18

u~ l !5e~21! lsn~ lc/Gk,k! ~6!

at lattice sitel, where sn(x,k) is a Jacobi elliptic function.
The parameterk was found from the ratio of the intensities
and G was then found fromk and the incommensurability
AssumingG constant with field we arrived at a best-fit valu
of 11.260.3c ~see Fig. 11!. This is smaller than the value
found by Kiryukhin et al. due to the increase in third har
monic intensity from the broadening. However, our value
still larger than the value of 8c predicted by theory.

Other determinations ofG have been made with neutro
scattering which gives a minimum value of 9.1560.14c,22

and NMR, which gives values between 6 and 10c.31 It must
be noted that the x-ray measurements see the structural
ton width, while this neutron-scattering measurement was
the magnetic soliton width. These quantities are not nec
sarily identical,32 and in fact are predicted to occur in th
ratio: Gd /Gm51.24. The corresponding structural solito

d

95

FIG. 11. Ratio of the integrated intensities of the first and th
harmonics of the incommensurate ordering in pure CuGeO3 at 4 K.
The solid line is the result of a fit to a constant soliton width fro
Eq. ~4!.
5-7
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width from the minimum neutron scattering measurem
would then be 11.35c, which is very close to the value o
11.2 derived from our measurements.

The soliton width has also been predicted by numer
density-matrix renormalization-group calculation to chan
close to the transition,32 and this has been measured in t
same neutron-scattering experiment mentioned above.
neutron investigators observed a quick drop ofG from 11.5c
nearHc to a minimum of 9.15c occurring at around 13 T. We
do not see clear evidence of such an evolution, and, tho
the point nearest to the transition appears to have a largG
~around 12.1c) than the rest of the data, this value is signi
cantly smaller than 1.24 times the neutron-scattering va
closest to the transition, despite our point being 0.2-T clo
to Hc .

Our measurements on the 0.4% sample showed a sim
broadening of the third harmonic with respect to the fi
harmonic in the transverse direction~the longitudinal direc-
tion was again resolution limited!. In this case, however, th
first harmonic was also not resolution limited, allowing us
measurej3 /j158.461.95 atT54 K andH513 T. Assum-
ing that this quantity is not field or temperature depende
we used this number with our longitudinal scans to ag
plot I 3 /I 1 versus field. The value forG which we extracted is
15.760.3c. However, as one can see in Fig. 12, for th
doping the fit to a constantG is very poor. The trend seem
to be for increasingG as H gets closer toHc , which is in
qualitative agreement with the field dependence seen in
neutron-scattering studies of the pure material.

One thing which is definitely clear from our measur
ments is that the soliton width in the 0.4% doped sample
significantly larger than that in the pure sample. Some of
may be attributed to a contribution from the static Deby
Waller factor. Following data from a computer modeling
strong impurity pinning,8 we would expect that 0.4% impu
rities would result in a suppression ofI (3)/I (1) by a factor
of about 0.8. If we correct for this, we arrive at a value
G514.560.4c, which is still greater than that of the pur
sample. It appears, therefore, that another effect of the im
rities is to smooth out the displacements that result from
soliton lattice making it more sinusoidal. 0.4% is a ve
small doping level, so this effect happens very quick

FIG. 12. Ratio of the integrated intensities of the first and th
harmonics of the incommensurate ordering in 0.4% Mg-dop
CuGeO3 at 4 K. The solid line is the result of a fit to a consta
soliton width from Eq.~4!.
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which then makes it clear why we were unable to observe
higher harmonic peaks in any of the higher doping samp

VII. DISCUSSION

One interpretation of the universality of doping effects
the zero-field CuGeO3 phase diagram is based on the a
sumption that all of the dopants generate effective ‘‘rand
fields’’ for the various sites in the chains. In fact, the origin
theoretical discussion of random fields by Imry, Ma, a
Aharony33,34 specifically mentions doped systems with
structurally distortive transition as an example of an expe
mentally realizable random-field system. The random dis
bution of impurities surrounding a given lattice site create
site-specific strain field. An alternative approach involves
structural spin-glass model arising from competing short a
long-range interactions. The experimental ramifications
such a model are closely similar to those of the random-fi
model.

As was the case for the zero-field experiments, our d
for the incommensurate state shows evidence of rand
field effects. The first indication of this was in th
Lorentzian-squared line shape for the incommensurate pe
indicating exponentially decaying correlations, as had b
observed previously in the doped spin-Peierls phase12 as well
as in the earlier studies of the incommensurate phase.8

Early in the theoretical discussion of the random-fie
model, a heuristic analysis appeared in the literature pred
ing that temperature-driven first-order phase transitio
should become second order under the influence of ran
fields.35 While the exact argument in that paper is not d
rectly relevant to a field-driven transition, it was based
very general principles. Specifically, the discussion was
cused on the distribution of critical temperatures caused
the statistical variation of impurities in a given sample vo
ume and the resulting interfacial energy from having some
the sample in the new phase while neighboring sections
not. These general concepts should also be applicable
field-driven transition, and hence the end result should be
same. However, due to the lack of a specific theoret
analysis for field-driven transitions in random-field system
there remain some unanswered questions for our system.
first is whether there should be a nonzero doping ab
which the transition becomes second order, or if an infi
tesimal doping will cause the change in the nature of
transition. Equivalently, it is not known whether or not the
is a tricritical point at some nonzero doping. In addition, it
unknown whether the first-order transition will be destroy
for all dimensions, or if there is a critical dimension. Anal
sis of multicritical systems with bond randomness36 ~as op-
posed to random fields! have shown that ford.2 there is a
threshold doping for destruction of the first-order transitio
while for d<2 infinitesimal randomness is sufficient. Sinc
we see definitive coexistence for CuGeO3 up to 0.8%, this
system seems to have a threshold doping for the conver
of the phase boundary to second order. This argues fo
tricritical point model for the phase diagram.

Another characteristic effect of random fields is the d
struction of true long-range order for arbitrarily small dopin

d
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in continuous order-parameter systems ford<4 and for Ising
systems withd<2. As was mentioned above, we see critic
destruction of long-range order in the three-dimensiona
ordered incommensurate phase. This is consistent with
fact that the incommensurate phase hasXY symmetry, and is
in contrast with the three-dimensionally ordered Ising sp
Peierls phase which has a critical concentration of 2.3%

VIII. CONCLUSIONS

Our study of the incommensurate phase in doped CuG3
has yielded some interesting results. The doped incomm
surate phase displays many of the classic traits of a ran
field, continuous order-parameter system. We obse
Lorentzian-squared line shapes, destruction of long-range
der with infinitesimal doping, and the conversion of a fir
order transition to a second-order transition.

We have also performed a more accurate determinatio
the structural soliton width in pure CuGeO3, as well as mak-
ing the first x-ray measurement of the soliton width in
doped sample. Both samples show a difference between
ra
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correlation length of the first and third harmonic scatterin
similar to what is seen in smectic liquid crystals. Dopin
quickly reduces the third harmonic scattering, indicating
drastic effect on the shape of the lattice modulation.
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