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X-ray scattering study of the incommensurate phase in Mg-doped CuGe
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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 CuGgQorentzian-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-dimensioaY system. Values for the soliton width in pure and lightly doped
CuGeQ 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 where the up or down pseudospins correspond to the two

choices of pairindleft or right) for a given spin. The incom-

The spin-Peierls phase is a novel state of matter consistnensurate phase, on the other hand, seems to be evidently an
ing of coupled magnetic and structural order paramétersXY phase, since the order parameter has two dimensions: the
One-dimensional Heisenberg magnetic systems cannot orderagnitude of the ordering and the phase of the incommen-
due to the effects of fluctuations. However, chains of antifersurability.
romagnetically coupled quantum spinions which are ar- Until 1993, all of the materials which were known to
rayed in a three-dimensional crystal structure can lower theidisplay a spin-Peierls transition were organic. This made it
overall energy if the lattice is deformable, allowing neigh- very difficult to carry out systematic studies. It was generally
boring spins within the chains to pull together into a dimer-difficult to grow high-quality large single crystals of the or-
ized structure and thereby form spin singlet pairs, a comganic materials and the organics tended to be easily damaged
bined magnetic and structural ordering which is known ady x-ray radiation, which meant that studies of the structure
the spin-Peierls state. The dimerization opens up a gap in theere mostly limited to lower resolution neutron scattering
long-wavelength spin excitation spectrum, thus reducing theneasurements.
quantity of fluctuations, and the associated energy. The In 1993, Haseet al® discovered that CuGeQwas a spin-
lowest-energy fluctuations from the dimerized state are unPeierls system, with a transition at around 14.3 K. This dis-
paired spins known as solitons. covery initiated a renewed flurry of experimental activity

It is not surprising that the spin-Peierls phase, with itssurrounding the spin-Peierls transition. Particularly, the ac-
intricate coupling between structure and magnetism, shouldess to an inorganic spin-Peierls system opened up the pos-
be sensitive to an external magnetic field. As early as 1978 iibility of controlled study of the effects of disorder on the
was predicted that the spin-Peierls transition temperaturepin-Peierls state. The growth defects in the organic materi-
should decrease with increasing magnetic flelehd that als, as well as the damage caused by x-ray radiation, tended
when the energy of the spins in the magnetic field exceed® act as uncontrolled and uncharacterizable sources of dis-
the lattice commensurability energgmklapp, solitons order. Consistent results for pure samples were therefore dif-
should spontaneously form. If these solitons repel each othdicult to obtain, and it was even more difficult to characterize
(as they do, they should form a lattice incommensurate with the effects of a given doping. CuGgQOon the other hand,
the crystal structure, with an incommensurability which iswas simple to grow with few defects and was not signifi-
proportional to the applied fielt® Since each soliton is ac- cantly damaged by x-ray radiation, making the level of un-
companied by a structural antiphase domain wall, the incomintentional defects small.
mensurate phase is visible to structural x-ray scattering ex- The high-field incommensurate state was directly ob-
periments as a splitting of the spin-Peierls dimerization pealserved in CuGeQusing x-ray scattering by Kiryukhiet al.’
into two peaks displaced along the chain direction. Shortly thereafter, they published a study of the effects of

As has been demonstrated heuristically by Haetial,*®>  doping on the incommensurate stite this work, we ex-
the spin-Peierls phase can be mapped onto an Ising modgland upon the results presented in their paper to try to con-

0163-1829/2002/68.7)/17410%9)/$20.00 66 174105-1 ©2002 The American Physical Society



R. J. CHRISTIANSONet al.

PHYSICAL REVIEW B 66, 174105 (2002

o7, =294 A - Cu, Mg GeO,
< | Ue-10e Qoimihium 16.0 [
meV Oxygen AN
- 1251 % o SP (x-ray)
o 1@;\% o P Ssuscepfipijiyy)
b 847 A Jy 1.0 meV LA .A \:10.0 | \\Ilm@ o Néel (susceptibility)
Y V £ s
o & BTSSPy
[}
a=481A £ sol |
me
6 s 250 o AF T,
FIG. 1. Structure of CuGeQ 00 ; IOZ ; 64 5 |06 n I08 X

. . . Mg Concentration x
struct a comprehensive picture of the incommensurate state
and the effects of doping on CuGegO FIG. 2. Zero-field phase diagram of Mg-doped CuGe@e-

printed from Wangget al. (Ref. 19.
Il. CuGeO,

CuGeQ is orthorhombic 6=4.81, b=8.47,¢c=2.94 A
at room temperatujeand consists of Cu@chains along the
c direction separated by chains of GeO which are displaced
alonga andb (see Fig. 1 The superexchange between the
spin3 CW" ions through the oxygen bond angle of 97°
makes the in-chain coupling antiferromagnetic wifly ~ x=0.0, 0.004, 0.008, 0.017, 0.021, and 0.023. The crystals
=10.4 meV. The couplings along andb are —0.1 meV  were all grown by the floating-zone method at the University
and 1.0 meV, respectivefyThe spin coupling is also very of Tokyo, and the level and uniformity of doping were char-
nearly Heisenberg. acterized using inductively coupled plasma—atomic emission

CuGeQ is easily doped with a large range of different spectra. All of the samples were found to be uniformxto
ions. Zrt* and Mgt (both S=0) and Nf* (S=1) goin  +0.001.
substitutionally for C&" and dilute the magnetism of the  Data were taken at the X20A beamline at Brookhaven
chains directly. $i* can be also added in place ofBe The  National Laboratory’s National Synchrotron Light Source.
doped Si ions distort the lattice and the configuration of oxy-The x-ray beam was vertically focused by a grazing inci-
gens around the copper sites enough to reverse the couplignce mirror, and an energy of 8 keV was selected by a
from antiferromagnetic to ferromagnetitThis disrupts the vertical double-bounce germanium monochromator. After
antiferromagnetic interaction even more effectively than in-scattering from the sample, the resolution was improved and
chain dilution, since the Si ions can affect two neighboringnoise reduced by scattering from a germanium analyzer into
oxygen bonds. the scintillation counterdetector. Counts were normalized us-

No matter which dopant is used, the resulting zero-fieldng an ion chamber monitor placed after the monochromator.
phase diagram retains the same overall topology. This zero- We used a horizontal scattering geometry to accommodate
field phase diagram has been extensively characterized e 13-T Oxford split-pair superconducting magnet. Scans
several experimental investigatioHs!® As doping is in- were taken around thé{ K L)=(3.51 2.5) spin-Peierls re-
creased, the spin-Peierls transition temperature decreases.flgction to optimize the intensity and minimize the critical
addition, an antiferromagnetic phagdeel phasg appears, field, which is lowest along thé direction. Due to the in-
with a transition temperature which increases with increasingbility to adjust the out-of-plane angle, thexis was placed
x. At x~0.023, which is referred to as the critical concentra-in the scattering plane, and the transverse s@agigendicu-
tion, the spin-Peierls state no longer attains long-range ordelar to the chainsshown in this work were taken along the
Heuristically, the dopants remove a spin, making it unavail{3.5 K K) direction, which also lays in the scattering plane.
able for pairing, and thereby inducing an antiphase boundary
in the spin-Peierls ordering. If the region between two neigh-
boring impurities contains an odd number of Cu sites, there
is also one unpaired spin remaining, which is a mobile soli- A mean-field analysis of the spin-Peierls transitigives
ton. At low enough temperature, these solitons can ordea linear relation between the zero-temperature spin-Peierls
with respect to each other; this is theé élstate(see Fig. 2 gap and the zero-field transition temperaturex,

While the zero-field phase diagram is essentially the same=1.765T,(0). In addition, the mean-field results show a
for all dopantst® the uniformity and accuracy of doping that linear relation between the critical field at zero temperature
can be achieved varies dramatically among the different dopand  the  zero-field transition temperaturepugH,
ings. Mg is generally the easiest dopant to use as it substi=0.7%gTs,(0). These results can be refiffedith the find-
tutes uniformly and very close to the intended concentrationings of Cross and Fish€rgiving mgHc=0.6%gT,(0) or
as grown. It was with this in mind that we chose to usewith results of Nakano and Fukuyafagiving ugH,

Mg-doped samples for our studies of doped Cug@Da
magnetic field.

IIl. EXPERIMENT

We took data on a series of six CyMg,GeG; crystals:

IV. CuGeO3; IN A MAGNETIC FIELD
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FIG. 3. Top panel shows critical temperatures from susceptibil-
ity measurements &t =1000 Oe(open circleg and fields corre- FIG. 4. L scans through the spin-Peierls peak position for vari-
sponding to the onset of x-ray incommensurate peaks atfiléd ous fields crossing the transition at 4 K. The solid lines are the
circle. The bottom panel shows these quantities plotted againstesults of fits to a Lorentzian-squared cross-section convolved with
each other. The solid line is the best fit to a linear relation with thethe measured instrumental resolution.
intercept forced to zero, the dashed line is the prediction of Cross
and FisherRef. 19. there is never any clear three-peak structure, there is no

longer any obvious coexistence of the spin-Peierls phase

=0.14&gT;,(0). Above the commensurate-incommensuratewith the incommensurate phase. Instead, the spin-Peierls
(C-l) transition, Cros¥ predicted that the peak splitting peak decreases in amplitude with increasing field and broad-
along the chain directioh should be linearly proportional to ens until it splits into two incommensurate peaks. While it is
the applied fieldH: AL=2gugH/7J.C. difficult to rule out the existence of a small central peak, and

Figure 3 shows the critical field and zero-field spin-Peierlshence the possibility of a coexistence region, certainly the
transition temperatures for our samples. Both the criticatontinuous nature of the progression from a single peak to a
temperature and critical field appear to be essentially lineapair of satellites indicates a transition which is more second
over the range of dopings, and hence linear with respect torder in character.
each other in agreement with mean-field theory. The best fit The widths of the peaks as well as the incommensurabil-
to a linear relation betweemgH . andkgTs, gives a propor- ity were extracted from fits to a structure factor containing a
tionality constant of 0.580.01. This is intermediate be- central commensurate spin-Peierls peak and two incommen-
tween the values predicted with Cross and Fisher and witkurate satellite peaks. For low dopings, coexistence was ob-
Nakano and Fukuyama. The dashed line in the figure showgious and three peaks were fit in the transition region. For
the prediction for the Cross and Fisher results, while thenigher dopings, two peaks were sufficient to obtain good fits,
prediction of Nakano and Fukuyama is off scale. though even at the highest doping, the existence of a small

The transition temperatures shown are from the suscepteentral peak could not be ruled out. For the intermediate
bility measurements of Fig. 2 and represent the onset tendoping of 1.71% both two- and three-peak fits were at-
perature for short-range spin-Peierls order at 1000 Oe. Thiempted in the transition region, and it was difficult to dis-
x-ray measurements from the same figure show the onset ghguish which gave the better fit. To avoid ambiguity, we
long-range order, which has a much stronger dependence @mesent no data very close to the transition for that sample.
doping than either the short-range order onset or the critical The peaks at higher dopings were not resolution limited,
field. It is not possible to find a zero-intercept linear relationand it was therefore both possible and necessary to choose a
between the critical field and the onset of long-range orderspecific line shape for fitting the peaks. Previous studies had

The left-hand side of Fig. 4 shows our scattering resultshown that the peak shape at zero field was consistent with a
for the (3.5 1 2.5 spin-Peierls peak in pure CuGg@s we Lorentzian-squared line shape, reminiscent of the scattering
raise the field across the C-I transition with the temperaturerofiles in random-field and spin-glass systéfm@ur data
fixed at 4 K. Two features are evident here: the system disfor fields below the incommensurate transition confirm this.
plays coexistence between the dimerized phase and the iAbove the critical field, a Lorentzian-squared line shape con-
commensurate phase over a narrow range of fields, and thelved with the experimental resolution yields a better fit to
incommensurabilityAL onsets at a non-zero value. Both of the superlattice peaks than a simple Lorentzian convolved
these observations are clear signals of a first-order transitiomvith the resolution(Fig. 5. We therefore fit all of our data to
We also qualitatively confirm the hysteresis seen in the maga Lorentzian squared convolved with the measured experi-
netostriction data for pure samples. mental resolution.

The right-hand side of Fig. 4 shows scans alartgrough Perhaps the best evidence of the change in the nature of
the reciprocal space positidB8.5 1 2.5 as the field is raised the transition can be seen in the incommensurability as a
through the transition for a sample with 2.1% Mg. Sincefunction of field for the various doped samples. Figure 6
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ously, the data are not described well by Cross’ prediction,
- though at higher fields, which are inaccessible with our 13-T
magnet, the incommensurability could approach this predic-
tion. Buzdin et al,?! in an effort to improve upon Cross’
work, dealt with the transition in the framework of tixey

1 model. They arrived at a formula for the incommensurability

> | above a weakly first-order transition:
2.118 2,119 2.:50 2.I51 2.152 A
L [rlu] 0
Al=g———0—, 1
25 2vsIn(4ly)

=20 _ wherey is defined by
[=]
st 1 (H=Ho)/He=y2In(4ly)/2 ?)
% or | andv = mJ.C/2.
Sosf . The solid lines in Fig. 6 represent the results of fits to

Buzdin et al’s prediction. For the pure sample, the spin-

0.98 0.99 3 5K1kgo[rlu] Lot 1.02 Peierls gap\, is taken to be fixed at the value 2.05 meV,
o and the critical field is fit. The fit is quite good away from the
FIG. 5. Results of fits to data for the 2.1% sample at 11 T and 4ransition, and neutron-scattering results which overlap with

K. The solid line is a Lorentzian squared, while the dashed line is @ur data show agreement with Buzdgt al's form up to
simple Lorentzian. 14.5 T?? However, in order to fit our data, the critical field

had to be taken at a value of 12.08 T, which is slightly higher

shows the field dependence of the incommensurability for affn the field at which we see the onset of the incommensu-
the samples we studied. As the doping level rises, increasin@t® Peakd12.0 T). It is not surprising that Buzdiet al's

the number of soliton pinning sites, the transition moves td"€0ry should fail very close to the transition, or that our data
lower field. In addition, the transition becomes more gradualShould also differ from data taken in other experiments very
presumably reflecting the crossover to a second-order chapear the transition, since the behavior around the transition
acter of the transition. Of particular interest, we can trace thdi€!d would likely depend on the characteristics of the par-

decrease in the onset incommensurability as the doping irficular sample in consideration, and on the exact alignment
creases. In the lower doping samples, the incommensurafd the magnetic field.

peaks first appear at a well-resolved nonzero distance from FOr the doped samples, both the critical field and the spin-
the spin-Peierls peak, while for the three highest dopin eierls gap were fit. The spin-Peierls gap obtained from the

samples we cannot distinguish the initial incommensuratdits decreases rapidly with increased doping, and the quality
peaks from the broadened spin-Peierls peak. of the fits, which is good for the lowest doping sample, de-
The dashed line in Fig. 6 shows Cross’ prediction for theteriorates quickly. Since Buzdin's prediction was based on

linear dependence of the incommensurability on field. Obvithe existence of dweakly) first-order transition, it is not
really surprising that the agreement is poor at the higher

dopings, where the transition appears to be continuous. Also,

0.0150 L "o Pure | ' ' " many author$***have predicted an effective decrease of the
N IS spin-Peierls gap with doping, which would agree with the
001251 v L% results of these fits. Other indirect evidence of this effect has
o 2lx been seef?® but no direct experimental measurement has
ootoo | Sross - confirmed this.
uzdin . . . N
—_ + In 15% One last note on Fig. 6: we have included in this figure
Zooorst TNF data of Kiryukhinet al. for the incommensurability of Ni-
3 . and Zn-doped samples taken with the same scattering
0.0050 ) 4 configuratiorf As mentioned above, at zero field the effects
£ ' of doping on the overall topology of the phase diagram do
0.0025 | . * not appear to depend upon the choice of dopant. However, it
seems unlikely that, in a field, magnetic and nonmagnetic
ol ] ions would have the same effect upon the system. The data
! . L . ! : ! . . for the 1.5% Zn sample lie very close to our data for the

o 10 Hl[lT] 12 13 1.7% Mg doping, which is reassuring, since both Zn and Mg
are nonmagnetic. However, the data for the 2% Ni doping,

FIG. 6. Incommensurability for all samples at 4 K. The data for Where Nf* has spin 1, lie significantly above the 2.1% Mg
the Zn- and Ni-doped samples are from Kiryuktghal. (Ref. 8. data. While it is possible that the electron probe microanaly-

Lines are the results of fits to Buzdet al’s (Ref. 20 Eq. (1) as  Sis (EPMA) measured doping for the Ni sample is not a
described in the text. perfectly accurate measure of the actual doping level, it is

174105-4



X-RAY SCATTERING STUDY OF THE . .. PHYSICAL REVIEW B 66, 174105 (2002

0.012 than this. Clearly there is some communication along the
0.010 - | to chains i ] chain direction around the dopants due to the structural
¥ '3 three-dimensional interactions between the chains. Unfortu-
EO‘OOB T Mg i ] nately, even at the highest field, thewidth in all of the
S o008l v 229% S i samples was still decreasing with increasing field as we
=" . 20 v % moved farther from the transition, making it impossible to
0004- = 08% * . 1 extract a number for the limiting high-field correlation
o 04% I length. This also precludes the determination of the dopin
0.002 - .= 1 9 p ping
L I dependence of the limiting correlation lengths.
ool o, 8 = &t d ] It is interesting to note the different behavior of the cor-
1 to chains 3 relation length along and transverse to the chains. Both show
0.045 . g clear signs of an increasing width below the transition. How-
—.0.030 F o030 g 73 * . ever, above the transition, the correlation length along the
Z oots v chain begins increasing again, while the correlation length
= ' _’g'_o’,i. Vf' transverse to the chain appears to level off with increasing
ToosE o m s . . field. The inset for Fig. 7 shows the values for the transverse
= [4 7. inverse correlation length at the highest-field value for each
.3 AAA sample. For the lower doping samples, this appears to be the
0f & ¥ YT 4 at.d ome saturation value. In contrast to the longitudinal correlation
0 25 50 75 100 125 150 length, the transverse correlation length appears to be signifi-
H [T] cantly shorter than the interdopant spacing.
FIG. 7. Transverse and longitudinal widths of the spin-Peierls
(below H.) and incommensuratéaboveH.) peaks at 4 K. The V. NEEL STATE
inset shows the approximate saturation values for the transverse .
inverse correlation length. The line is the interdopant spacing. The character of the Nt ordering in the incommensurate

spin-Peierls state is not yet well understood. At low field, the
unlikely that the actual doping would be significantly higher, spins associated with the doping-induced solitons order with
which would be necessary to reconcile the data for the twaespect to each other, but to first approximation the solitons
different samples. It is possible that the magnetic dopants pido not participate in the spin-Peierls ordering so long as the
the incommensurate phase more effectively than the norstructure remains commensurate. At high field, however, the
magnetic ions, thus stabilizing it at a lower field. However, adoping-induced solitons may be involved in the ordering of
more complete study comparing different Cu-site dopants ishe incommensurate phase, contributing to the decrease in
necessary before definitive conclusions can be drawn. critical field which is seen with increasing doping.

As mentioned previously, at zero field the spin-Peierls Since the Nel state involves no additional structural dis-
transition temperature decreases with increasing doping unertion, we could not probe the peak corresponding to the
til, at a critical concentration of around 2.1%, the spin-ordering directly with structural x-ray scattering. However,
Peierls dimerization no longer achieves three-dimensionas temperature is lowered, the width of the spin-Peierls and
long-range order. Similarly, we confirm and expand upon thesatellite peaks begins to increase, corresponding to a de-
previously reported resuftsshowing broadening of the in- crease in the correlation leng¢h Previous results®at zero
commensurate peaks at high dopings. field show that this is an indication of the onset ofeNe

Figure 7 shows the longitudinghlong the chainand ordering. Hereafter, we definB, as the temperature below
transverse(perpendicular to the chairwidths of the spin-  which the correlation length is suppressed. Since we were
Peierls and incommensurate peaks for the various dopingable to take data down to 1.6 K, we could see this effect in
There is a large increase in the peak width across the transal of the doped samples except for the 0.4%. The most com-
tion, showing that the incommensurate phase is more sengplete data were taken on the 2.1% sample.
tive to doping than the spin-Peierls phase. Our lowest doping As a case study, we wished to make a complete charac-
sample already shows broadening in the transverse directiagrization of the Nel state for a single doping sample. We
in the incommensurate phase, and the width of the peakshose to do this for the 2.1% sample, since this sample
along both directions increases dramatically as the dopingwhich has a concentration very close to the critical concen-
increases. For the lowest doping®t shown on the plotwe  tration at zero fielgl had the highest Na transition while
were unable to resolve the longitudinal width of the peaksstill maintaining a resolution-limited peak at zero field, hence
which implies that the limiting correlation length is longer allowing us to make an accurate determination of the reso-
than 2000 A. lution function.

A naive approach would predict that the correlation length  For a series of fields from zero up to 13 T, we took scans
of the incommensurate phase should be of the same lengthough the(3.5 1 2.5 position (and satellite positions The
scale, and proportional to, the interdopant spaélngor  sample was zero-field cooled, the field was raised to the ap-
0.8% doping, there should be one dopant per 125 lattic@ropriate value, and data were taken upon raising the tem-
spacings along the direction. The correlation length for the perature from base temperatude6 K) to the paramagnetic
0.8% sample along thé& direction is significantly longer transition. After each cooling we generally waited between
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inability to observe the Nal state directly, it is difficult to
ol ] draw any unambiguous conclusions. However, very gener-
0 2 7 p p 10 ally we can say that the subtle increase in thelNempera-

T [K] ture above the transition field indicates that the incommen-

. - ] ) surate state is more unstable to the formation of uniform

FIG. 8. Integrated intensities and inverse correlation lengthg\eg| ordering than is the dimerized spin-Peierls state. How-
along the chain direction for zero-field cooling and increasing tem-yer, the nearly flat integrated intensity upon zero-field cool-
perature at various fields above the critical field for the 2'1%ing indicates that the strength of the local structural ordering
sample. in both the dimerized state and the incommensurate state is

15 and 30 min to stabilize the low-temperature phase befor§SSentially unaffected by the Bleordering. Rather the struc-
taking data, as per the findings of Waagal. that the time ~ tural state merely breaks up into smaller domains.
scale of metastability for the low-temperature phase was of
approximately this order of magnitud® We should note VI. THIRD HARMONICS
that, due to the time necessary to raise the field, the wait '
before collecting data was longer for higher-field data than The naive picture of the incommensurate state as a lattice
for lower field. This time was on the order of 10—20 min for of discrete flipped spins is more complicated in reality. Both
the lower fields, and ranged up to an hour or more for thghe magnetic and structural “solitons” are actually accompa-
highest fields. nied by a much longer-range distortion of the surrounding
Above the critical fieldFig. 8) the behavior of the incom- order. Many calculations have been performed concerning
mensurate peaks at the ®ldransition is nearly identical to the shape of the solitons in the incommensurate phase. In
that seen in the spin-Peierls peak at lower field. However, iparticular, quantitative predictions for the soliton width exist
does seem that the onset temperature of thel Nedering  for pure CuGe@.* The soliton width is a parameter which
moves higher, probably because of the presence of additionéescribes the extent of the soliton, and, when compared with
solitons. Figure 8 also shows the hysteresis of thelftan-  the periodicity of the superlattice, this quantity can give
sition upon cooling back through the transition. This behav-some idea of whether the modulation of the lattice is discrete
ior is very similar to that seen in zero field by other or sinusoidal. The soliton width can be extracted from a mea-
experimenterd? The integrated peak intensity is very nearly surement of the intensity of the third harmonic peaks of the
constant upon heating, though scans taking upon coolingnicommensurate state. The higher-order Fourier components
show a decrease in peak intengiyso seen in previous zero- are sensitive to the shape of the modulation, being minimum
field studie$. for a pure sine wave, and maximum for a square-wave dis-
In addition to the temperature-dependent data showtortion. Kiryukhin et al® measured the third harmonic inten-
above, we took three field scans at 2, 3, and 4.&, below, sity for pure CuGe@and arrived at a value fdr of 13.6c.
at, and above the N transition. These scans showed es- The calculated value, using a field-theory description of the
sentially the same behavior. Figure 9 shows the completeearest-neighbor Heisenberg modell'i€=v /A= 8.0®
phase diagram for the 2.1% sample which was deduced fromwhich is significantly smaller than the value deduced from
these measurements. The dashed line indicates the approftie x-ray measurements, and therefore indicates a much less
mate location of the incommensurate phase boundary. Thesnusoidal soliton shape.
is no clear transition from the incommensurate phase to the We attempted to measure the third harmonic scattering in
high-temperature uniform phase. Rather, with increasingur doped samples. In all of the samples but the lowest dop-
temperature at fixed field, we observe a slow increase of thing (0.4% and pure samples, the third harmonic intensity
width of the peaks together with a decrease of both the inwas too weak to measufkess than 1/1000 of the incommen-
tensity and the incommensurability. surate peak We performed thorough measurements of the
Due in large part to the effects of metastability, and thepure and 0.4% samples, with some unexpected results.
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12 FIG. 11. Ratio of the integrated intensities of the first and third
harmonics of the incommensurate ordering in pure CuGE@ K.
§ 10 The solid line is the result of a fit to a constant soliton width from
3 ol Eq. (4).
S Tgp at zero field varies among nominally stoichiometric
= 6l sP g Yy Chi
e CuGeQ samples. Our measurements therefore indicate that
S 4l in the direction perpendicular to the chains, the incommen-
surate phase in CuGgQs critical, in the sense that any

amount of disorder will disrupt the long-range order.

The broadening of the third harmonic in the transverse
direction has the additional effect of increasing the integrated
=125 T, T=4 K. The solid lines are the results of fits used to be resolution limited, as it was in Kiryukhiet al’s work.?
extract the soliton width. The dashed lines show resolution-limited/Ve therefore took a series of measurementd df; as a
fits (the asymmetry in th& scan is from mosaicily The inset inthe  function of field and compared it to the relation betwdén
bottom panel shows the resolution-limited transverse scan (0.998nd the incommensurability:
<K<1.005) through the first harmonic.

2 1 1 1 1 1
0.990 0.995 1.000 1.005 1.010
(3.5KX) [rlu]

7 AL=2kK(k)I, 3)
Figure 10 shows the third harmonic scans in pure
CuGeQ at 4 K and 12.5 T. The third harmonic is well de-
fined and resolution limited along the chain direction, as one I3/11=
would expect. However, as shown in the lower panel of the
figure, the transverse (315, K) scan through the third har-
monic is broadened, though the first harmonic peak is reso- Y=exd — 7K(J1-k*)/K(k)], )

Iutlo_n “r.n'tEd n th.'s dlret_:tlon(see "?39‘ as well as in the . whereK is the complete elliptic integral of the first kind and
longitudinal direction. This broadening was not observed N is a parameter between 0 and 1 which describes the soliton

previous x-ray scattering studies, mostly due to a mle%hape. This form assumes a shape to the soliton which is
lower signal, which limited the amount of data that could bedescribed b}f

taken on the third harmonics.
It is not unu;ual that the first anq third harmonic order.ings u(l)=e(—1)'sn(lc/Tk,k) (6)
should have different characteristic length scales. Studies of
smectic liquid crystaf€ show a similar broadening of the at lattice sitel, where sng,k) is a Jacobi elliptic function.
higher harmonic scattering with respect to the first harmonicThe parametek was found from the ratio of the intensities,
Subsequent theoretical calculatiéh® were able to account andI' was then found fromk and the incommensurability.
for the observed correlation length ratio for that system. ThisAssumingI” constant with field we arrived at a best-fit value
theory is not easily adaptable to our system. Nevertheless, aof 11.2+ 0.3 (see Fig. 11 This is smaller than the value
a quite general basis it is evident that the observation of dound by Kiryukhin et al. due to the increase in third har-
nonzero width in the third harmonic peak requires a nonzeranonic intensity from the broadening. However, our value is
width of the first harmonic. We can therefore conclude thatstill larger than the value of @predicted by theory.
the incommensurate phase in nominally “pure” CuGeO Other determinations df have been made with neutron
though of a correlation length long enough to appear resoluscattering which gives a minimum value of 946.14c,
tion limited (greater than 2000 A), is in fact not long-range and NMR, which gives values between 6 ana 281t must
ordered transverse to the chain direction. be noted that the x-ray measurements see the structural soli-
The most likely explanation for this is that there exists inton width, while this neutron-scattering measurement was of
any real sample some quantity of impurities and imperfecthe magnetic soliton width. These quantities are not neces-
tions. The “pure” sample must in fact be considered to be asarily identica®® and in fact are predicted to occur in the
very low doping sample. This is consistent with the fact thatratio: I'y/T",=1.24. The corresponding structural soliton

2

4

Y24Y+1
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5.0 which then makes it clear why we were unable to observe the
451 _ higher harmonic peaks in any of the higher doping samples.
ET4.0 1
.35} . VII. DISCUSSION
§3~° i iy One interpretation of the universality of doping effects on
=25t . the zero-field CuGepphase diagram is based on the as-
a0l sumption that all of the dopants generate effective “random
. . . \ fields” for the various sites in the chains. In fact, the original
1008 0009 0010 0011 0012 0013 theoretical discussion of random fields by Imry, Ma, and

Incommensurability [rlu] Aharony*®3 specifically mentions doped systems with a
FIG. 12. Ratio of the integrated intensities of the first and thirdstructurally d!stort|ve tranS|thn as an example of an expert-
harmonics of the incommensurate ordering in 0.4% Mg-dope e_ntally Tea"Z??'e random-f_leld system. The rgndom distri-
CuGeQ at 4 K. The solid line is the result of a fit to a constant _utlon of .”.“p“““.es §urr0und|ng a gl_ven latttice Sltef creates a
soliton width from Eq.(4). site-specific 'straln field. An a!tgrnatlve approac.h involves a
structural spin-glass model arising from competing short and
long-range interactions. The experimental ramifications of
width from the minimum neutron scattering measurementych a model are closely similar to those of the random-field
would then be 11.35 which is very close to the value of model.
11.2 derived from our measurements. As was the case for the zero-field experiments, our data
The soliton width has also been predicted by numericafor the incommensurate state shows evidence of random-
density-matrix renormalization-group calculation to changefield effects. The first indication of this was in the
close to the transitiof, and this has been measured in theLorentzian-squared line shape for the incommensurate peaks,
same neutron-scattering experiment mentioned above. Thadicating exponentially decaying correlations, as had been
neutron investigators observed a quick drof’dfom 11.5  observed previously in the doped spin-Peierls pttasewell
nearH, to a minimum of 9.16 occurring at around 13 T. We as in the earlier studies of the incommensurate phase.
do not see clear evidence of such an evolution, and, though Early in the theoretical discussion of the random-field
the point nearest to the transition appears to have a l&rger model, a heuristic analysis appeared in the literature predict-
(around 12.t&) than the rest of the data, this value is signifi- ing that temperature-driven first-order phase transitions
cantly smaller than 1.24 times the neutron-scattering valuehould become second order under the influence of random
closest to the transition, despite our point being 0.2-T closefields®® While the exact argument in that paper is not di-
to H. rectly relevant to a field-driven transition, it was based on
Our measurements on the 0.4% sample showed a similaery general principles. Specifically, the discussion was fo-
broadening of the third harmonic with respect to the firstcused on the distribution of critical temperatures caused by
harmonic in the transverse directidtine longitudinal direc- the statistical variation of impurities in a given sample vol-
tion was again resolution limitedin this case, however, the ume and the resulting interfacial energy from having some of
first harmonic was also not resolution limited, allowing us tothe sample in the new phase while neighboring sections are
measure;/§,=8.4+1.95 atT=4 KandH=13 T. Assum- not. These general concepts should also be applicable to a
ing that this quantity is not field or temperature dependentfield-driven transition, and hence the end result should be the
we used this number with our longitudinal scans to agairsame. However, due to the lack of a specific theoretical
plot I/l versus field. The value fdr which we extracted is analysis for field-driven transitions in random-field systems,
15.7+0.3c. However, as one can see in Fig. 12, for thisthere remain some unanswered questions for our system. The
doping the fit to a constart is very poor. The trend seems first is whether there should be a nonzero doping above
to be for increasind” asH gets closer tH., which is in  which the transition becomes second order, or if an infini-
gualitative agreement with the field dependence seen in thiesimal doping will cause the change in the nature of the
neutron-scattering studies of the pure material. transition. Equivalently, it is not known whether or not there
One thing which is definitely clear from our measure-is a tricritical point at some nonzero doping. In addition, it is
ments is that the soliton width in the 0.4% doped sample isinknown whether the first-order transition will be destroyed
significantly larger than that in the pure sample. Some of thigor all dimensions, or if there is a critical dimension. Analy-
may be attributed to a contribution from the static Debye-sis of multicritical systems with bond randomn&s@s op-
Waller factor. Following data from a computer modeling of posed to random fieldave shown that fod>2 there is a
strong impurity pinning, we would expect that 0.4% impu- threshold doping for destruction of the first-order transition,
rities would result in a suppression bf3)/1(1) by a factor  while for d=<2 infinitesimal randomness is sufficient. Since
of about 0.8. If we correct for this, we arrive at a value of we see definitive coexistence for CuGg@p to 0.8%, this
I'=14.5+0.4c, which is still greater than that of the pure system seems to have a threshold doping for the conversion
sample. It appears, therefore, that another effect of the impuwf the phase boundary to second order. This argues for a
rities is to smooth out the displacements that result from théricritical point model for the phase diagram.
soliton lattice making it more sinusoidal. 0.4% is a very Another characteristic effect of random fields is the de-
small doping level, so this effect happens very quickly,struction of true long-range order for arbitrarily small doping
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in continuous order-parameter systemsder4 and for Ising  correlation length of the first and third harmonic scatterings,
systems withd<2. As was mentioned above, we see critical similar to what is seen in smectic liquid crystals. Doping
destruction of long-range order in the three-dimensionallyquickly reduces the third harmonic scattering, indicating a
ordered incommensurate phase. This is consistent with thdrastic effect on the shape of the lattice modulation.

fact that the incommensurate phase Kassymmetry, and is

in contrast with the three-dimensionally ordered Ising spin-

Peierls phase which has a critical concentration of 2.3%. ACKNOWLEDGMENTS
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