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We have studied the high-field phase behavior of the spin-chain compound,(@n, Ni),GeQ; by syn-
chrotron x-ray scattering in magnetic fields up to 13 T. The rich magnetic phase diagram of this system
includes uniform, low-field commensurate spin-Pei¢@$, high-field incommensurate spin-Peie(l€), and
Neéel phases. For the pure systéx=0), we have determined the shape of the phase boundaries as well as the
incommensurability and harmonic content of the incommensurate lattice distortion in the IC phase as a func-
tion of field and temperature. The results are in good qualitative agreement with predictions based on the
soliton lattice model of the IC phase, but significant quantitative discrepancies are found. Dilution of the
copper oxide spin-1/2 chains with very small amoumts0.01) of spin-0(Zn) or spin-1(Ni) impurities results
in a short-range-ordered IC phase with an anisotropic correlation length comparable to the average impurity
separation. This presumably reflects strong pinning of the magnetic solitons to the impurities. Fox theyer
long-range order is disrupted also in the C phase, and the system undergoeistrmidgtion at low tempera-
tures. Aided by supplementary neutron-diffraction measurements, we construct magnetic phase diagrams for
the diluted systems. For these systems we also present detailed measurements of the incommensurabilities and
correlation lengths as a function of both field and temperature. The data are interpreted in terms of a simple
phenomenological model based on lifetime broadening of the spin excitations in finite-sized chain segments.
[S0163-18296)08934-5

I. INTRODUCTION energy in the spin-Peierls state is lowered with respect to the
undistorted state. However, neutron-scattering experiments
Low-dimensional quantum magnets have long been of inhave also revealed a sizable interchain superexchange inter-
terest as prototypical quantum many-body systems. In onaction which favors low-temperature”8leorder. Remark-
dimension, where particularly detailed information about theably, the introduction of magnetic and nonmagnetic impuri-
correlation functions and excitation spectra is availableties into the spin chains greatly affects the balance between
problems related to interchain coupling and random disordethe two competing interchain interactions and induces a
are currently under intense investigation. zero-temperature transition from the spin-Peierls state to the
The recently discoverédantiferromagnetic spin-chain Neel state as a function of increasing'~’ The substitution
compound CuGegQoffers a particularly rich testing ground of Si impurities for Ge has a similar effet?.
for theories of these phenomena: The material has a simple In the pure system, the application of a sufficiently high
structure, and very detailed, quantitative information aboutmagnetic field has recently been shown to induce a transition
the magnetic and lattice vibrational excitation spectra ifrom the spin-Peierls phase into an incommensurately modu-
available. The material contains CuQntiferromagnetic lated phasé? This commensurate-incommensurate transition
chains and allows for the controlled substitution of magnetiaesults from a competition between the spin-lattice coupling,
and nonmagnetic impurities for the spin-1/2 “Cuions  which favors the formation of the nonmagnetic spin-Peierls
through synthesis of the compounds,Cy(Zn, Ni),GeO;.  state, and the Zeeman energy, which is minimized for states
The influence of localized impurities on the spin correlationswith a magnetic moment. X-ray and recently also NMR
can thus be systematically studied. (Ref. 12 experiments have shown that the high-field incom-
The spin chains are coupled through a spin-lattice intermensurate phase has the form of a soliton lattice. Each soli-
action which arises from the dependence of the intrachaiton carries a spin-1/2, and as the field is increased the mag-
superexchange interaction on the distance between the magetization increases through continuous proliferation of
netic atoms. At temperatures below 14.3 K this interactiorsolitons. The soliton lattice phase persists in the diluted sys-
leads to the formation of a dimerizedpin-Peierls staté¢  tems, but its long-range order is destroyed.
whose magnetic signature is a collective singlet state with an The interplay between the competing spin-lattice interac-
energy gap for triplet excitations. The magnetic ground-statéion, spin-spin interaction, and Zeeman terms in the Hamil-
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tonian results in a rich phase diagram which is the subject ofr.l.u.), that is in units of the reciprocal-lattice vectors

this study. The experimental technique chosen, synchrotroa*=1.31 A", b*=0.74 A%, c*=2.14 A"1] The (3.5, 1,

x-ray scattering, lacks dynamic information and is thus2.5 reflection is one of the brightest superlattice reflections

complementary to neutron scattering. However, it has twaccessible with our experimental setup. Since(Bs, 1,

unique advantages for the study of this problem: First, itdirection deviates only 9° from the axis, the magnetic field

high momentum resolution allows us to easily resolve thds applied almost along the axis in this scattering geometry,

small incommensurability in the modulated phase as well agvhere the critical field is minimum. The value determined

a small disorder-induced broadening of the Bragg reflectionfrom our data at low temperaturdd,=12.1 T, agrees well

in the diluted systems. Second, the high photon flux enablewith susceptibility measurements in this direction.

us to detect satellite reflections 3—4 orders of magnitude less The neutron-scattering measurements were performed on

intense than the primary structural superlattice reflections aghe H4M triple-axis spectrometer at the High Flux Beam

sociated with the lattice distortion in the spin-Peierls stateReactor at the Brookhaven National Laboratory in a pumped

These superlattice reflections are in turn several orders dfelium cryostat. Thg002) reflection of pyrolytic graphite

magnitude less intense than the Bragg reflections charactePG) was used as the monochromator and the analyzer, the

izing the undistorted lattice. The high photon flux also allowsbeam collimations were 4810'-80'-80', and the final neu-

us to study short-range spin-Peierls order in the diluted sysron energy was 14.7 meV. A PG filter was placed behind the

tems. sample in order to eliminate higher-order contamination of
The remainder of this article is organized as follows: Inthe scattered beam. The data were collected in a two-circle

Sec. |l details of the sample preparation and the experimentahode in theb* —c* scattering plane.

setup are given. Section Ill contains experimental results on

the pure system which are compared to extant theoretical

predictions. In Sec. IV we present the results of measure- lll. PURE CuGeO3

ments on samples containing controlled amounts of magnetic

and nonmagnetic impurities, and a conclusion is given i

Sec. V.

CuGeQ has an orthorhombic structure and contains cop-
r‘ber oxide spin chains extending in thealirection. Each cop-
per ion carries spin 1/2 and is octahedrally coordinated to the
neighboring oxygens, thereby forming a Guéhain* The
nearest-neighbor anti-ferromagnetic superexchange obtained
by fitting inelastic neutron-scattering data to a des Cloiseaux-
Single crystals of Cu_,(Zn, Ni),GeO, were grown from  Pearson dispersion i3,=10.4 meV. The same data have
a CuO-rich flux at Princeton University, and by the floating- also been analyzed in terms of a model which includes next-
zone technique at the University of Warwick. Three crystalsnearest-neighbor exchange interactibhsresulting in
grown by the former technique were investigated: CugeO J.;~13 meV andl.,~4 meV. This model reproduces both
ClUg 95£Ng 0155€0;, and Cy oNig o,Ge0;. These crystals the magnon dispersions and the temperature dependence of
had typical dimensions 02X2 mm along thea, b, andc  the uniform susceptibility. The exchange constants perpen-
axes, respectively. A large gyNigo/GeQ; crystal of di-  dicular to the spin chains are much smaller,£0.1J.,
mensions X4X8 mm grown by the latter technique was J,~—0.01],) .2
also studied. The elemental compositions of the crystals were Pure CuGe@ undergoes a spin-Peierls transition at 14.3
characterized by electron probe microanalysis. Supercork. At the spin-Peierls transition the periodicity of the CuO
ducting quantum interference device magnetometry was usespin chains doubles. As a consequence, structural superlat-
to measure the susceptibility and determine the spin-Peierkice reflections at the commensurate positigd£2, K, L/2),
transition temperatures of the crystals. These were 14.X odd, are observed below the transition temperature in dif-
12.3, 12.0, and-10 K for the pure, 1.5% Zn-substituted, 2% fraction experiment&* Figure 1 shows scans through the
Ni-substituted, and 3% Ni-substituted crystals, respectively(3.5, 1, 2.5 reflection of pure CuGeQin the spin-chain
(As discussed in Sec. IV below, the transition temperature oflirection. In magnetic fields up te 12 T a single diffraction
the Cuy oNig odGe0; sample is significantly broadened by peak corresponding to the lattice dimerization is observed. In
disorder) The measured transition temperatures are in agredtigher fields the peak splits, and its position is then incom-
ment with previous reports. mensurate with the underlying lattice and is controlled solely
The x-ray experiments were carried out at beamline X22Boy the applied field. The lattice modulation wave vector is
of the National Synchrotron Light Source with 8 keV x-rays. only slightly different from its zero-field value, and hence
The crystals were oriented and loaded into a 13 T split coithe corresponding diffraction peaks are observed in the vi-
vertical field superconducting magnet mounted on a two<inity of the zero-field superlattice reflections. As previously
circle goniometer. A horizontal axis sample rotator inside theobserved? the transition is very sharp, and C and IC reflec-
magnet was used fdn situ adjustments of the sample ori- tions coexist over a narrow field range, signaling a first-order
entation. Momentum resolutions of 0.005—0.01 *A(full transition. The data of Fig. 1 were taken at low temperature
width at half maximum both parallel and perpendicular to (T=4 K). No significant changes were observed below this
the scattering plane were determined by slits before and aftéemperature. As discussed further below, we have con-
the sample in conjunction with the sample mosaicity. Thestructed a magnetic phase diagram for Cuge@nsisting of
data were collected in a two circle mode near®®, 1,2.5 commensuratéC), incommensuratélC), and uniform(U)
superlattice reflection, with momentum transfers of the formphases, by repeating these scans at higher temperatures. A
Q=(3.%, K, L) in the (horizonta) scattering plane[Mo- schematic of this diagram is shown in FigaR
mentum transfers are quoted in reciprocal-lattice units In order to determine the harmonic content of the lattice

Il. EXPERIMENTAL DETAILS
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= FIG. 3. (a) Scans through thes.5, 1, 2.5 superlattice reflection
= 121 of pure CuGeQ@at T=4 K, H=12.4 T on a semilogarithmic scale.
2 (b) Scans through the third-harmonic position of the same reflection
= 0.50 at different magnetic fields for =4 K. The solid lines are results of
fits as discussed in the text.
0.95 tensities and positions were extracted from these data by fit-
) ting to Gaussians of width equal to the instrumental
resolution. The incommensurability of the third harmonic
H=12T was constrained to be three times that of the first harmonic.
f |

In the region of phase coexistence some intensity at the com-

mensurate position was included in the fit. Only the peak

intensities and the incommensurability were fitted. As evi-

denced by the quality of the fits in Figs. 1 and 3, no other

FIG. 1. Scans through tf’(@.5, 1, 25 superlattice reflection of parameters were necessary.

pure CuGeQ at T=4 K for different magnetic fields. The solid The field dependence of the incommensurability,, is

lines are results of the fits as discussed in the text. shown in Fig. 4a), together with the data for the diluted
samples that have reduced transition fields. In FigAl,is

modulation in the IC phase, we have taken data with highmeasured from the commensurate peak position, that is,

counting statistics. Figure(d shows such a scan @t=4 K, AL =0 corresponds to the lattice dimerization. The solid line

H=12.4 T on a logarithmic scale. A weak third-harmonic in Fig. 4(a) is the incommensurability calculated by Crfss

reflection is clearly visible. Scans through the third-harmonicn high magnetic fields for the Heisenberg spin Hamiltonian:
position at different fields are shown in Figh3. As evident
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from the figure, the amplitude of the third-harmonic reflec- 2gugH
tion decreases markedly with increasing field. The peak in- AL= o (1)
Cc
where g=2.21 is the g factor in the magnetic-field
a) b)Uniform direction® and ¢ is the spin-chain lattice constant. The
IC N e theory of Cross takes into account only one harmonic of the
T U lattice modulation in the high-field phase and does not de-
C
T C)Dlmerlzed . Incommensurability 3rd to 1st Harmonic Ratio
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. L %
. N 00100 et S o0
= & e 20 0,004
d) Incommensurate \/ Sogo0se| , ¢ ocuceo
® @ Cuy gaeZNy o880
. ) . a)‘ = Cuig g7Mig 036205 0 b)
FIG. 2. Magnetic phase diagrafa) and sketches of the posi- %0 11 12 13 14 0.008 0.009 0.010 0.011 0.012
tions of the magnetic Cu atoms within the spin chains in the uni- H (Tesla) AL (rlu.)
form (b), commensuratéc), and incommensurat@l) phases. For
clarity the atomic displacements were multiplied by 100(d)) the FIG. 4. (a) Magnetic-field dependence of the incommensurabil-

solid line shows the amplitude of the lattice distortion of the form of ity AL for pure and diluted CuGeQThe solid line is the prediction
Eqg. (4) calculated with the measured parameterdfer12.7 T. The  of Eq. (1) for the high-field incommensurability. The dashed line is
dashed line shows the corresponding distribution of the magnetizagiven by Eqg.(2) in the text.(b) Third-to-first-harmonic intensity
tion calculated using an expression given by Buzdin, Kulic, andratio as a function of the incommensurabiliyf. of panel(a). The
Tugushev(Ref. 19. solid-line is the result of a fit to Eq5) in the text.
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scribe the behavior of the system near the C-IC transitionproportional to the square of the Fourier transformu¢x).
boundary, but the data of Fig(a& from both pure and di- (We find that to within ~10% the integrated intensity
luted samples are consistent with an asymptotic approach summed over both IC reflections is the same as the inte-
this line in high fields. grated intensity of the C reflection, which means that the
More recent theoriéé 2’ have taken all possible harmon- amplitudes of the C and IC lattice modulations are identical
ics of the fundamental wave vector into account and predicwithin the experimental error.
that the lattice modulation has the more complex form of a As expected from this argument, the intensity ratio of the
soliton lattice. As the phase boundary between IC and Ghird and first diffraction harmonics of Fig. 4 is several or-
phases is approached by lowering the field, the period of thders of magnitude larger than the one corresponding to a
lattice modulation is predicted to smoothly approach thesinusoidal lattice modulation in the IC phasd Equation(3)
value corresponding to the dimerized lattice. In real spacepredicts thatl5/I;~10"8 in such a cas¢. Hence the shape
this translates into a divergence of the intersoliton distanceof the lattice distortion is more complex and in fact is con-
The data shown in Fig.(4) are qualitatively consistent with sistent with theories that predict the existence of a soliton
this behavior, although the divergence of the intersoliton disfattice in the IC phase. In the soliton lattice model, the soli-
tance does not come to completion as a first-order transitiotons are well separated close to the C-IC transition, and the
intervenes? Such a weakly first-order transition was in fact lattice modulation resembles a square wave with a large har-
predicted by Buzdin, Kulic, and Tugushéwho investi- monic content. Far from the transition the soliton density
gated spin-Peierls systems in a magnetic field in the framencreases and the solitons overlap more strongly, so that the
work of the XY model. According to their calculations, the harmonic content decreases. Also, because of the bond alter-

critical behavior of the incommensurability is given by nation only odd harmonics are relevant for the IC lattice
modulation in spin-Peierls systems. All of these qualitative
AL= TAg 2 features of the soliton lattice model are observed in the data
2vIn(4ly)’ of Fig. 3.

A functional form that has been widely applied to multi-
soliton states in one-dimensional systéhfdand to the IC
phase in spin-Peierls systems in partictiat®is

whereA, is the zero-field spin excitation gap;=J.C is the

spin-wave velocity for the XY model, and

(H—H/)/H.=2n(4/y)/2. As appropriate for CuGeQ we

have substituted the spin-wave velocity for the Heisenberg

model,vsz mJ.Cl2, inFo Eq.(2). The dashed line in Fig.(4) uh=(-1)'e sr(li,k>, (4)

is given by Eq.(2) with J.=10.4 meV andA,=2.05 meV I'k

measured by Nishi, Fujita, and Akimitsat T=4 K, and

H.=12 T. Even with the correct value of,, the agreement Wherel designates a lattice site, snk) is a Jacobi elliptic

of the theory with the experimental data is not very closefunction of modulusk, andI’ is the soliton half width. The

and further theoretical work is necessary to obtain a satisfadntersoliton distance(half the wavelength of the lattice

tory description of the critical behavior near the C-IC transi-modulation) is 7/AL=2kK(k)I", whereK is the complete

tion. elliptic integral of the first kind. The Fourier coefficients of
The intensity ratio of third and first diffraction harmonics, u(l) aré® ayy, ,=[Y®™*2/(1-Y?™*1)]e, where Y

I4/1,, is plotted in Fig. 4b) as a function of the incommen- =exff—mK(J1—k?)/K(k)]. Following our reasoning

surability of Fig. 4a). While measuring the position of the above, we can thus write

first harmonic, AL), provides us with the value of the pe-

riod of the lattice modulation, the quantity/l, parametrizes 5 % 2

the shape of the modulation(x), whereu is the displace- o Yy (5)
ment of the magnetic atom at positiralong the spin chain L

from its position in the uniform phase. We writg(x) in . o )
terms of its Fourier componentsy(x) =2 ,a,sin(ma), This allows us to implicitly expresk;/1; as a function of

Whereaqu andq is the momentum transfer a|ong the Spin I' and the measured incommensurabiﬂty. The result of a

chain reduced to the first Brillouin zone. The |nteng|ﬁy0f fit of this eXpreSSion to our data is shown in the solid line of
the nth diffraction harmonic is given by Flg 4(b) We Obtalnr=(136i03)c, wherec=2.94 A is the

lattice constant in the spin-chain direction. In the field range
2 we investigated]” is comparable to the intersoliton distance
' () (~40-70c), and the solitons therefore overlap significantly.

A pictorial rendition of the actual soliton lattice specified by
whereQ is the total momentum transfer along the spin chainEq. (4) with the experimentally measured parameters is
Even if u(x) is a pure sine wavejy(x) =esin(gx), Eq. (3)  given in Fig. Zd).
shows that higher diffraction harmonics should be present. Expression5) was derived from Eq(3), which in turn is
Specifically, | ,~J2(Qe¢), whereJ, is a Bessel function of based on a continuum approximation for the lattice modula-
the nth order. However, iQe<1, Eq.(3) simply reduces to tion. As a crosscheck on the validity of this approximation,
the Fourier transform afi(x), andl1~(Qe)2, I,=I3=..~0 we have also numerically evaluated the structure factor of
for a sine wave. Based on a detailed crystallographic studythe discretelattice described by Eq4). The exact ratid /1 ;
Hirota et al1* reported e=0.002& in the C phase at low determined in this manner is in excellent agreement with the
temperatures. For the reciprocal-space position studied in o@pproximate expressiofb) over the entire field range we
experiment we thus obtai@e=0.04<1, so thatl, is simply  investigated.

In~( Jl) dé sin(ng)sin

QX amsin<m9>D



54 SYNCHROTRON X-RAY-SCATTERING STUDY @ ... 7273

We can compare our measurement of the soliton width to . .
. ) . . Strong Pinning Model Calculation
predictions in the literature. For thénearest-neighbor 0.020 . : ; : ,
Heisenberg model, Nakano and Fukuyafbtain

0 Predicted

mJC 0.015} o .

27, © R

where A, is the zero-field excitation gap. Using=10.4 0010 o ]
meV andA=2.05 meV measured by Nisleit al® (at T=4 I °
K), we obtainl'=8.0c, significantly lower than the measured °
value. The measured intensity ratio of third- and first- 0.005 - °%o 1
harmonic reflections is actualljnore than a factor of 5 | Observed ]
smaller than theoretically predicted. feo0C000,
In principle, the intensities of higher harmonic satellites 0 ' :
can be affected by a “static Debye-Waller factor” due to x (%)
pinning-induced randomness in the positions of the solitons.
We can get a rough estimate of the amount of disorder nec- F|G. 5. Dependence of the third-to-first harmonic intensity ratio
essary to produce such an effect by taking an analytic eXon the density of strong pinning centers obtained in a numerical
pression derived by AX8 as a guideline. According to Axe, calculation described in the text. The arrows are the predicted and
phason disorder gives rise to a Debye-Waller of the formobserved ratios, respectively.
exp(—n%8¢?)) for the intensity of thenth harmonic satellite
of an incommensurate structure, whes?) is the mean- suppressTsp very rapidly, at rates of~1.5 and~7 K per
square phase fluctuation. Note that this expression is indgsercent impurity concentration, respectively. Further, in Sec.
pendent of the total momentu@. We will assume that the 1V below we describe direct measurements of the effects of
impurities (concentrationx) act as strong pinning centers, Zn impurities in a dilute concentration of 1.5% on the widths
that is, each impurity completely fixes the position of theof the lattice modulation in the incommensurate state. In par-
neighboring soliton, resulting in maximal phason disorderticular, for this concentration of impurities the lattice modu-
Each impurity thus shifts the phase of the lattice modulatioration is only poorly correlated both parallel and transverse
over a distance of~2I'/c=16 atoms by an amount of order to the spin chains, the satellite reflections are severely broad-
unity, so that(6¢?~2T'x/c. By this argument, the concen- ened, and the peak intensities of the satellites are depressed
tration of strong pinning centers needed to reproduce thby a factor of 10 compared to those of the pure compound.
experimentally observed factor-of-five suppression of the At a concentration level of 2.5%, the effects of impurities
harmonic ratio is of the order of~1-2 %. acting as potential pinning centers are therefore readily rec-
While this estimate provides a rough scale for the amounbgnized. Our direct electron microprobe analysis of the el-
of disorder which would have to be invoked in order to ex-emental compositions of our crystals is incompatible with
plain our observations, the expression given by Axe was admpurities at this scale of concentration. Moreover, the opti-
tually derived for thermal phason disorder and rests on sommal zero-field transition temperature and the complete ab-
subtle approximations which may or may not be valid forsence of any broadening of the incommensurate Bragg re-
pinning-induced phason disorder. We have thus implementeffiections in our pure CuGeQsamples demonstrate that the
the above strong pinning model on a computer in order to geimpurity concentration must be at least an order of magni-
a quantitative estimate of the effect of randomness in théude lower. The corresponding static Debye-Waller factors
position of the solitons on the intensities of the satellite refor then=1 andn=3 satellites therefore do not differ appre-
flections. We have carefully eliminated finite-size effects byciably from unity. Similar arguments could be made for soli-
directly calculating the structure factors of large systemdgon pinning by structural imperfections such as dislocations
(~10° atoms with randomly placed pinning centers. The and stacking faults, although little is known about the preva-
result of this calculation is shown in Fig. 5. The predictedlence of such defects in CuGgQdn any case, in order to be
and observed intensity ratios of third- and first-harmonic satrelevant these would have to have an average separation of
ellites are shown as arrows in the figure. The exact calculaabout 100 A(corresponding to a highly disordered cryjtal
tion shows that a concentration~2.5% of strong pinning which we regard as unrealistic.
centers is necessary to suppress the ratio to the observed The observed lower-than-predicted intensity ratio of these
level, in good agreement with the analytical estimate. Wesatellites therefore almost certainly results from a larger-
have also implemented various other models where, not suthan-predicted soliton width, not from pinning effects. It re-
prisingly, even more impurities would be necessary to repromains to be seen in how far deviations from the simple
duce the observations. nearest-neighbor Heisenberg spin Hamiltofiaor the ef-
Fortunately, the effects of impurities on the spin-Peierlsfects of interchain superexchange coupling can account for
state in CuGe@ are very well documented. The highest this discrepancy.
quality samples synthesized by various different methods in- We now turn to the temperature dependence of the lattice
variably undergo the spin-Peierls transition atmodulation. Figure 6 shows scans through (B, 1, 2.5
Tsp=14.2-14.3 K. The transition temperature measured omeflection taken aH=12.4 T at different temperatures. Note
our CuGeQ sample is 14.30.1 K. Both impurities in the the non-monotonic temperature dependence of the C reflec-
CuG, chains(Zn, Ni) and Si impurities substituting for Ge tion which is absent at low temperatures, then becomes much
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FIG. 6. Scans through th@.5, 1, 2.5 superlattice reflection at 3rd to 1st Harmonic Ratio
H=12.4 T at different temperatures. The solid lines are results of .02 ————————
fits, as discussed in the text. The datd at10.6 K were multiplied 0.0101}¢)
by 5. _0.008 1

»0.006 [ $-zotopl- - 4- -~
more intense than the IC reflections, and finally dips below 0.004 } ]
the IC reflections again before disappearing in the high- 0.002
temperature uniform phase. Again, these data were fitted to ' o
resolution-limited Gaussians whose intensities are plotted in 0 2 4 6 8 10 12
Fig. 7(@ as a function of temperature. The IC reflections T (K)

exhibit a reentrant temperature dependence. The intensity

minimum of the IC reflections coincides with the intensity  FIG. 7. Temperature dependence (@ commensuratéfilled
maximum of the C reflection, but the IC intensity does notsymbols and incommensurat@pen symbolspeak intensities(b)
actually go to zero because of the phase coexistence resultitige incommensurability, an@) the third-to-first harmonic intensity
from the first-order nature of the C-IC transition. The reen-ratio for pure CuGe@at H=12.4 T. The inset inb) shows the
trancy of the IC phase over a certain field range has beefiajectory followed in theH-T phase diagram. Note the reentrancy
anticipated by theories of the spin-Peierls transifidi[see  of the IC phase.

Fig. 2(a) and inset in Fig. . Our observations are another

~ Figure 7 also shows the temperature dependence of they ,Ni, ,Ge0;, and CyoNiyoGe0;. The characteriza-
incommensurabilityAL and the ratio of third and first har- tjon of these samples is described in Sec. II.

monics |5/1,. AL is markedly temperature dependent and  Figure 8 shows a typical set of longitudinal scéparallel

has two inflection points at the two consecutive C-IC transiyg the spin chainsobtained on the GbgeZng 01505 crys-
tions. By contrastls/I, is nearly temperature independent in t5|, hoth as a function of field and as a function of tempera-
the temperature range in which we could reliably detect thgyre. We have taken many such sequences of longitudinal
third harmonic. The C-IC phase boundary terminates in &cans for all three samples. In addition, we have also taken
have thus far been limited by the small signal intensities angg the spin chain direction. As noted above, this direction is
insufficiently accurate temperature control, but improvedaimost parallel to the direction of the crystal lattice. The

measurements are currently underway. data were fitted to two equal Lorentzians convoluted with the
Gaussian resolution function in the IC phase, and to a single
IV. Cuy_(Zn, Ni),GeO; such peak in the C phase. The fitting parameters were the

Lorentzian width, the peak intensity and the incommensura-

The detailed description of the magnetic phase behaviobility.
of the pure compound obtained in the previous section pro- Several features are readily apparent from the raw data of
vides a solid basis for an investigation of the microscopicFig. 8: First, the diffraction peaks in the IC phase are sub-
origin of the dramatic effects of impurities on the magneticstantially broadened, which reflects a loss of translational
phase diagram. We have performed an extensive set of mekng-range order. Figure 9 shows the fitted Lorentzian peak
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FIG. 8. Scans through (3.5, 1, 2.5 position of FIG. 10. Intensityl (T) of the (3.5, 1, 2.5 superlattice peak for

ClUy 08 Ng.0155€0; at (a) constant temperaturélT =4 K) and (b) Cug oNig oGe0; at different magnetic fields. The solid lines are

constant field(H=11.6 T). The solid lines are results of fits as results of fits to a quadratic temperature dependence near the

discussed in the text. maxima of I (T). The data aH=9 and 10 T were multiplied by
factors of 3 and 4, respectively.

width (half width at half maximumas a function of field for - . )
two samples, CykeZNg 0165€0; and Ciy g Nig §5€0;. Both impurities are sufficient to reduce the transverse correlation
the longitudinal and the transverse widths saturate at higlfngth to only 2.5 lattice spacings, reflecting an almost com-

fields. The correlation lengths corresponding to the saturaR!€te disruption of the transverse spin correlations. As the
tion values of Fig. 9 aré, = (80+8)c and&,= (15+2)a for Bragg reflections in the IC phase are broadened, the peak

Cl 08Z 0145€0;, and &= (25+5)c and £,= (2.5+0.5)a intensity is reduced. The signal-to-background ratio is thus
for Cly §7Nio Ge0;. CThe correlatior? lengths ~ of not large enough to detect third-harmonic satellites for any of
Cuy QSIViO5ZG-eQ are almost identical to those of the diluted samples. However, the integrated intensity of the

Cl05ZMo.01:3€0;. As shown in the inset of Fig. 11, even superlattice reflections does not charige within a ~30%
the C phase is only short-range ordered fop GNi; oGe0;, gxpenmental gncertalnlyn going thr'ough the C-IC transi-
whereas no broadening of the C Bragg reflections is obtOn: This implies that the average displacement of the atoms
served for the more lightly diluted samples within our reso-ffom their positions in the undistorted lattice remains ap-
lution. Scans in thd direction are less accurate due to theProximately the same in the C and IC phases at a given
limited stepping accuracy of our sample rotator. We can nevi€mperature. _

ertheless conclude that=<§&,, which qualitatively mirrors The data of Figs. 8 and 9 differ from those of the pure

the anisotropy of the zero-field critical fluctuations in pure SYStem(Fig. 1) in another respect. While for pure CuGgO
CuGeQ. the IC wave vector discontinuously jumps to a nonzero value

The longitudinal correlation lengths in the IC phase aredt the C-IC transition signaling @veakly) first-order transi-
comparable to the average distance between the impurities {fP", there is no sign of such a discontinuity in the diluted
the spin chains. This indicates strong pinning interaction§@mples. Rather, the two broadened IC reflections simply

between the impurities and the magnetic solitons. 3% of sucA'€rge as the field is lowered. Over a range~@.5 T the
peak width narrows continuously and becomes resolution

limited in the C phase. In a small field range the peak width
Transverse width cannot be unambiguously extracted from the data as these

Longitudinal width

o0l 1.5% Zn 010/~ 15% 7n ' can be fitted to either a single, broad C peak or to two unre-

o.008|® 307 M 1 o.08l® 307N 1 solved, narrower IC peaks. Due to this ambiguity there is a
s — I small gap in the fitted peak widths in the vicinity of the C-IC
50.006 s 1 2006 1 transition(Fig. 9).

»:?o 004 ! %0.04 ‘é- The _field dep_ende_nce_of the Iongitudin_al and transverse
s ) s « _peak widths dep|c_ted in Fig. 9 is best des_c_rlbed asa disorder-
0.002 s5gs® ,»g% 0.02 o induced broadening of the C-IC transition. Similarly, as

; $ shown in the order-parameter curves of Fig. 10, the
0 > 46 8101212 0 5 46801213 commensurate-to-uniform transition of CgNijo4GeG; is
H(T) H (T) also markedly broadened. Such broadening of the zero-field

transitions was previously observed in Si-substituted

FIG. 9. Magnetic-field dependence of the intrinsic width of the sample$ and was attributed to an inhomogeneity of the Si
superlattice reflections in the chain directi@n), and perpendicular ~ content. However, direct measurements on our samples indi-
to it (ay,) for Cuy 9gZNg 0155€0; and Ciy oNig o55€0; samples at  cate that the macroscopic concentration gradient is less than

T=4 K. The solid line is the result of a fit as discussed in the text.0.1%. In view of the dilute impurity concentrations there is
The dashed lines are guides to the eye. also no plausible mechanism for creation of an astatistical
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distribution of the impurities on a microscopic or mesoscopic Cu Ni  Ge0
scale.

We propose an alternative mechanism for the broadening
of the transitions. Specifically, as the spin chains are split
into segments by the impurities, the lifetime of the spin ex-
citations is expected to be limited by finite-size effects. A
rough estimate of this lifetime is=\v, wherev = wJ.C/2
is the spin-wave velocity andl is the average distance be- I
tween the impurities. The lifetime limitation is particularly -0.02
important at the zone center, where it results in a broadening
of the spin excitation gap\,~2 meV. TakingJ,=10 meV
andA=30c for Cu, gNij o45€0;, the corresponding Lorent- 0.002
zian width of the zone-center spin excitation d4,=0.25 A
meV. Neutron-scattering data indeed suggest that the spin
excitations in diluted CuGegare broadene@ialthough poor 0 2 4 6 8 0 12 1
count rates make a quantitative determination of this effect T (K)
difficult. Since Ay, Tgp, andH, are simply relatedfor in-

stance, Ay=1.765T¢p, ugH.=0.7%gTsp in mean-field FIG. 11. Lorentzian peak width versus temperature for
theor)b’we obtain ¢ Cl.gNig of3€0; for different magnetic fields. The solid line is the

result of a fit as described in the text. The inset shows the diffrac-
S5Ag O6Tsp OH. tion profiles of the principal Bragg pedk,1,2 and the superlattice
VR H—~0.1 (7) peak(3.5, 1, 2.5 at H=0 and T=5 K, scaled to their respective
0 sP ¢ maximum intensities.dL is the deviation from the peak center
for  CuygMNigod3e0;. A  similar estimate for along thec* direction.
CUg 95N 0155€0; yields ~0.05 for these ratios.
In order to extractTgp and 6H. quantitatively from our

data, we assume I_.orentzialn distributions of the transitiort;uO oNig 0£Ge0; samples at fields just above their respective

temperature and field, which follows naturally from a c.|C transition fields. It is apparent that the strong tempera-

Lorentzian lifetime broadening of the spin excitations. Fory e dependence of the incommensurability in the pure sys-

the longitudinal widt_h of the superlattice reflections at |0Wtem[Fig. 7(b)] is rapidly diminished upon dilution, such that

temperatures we write the incommensurability becomes nearly temperature inde-
pendent in CglgNijy o4Ge0;. The broadened IC reflections

oH. and temperature-independent incommensurability observed

SHE+(h—H)? in this sample are reminiscent of similar observations in the
(8)  organic spin-Peierls compound TTF-CuBBThis suggests

) ) ] ) that the magnetic phase diagrams of TTF-CuBDT and its

This allows for two different peak widthsc andoic in gerivatives studied extensively in the 1970Ref. 2 are
the C and IC phases, as observed and qualitatively eXp"""”%‘irongly affected by disorder.
by the soliton pinning model discussed above. The result of |, "accord with previous repoft® we find that the

the fit with 6H.=(0.75+0.29 T and H.=(7+0.9 T is ¢y ,Ni, 50, sample undergoes a Metransition at low
shown in Fig. 9. The ratiéH/H. is thus in good agreement emperatures. In order to study the transition to the antifer-
with our estimate in Eq(7) above. Likewise we write

A
*, o
LR |

0.02

0

1 (H
O-L(H):O-C"_;j dh(oc—o¢)
0

1 (7 oTgp Incommensurability
o (T)=oct — fo dtoy—o(T—1) T2t (1 Tep? 9 0.0150 : ; : : :
for the temperature dependence of the longitudinal width at 0.0125
low fields (Fig. 11). Following Refs. 25 and 26, we have
Oy_o (T—Tsp=0(T—Tsp/Tspl¥2 The best fit was ob- 0.0100
tained withoy~0.04 A% for Cuy gNig oG€0;, in the same 5
range as the values of,~0.15 A" and 0,=0.015 A™* re- £0.0075
ported for pure CuGeQby Pougetetal®® and Harris = £
et al,® respectively. Figure 11 shows that E@®) with a 0.0050
fitted 6T T5p~0.1 describes the overall temperature depen-
dence of the correlation length quite well, although there are 0.0025
some systematic deviations. Similar analyses have been car-
ried out for the temperature and field dependences of the 0

order parameter and for the more lightly diluted samples, and
the results are also qualitatively consistent with our interpre-
tation. FIG. 12. Incommensurability versus temperature for 1.5% Zn-

Figure 12 shows the temperature dependences of the imnd 3% Ni-substituted samples at different magnetic fields. The
commensurabilities in  the GugZNypGe0; and  lines are guides to the eye.
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FIG. 13. Temperature dependences of the intensities of the an- FIG. 14.  Tentative magnetic phase diagram for
tiferromagnetiq0, 1, 0.5 reflection measured by neutron scattering Cto.oMNio 0dGe0; with U (uniform paramagnetic SP (dimerized
(open symbols and of the(3.5, 1, 2.5 structural spin-Peierls re- spin-Peierly IC (incommensurae and AF (antiferromagnetic
flection (filled symbols, x-ray datain Cug gNig oGeC;. phases.

. . hase diagram contains coexisting spin-Peierls anel Ne
romagnetically ordered state, neutron-scattering measur tates. The Ne temperatures at different fields were ex-

ments_ were performed on this sample. Flgure 1_3 shows thg, ted by fitting the temperature dependence of(&8, 1,
zero-field temperature dependence of the intensity 0((1_)he 2.5) peak intensity to parabolas, as shown in Fig. 10. Large
1, 0.5 magnetic Bragg peak measured by neutron diffracerror bars for the transition to the uniform phase arise from
tion, along with the spin-Peierls dimerization peek5, 1,  the broadened character of these transitions. At fields in ex-
2.5) measured by x-ray diffraction. The Bletransition takes cess of the C-IC transition field the intensity of the IC struc-
place afTy~5 K, somewhat higher than previously reportedtural Bragg reflections increase monotonically with decreas-
Neel temperatures. At the same temperature the spin-Peierisg temperature. From this we infer that the életate is
dimerization peak intensity starts to diminish with tempera-supplanted by the IC modulated phase at high fields. Of
ture. Evidently, the onset of the ‘Blestate suppresses the course, this should be confirmed by neutron diffraction in
spin-Peierls phase. The two phases coexist over some terhigh fields.
perature range below, . Similar behavior was observed
k_)efore in Si—substituted.compgun%ﬁhis impliee the forma- V. CONCLUSION
tion of separate domains of Meand spin-Peierls phases.
Within our experimental error, the correlation length of the In summary, the theoretical concepts developed in the
spin-Peierls phase does not show any anomaly,atFig. 1970’'s provide an excellent qualitative description of the
11), which implies that the size of the dimerized domainsmagnetic-field-induced C-IC transition in CuGgQn par-
remains the same at low temperatures. ticular, we have confirmed the existence of the predicted
On a qualitative level, these observations can again beoliton lattice phase and found that the evolution of the lat-
understood in the context of a simple model based on the fatice modulation with magnetic field and the shape of the
that substitution of Cu by Zn or Ni produces finite-size chainphase boundaries are qualitatively consistent with theoretical
segments. Different behavior is expected for segments cormpredictions. However, as the parameters characterizing the
taining even and odd numbers of spins: All spins can bespin excitation spectrum of CuGg@re all known to high
accommodated in singlets if the number of spins is even, andccuracy, we can go much further and test these theories on
such segments therefore naturally continue to undergo the truly quantitative level. Here we found that the currently
spin-Peierls transition. By contrast, a net unpaired spin existavailable theories[all of which are based on a one-
in segments containing an odd number of spins. It is plaudimensional(1D) nearest-neighbor Heisenberg Hamiltonian
sible to assume that the propensity to undergo the spincoupled to 3D phononspredict neither the soliton density
Peierls transition is significantly reduced in these segmentsior the soliton width in the IC phase correctly. Further work
and that the Nel state is the ground state under these cir4s necessary to ascertain whether the origin of these discrep-
cumstances. However, alternative models have also beeamncies lies in an inherent inadequacy of the approximations
proposed® underlying the work of Refs. 17—20, or whether additional
Although we did not perform neutron-scattering measureterms in the spin Hamiltonian of CuGg@such as interchain
ments in magnetic fields, the reduction of the spin-Peierlor long-range intrachain exchange interactjoase respon-
dimerization peak intensity with the onset of the antiferro-sible.
magnetic order allows us to determiiig at various mag- The experiments on the diluted samples demonstrate that
netic fields using the data of Fig. 10. The correspondinga) the IC phase is extremely sensitive to impurities: the IC
magnetic phase diagram for the 3% Ni-substituted sample iBragg reflections are severely and anisotropically broadened,
shown in Fig. 14. The low-temperature, low-field part of therevealing correlation lengths transverse to the spin chains as
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