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Separation of the magnetic phases at the Ne´el point in the diluted spin-Peierls magnet CuGeO3
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The impurity-induced antiferromagnetic ordering of the doped spin-Peierls magnet Cu12xMgxGeO3 was
studied by the electron-spin-resonance~ESR! technique. Crystals withx,4% demonstrate the coexistence of
paramagnetic and antiferromagnetic ESR modes. This coexistence indicates the separation of a macroscopi-
cally uniform sample in the paramagnetic and antiferromagnetic phases. In the presence of long-range spin-
Peierls order~at x51.71%) the volume of the antiferromagnetic phase immediately below the Ne´el point TN

is smaller than the volume of the paramagnetic phase. In the presence of the short-range spin-Peierls order
(x52.88 and 3.2%! there are comparable volumes of two phases atT5TN . The fraction of the antiferromag-
netic phase increases with lowering temperature. In the absence of the spin-Peierls dimerization~at x
54.57%! the whole sample exhibits a transition into an antiferromagnetic state, and there is no phase sepa-
ration. These results are explained by a consideration of clusters of staggered magnetization appearing near
impurities within the singlet spin-Peierls matrix. Overlapping clusters form the antiferromagnetic phase, and
isolated clusters contribute to the paramagnetic resonance signal.

DOI: 10.1103/PhysRevB.65.144427 PACS number~s!: 75.10.Jm, 75.50.Ee, 76.50.1g
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I. INTRODUCTION

The quasi-one-dimensional magnet CuGeO3 is a unique
inorganic compound demonstrating a spin-Peierls ph
transition.1 The spin-Peierls transition may occur in a crys
containing spinS51/2 antiferromagnetic chains due to th
spin-lattice instability with respect to the dimerization
magnetic ions.2 Below the transition temperatureTSP
514.5 K, the lattice period along the chain direction b
comes doubled and the exchange integral alternates, ta
in turn two valuesJ6dJ. Due to this alternation the groun
state is a singlet separated from the excited triplet state
an energy gapD52 meV.3 Thus at low temperatures pur
crystals appear to be almost nonmagnetic, and a smal
sidual magnetic susceptibility is provided only by defec
The amplitude of the atomic displacements resulting in
dimerization can be chosen as the order parameter of
spin-Peierls phase. Impurities substituting magnetic or n
magnetic ions disturb the homogeneity of the spin-Pei
phase in CuGeO3. The doping diminishes the transition tem
perature and results in an antiferromagnetic long-ra
ordering.4–8 The spin-Peierls dimerization and the impurit
induced magnetic order were found to coexist at a low
purity concentrationx. The stimulation of the long-range an
tiferromagnetic order by impurities was explained in Re
9–11. The violation of the dimerization around an impur
results in the formation of a solitonlike spin cluster with
antiferromagnetic correlation of neighboring spins and st
gered magnetization. The overlapping of clusters and
weak interchain exchange result in the long-range thr
dimensional antiferromagnetic order.

The phase transition to the antiferromagnetic state
T2x phase diagram were studied for different types of d
ing atoms.12–21 The phase diagram contains areas of a u
form ~i.e., without dimerization! paramagnet, of the spin
0163-1829/2002/65~14!/144427~7!/$20.00 65 1444
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Peierls states with short- and long-range orde
dimerizations, and of dimerized and uniform antiferroma
netic states. The first-order phase transition between dim
ized and uniform antiferromagnetic phases18,20 takes place in
a Mg concentration range between 2.37% and 2.71%.
uniform phase has a higher value of the Ne´el temperature.
The detailed phase diagram is given in Ref. 20. This vari
of phases is caused by the competition between the gap
dimerized state and the antiferromagnetic state which is g
less in the exchange approximation. The spin-Peierls s
does not allow three-dimensional antiferromagnetic order
in the pure compound and, on the other hand, impuri
restore the antiferromagnetic correlations and suppress
spin-Peierls dimerization.

The goal of this work is an electron-spin-resonance~ESR!
study of magnetic properties of different antiferromagne
phases and of the phase transitions at various phase bo
aries of the phase diagram. Previous ESR investigati
revealed the multispin nature of clusters formed near
purity ions22,23 and the gap in the zero-field ESR frequen
in the antiferromagnetic phase.22,24–26 Thus the evolution
from isolated clusters with local staggered magnetizat
to long-range antiferromagnetic order can be followed us
the ESR technique. We used single-crystal samples
Cu12xMgxGeO3 from the measurements described in Re
18,20 and 21 or samples grown by the same method on
same installation. These samples can be well attributed to
phase diagram presented in Ref. 20. We studied the ant
romagnetic phase transition from dimerized states w
long-range spin-Peierls order (x51.71%) and short-range
spin-Peierls order (x52.88, 3.2%!, and from the uniform
paramagnetic state (x5 4.57%).

As a result of this study we found that the formation
antiferromagnetic order at small impurity concentrations
accompanied by a microscopic phase separation into p
©2002 The American Physical Society27-1
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magnetic and antiferromagnetic phases, and that this p
separation differs in temperature evolution for antiferrom
netic phases coexisting with a long- and a short-range
dered spin-Peierls background.

II. EXPERIMENT

Single crystals of Cu12xMgxGeO3 were grown by the
floating-zone method. The impurity distribution was check
by the inductively coupled plasma atomic emission spect
copy technique, and was found to be uniform within 0.1
~see Ref. 20!. We used single crystals with dimensions
about 13232 mm3.

The concentration of residual magnetic defects~both of
structural and impurity types! may be estimated from mea
surements of the ESR intensity of a nominally pure (x50)
sample. This intensity rapidly decreases below the transi
temperature due to the freezing out of the gapped triplet
citations. The minimum values of the ESR intensity and
the static susceptibility observed at 4.5 K are equal to 5%
these values atTSP. This intensity and susceptibility corre
spond to the concentration of the residual magnetic def
xde f;0.07% per Cu ion.

The ESR spectra were taken by means of a spectrom
with a set of transmission-type resonators. Measurem
were carried out in the frequency range 9–75 GHz at te
peratures 1.5–15 K. The magnetic resonance absorption
was recorded as a dependence of the transmitted microw
power on the applied magnetic field. The reduction of
transmitted signal is proportional to the microwave pow
absorbed by the sample.

The temperature evolution of the ESR line for the sam
with the impurity concentrationx54.57% is typical of an
antiferromagnet: with a decrease of the temperature sta
from the Néel point (T5TN), the single resonance line shif
to lower fields when the magnetic field is perpendicular
the easy axis of the spin ordering~see Fig. 1!.

The ESR lines of the samples withx51.71% andx
52.88% are shown in Figs. 2 and 3. AtT5TN the resonance
line splits into two spectral components. Similar splittin

FIG. 1. Evolution of the ESR line for the sample containi
4.57% Mg.Hia, f 531 GHz, andTN54.20 K.
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was observed for the sample withx53.20%. Below the Ne´el
temperature the ESR line is well described as a sum of
Lorentzian components~see the inset of Fig. 2!. The compo-
nent shifting to lower fields with decreasing temperature
a nonlinear field dependence of the resonance freque
with strong anisotropy, shown in Fig. 4 for the sample w
x53.20%. We note this spectral component as an antife
magnetic resonance line, since this frequency-field dep
dence with two gaps is typical for two-axis ant
ferromagnets.27 The other spectral component has a line
frequency-field dependence with a temperature-indepen
g factor. We note this absorption mode as a paramagn
resonance corresponding to theg-factor valuesga52.14 and
gb52.21 measured for the field orientations alonga and b
axes correspondingly. These values coincide within the
perimental errors withg factors obtained for a pure com
pound.

The temperature dependence of the resonance fields
fixed frequency is shown in Fig. 5 for the sample withx
52.88%. The temperature when the low-field line starts
shift from the paramagnetic resonance position correspo
well to the value of TN obtained by susceptibility

FIG. 2. Evolution of the ESR line for the sample containin
1.71% Mg.Hib, f 536 GHz, andTN52.25 K. Inset: ESR line at
1.5 K, and the Lorentzian components.

FIG. 3. Evolution of the ESR line for the sample containin
2.88% Mg.Hia, f 526.3 GHz, andTN54.14 K.
7-2
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SEPARATION OF THE MAGNETIC PHASES AT THE . . . PHYSICAL REVIEW B 65 144427
measurements.19,20 There is no difference in ESR spect
taken at cooling and at heating samples, as well no influe
of field cooling on the ESR spectra.

To obtain the ESR spectra with two resolvable comp
nents, one should take the microwave frequency to be c
to the antiferromagnetic resonance gap. In this case the
ference between the paramagnetic resonance field and th
a gapped antiferromagnetic resonance mode will be m
significant, helping to resolve two spectral components.
shown in Fig. 4, the spectrum of antiferromagnetic resona
of the doped CuGeO3 has two branches with different gap
The observation of the first or second branch by the fie
sweep technique depends on the field orientation. There
to meet the condition mentioned above we selected not o
the microwave frequency from the set of the resonant
quencies of the microwave resonator, but also the orienta

FIG. 4. The spectrum of the antiferromagnetic resonance of
3.2% Mg-doped sample atT51.8 K for three principal directions
of the magnetic field with respect to crystal axes. Dashed li
represent the theoretical calculations following Ref. 27.

FIG. 5. The temperature dependences of the 26.34-GHz E
fields for the sample containing 2.88% Mg atHia. The sign,

corresponds to the antiferromagnetic resonance and the signs to
the paramagnetic resonance,h shows the magnetic resonanc
aboveTN .
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of the magnetic field with respect to crystal axes. Beca
the values of gaps also depend on the Mg concentration,
for different samples are obtained at different microwave f
quencies and orientations of the external field.

The temperature dependences of the integral intensitie
both components are shown in Fig. 6 forx51.71%, and in
Fig. 7 for x52.88% and 3.20%. The remarkable feature
the two-component ESR spectrum is the large intensity
the paramagnetic line in a temperature range below the N´el
point. For the low concentrationx51.71%, the intensity of
the paramagnetic line below the Ne´el point is close to the
integral intensity aboveTN , and the intensity of the antifer
romagnetic resonance mode is much smaller than that of
paramagnetic mode. For concentrations ofx52.88% and
3.20% on the contrary, the intensity of the antiferromagne
resonance is larger than the intensity of the paramagn
mode. For the concentrationx54.57% there is no distin-

e

s

R

FIG. 6. Temperature dependences of the intensities of the
GHz ESR spectral components atHib. for a sample with an impu-
rity concentrationx51.71%. The signsh ~aboveTN) and , cor-
respond to the antiferromagnetic resonance, ands to the
paramagnetic resonance belowTN . Solid lines are to guide the
eyes.

FIG. 7. Temperature dependences of the intensities of spe
components for the samples with impurity concentrations 2.88%~a!
and 3.20%~b!. The signsh ~aboveTN), , and correspond to the
antiferromagnetic resonance, ands to the paramagnetic resonanc
belowTN . Solid lines are to guide the eyes. The Ne´el temperatures
are marked by arrows.
7-3
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GLAZKOV, SMIRNOV, UCHINOKURA, AND MASUDA PHYSICAL REVIEW B 65 144427
guishable paramagnetic mode below the Ne´el temperature.
We ascribe the entire intensity to the antiferromagne
mode, and take the intensity of the paramagnetic resona
as zero. Thex dependences of the relative intensities of t
paramagnetic and antiferromagnetic modes, extrapolate
TN from low temperatures, are plotted in Fig. 8. Because
significant errors occurring nearTN in the determination of
the intensity of a weak and wide antiferromagnetic com
nent near the narrow paramagnetic line, the intensity of
antiferromagnetic component tends to be overestimated.

III. DISCUSSION

A. Phase separation

In a typical antiferromagnet it is expected that only an
ferromagnetic resonance modes will be present below
Néel point. This behavior is confirmed in numerous expe
ments on the antiferromagnetic resonance. We observe
expected single-mode ESR only in thex54.57% sample. At
lower concentrations, however, antiferromagnetic and p
magnetic modes coexist. The extra paramagnetic mode c
originate~i! from isolated Cu ions located at the surface or
structure defects;~ii ! from triplet excitations of the spin
Peierls matrix, which are present both in pure and do
crystals7,15,28; or ~iii ! from the nonuniform distribution of the
impurities resulting in a smeared transition to the antifer
magnetic state.

The first proposition may be excluded, because the in
sity of the signal we observe diminishes with temperatu
while the ESR intensity of the isolated defects should de
onstrate a Curie-like increase of intensity. The second s
gestion should also be declined, because the paramag
resonance signal atT,TN is too intensive to be attributed t
triplet excitations. At our microwave frequencies, which a
an order of magnitude smaller than the spin-gap freque
D/\, the ESR intensity of triplet excitations decreas

FIG. 8. Relative intensities of antiferromagnetic~,! and para-
magnetic~s! ESR components just belowTN for different concen-
trationsx. Intensities are normalized to the intensity of the param
netic mode just aboveTN . The lines are linear interpolation
between the uniform and long-range spin-Peierls ordering pha
The arrow indicates the volume fraction of interpenetrating sphe
at the percolation point according to percolation theory~Ref. 36!.
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strongly with cooling,29,30 in the same manner as the dc su
ceptibility. The triplet contributions atx51.71% andx50
should be approximately equal, because the values ofTSP for
these concentrations are close. The ESR absorption ofx50
samples gives an upper estimate for the triplet contributi
since this absorption contains, in addition, a Curie-like p
due to residual defects. The ESR intensity of the pure sam
has a minimum at 5 K. At this temperature the ESR intens
of the pure sample is an order of magnitude smaller than
intensity of the paramagnetic resonance mode of thex
51.71% sample atT52 K. Upon lowering the temperatur
the triplet contribution continues to decrease; therefore,
triplet part of the ESR intensity in the doped sample is
least an order of magnitude smaller than the intensity of
paramagnetic resonance mode observed belowTN52.5 K.
To derive the triplet contribution in a more accurate mann
we followed the procedure described in Ref. 16. This pro
dure uses an interpolating formula for triplet susceptibili
accounting for the dependence of the gap on the tempera
and impurity concentrations, and is adequate for low-dop
samples in the paramagnetic phase. Following this meth
at 5 K we obtain an estimation of the triplet contributio
for x51.71% to about 1023 of the observed intensity. Ex
trapolating the temperature dependence for the triplet sus
tibility to lower temperatures, we obtain even smaller valu
and thus surely exclude the triplet states as the source o
paramagnetic resonance signal in the antiferromagn
phase.

Finally, the third explanation, based on the trivial inhom
geneous distribution of the Mg concentration, is also inva
because the distribution of the Ne´el temperature should re
sult in a wide band of absorption, while the observed an
ferromagnetic resonance absorption is well described b
single Lorentzian. In addition the range of the distribution
x which is necessary to account for the paramagnetic pha
much wider than what is obtained in measurements. For
ample, to have the Ne´el points in the range 1.5–2.25 K
where both signals are present for thex51.71% sample, we
should imagine a concentration distribution in the range 1
2.2 %. The width of this range is much larger than the m
sured value of 0.1%. The well-defined singularities in t
temperature dependences of the susceptibility20 and the reso-
nance field~see Fig. 5! prove that the samples are macr
scopically uniform. The width of the transition to the Ne´el
state may be estimated from the susceptibility and ESR d
and is not larger than 0.1 K.

Summarizing the above analysis of possible sources
the paramagnetic resonance mode below the Ne´el point, we
state that the observed paramagnetic resonance signal c
be ascribed to the sources enumerated above. This s
should be due to the same spin system of Cu21 ions as the
whole spin-Peierls matrix, but not to triplet excitations
that matrix. It is difficult to explain this signal as originatin
from a homogeneous spin system; therefore, we assume
the two ESR modes are due to the separation of the sam
into paramagnetic and antiferromagnetic phases.

Note that the paramagnetic resonance line remains a
same magnetic field while the antiferromagnetic resona
line demonstrates a strong shift at lowering temperature. T
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s
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SEPARATION OF THE MAGNETIC PHASES AT THE . . . PHYSICAL REVIEW B 65 144427
fact indicates the absence of any coupling between the sp
oscillating on two close frequencies, because coupled s
are known to change their eigenfrequencies simultaneo
when changing an external parameter~see, e.g. Refs. 31 an
32!. This argument proves the phase separation, bec
ESR signals coming from the same places in the Cu s
system should be coupled, and should demonstrate sim
neous shifts of both frequencies.

B. Model

To explain the microscopic phase separation at low im
rity concentrations, when long-range dimerization order
curs, we consider the regions of staggered magnetizatio9,10

~spin clusters! appearing near impurity atoms. The spi
within these clusters have nonzero average spin projecti
therefore, the local Ne´el order parameter can be introduce
In addition a cluster has a net magnetic moment equal tomB .
The formation of clusters is confirmed in calculations of t
staggered magnetization near the ends of spin chain
ments in a spin-Peierls magnet@see, e.g., Fig. 2~b! of Ref. 9,
demonstrating the appearance of the staggered magnetiz
on rather long chain parts near the ends of segments#. The
correlation length along the spin chainjc is estimated to be
of about ten interspin distances.10,33The interchain exchang
integrals should result in spin-spin correlations transvers
the chain direction. The transverse correlation lengthsja,b
may be estimated analogous to the estimation of the long
dinal correlation length34,35 as follows: j i;v i /D, here v i
;Ji l i is the spinon velocity, withJi being the interchain
exchange integrals along the directionsa and b; l i are the
lattice constants along these transverse directions. Thus
cluster atT50 may be considered as a three-dimensio
~3D! region with staggered magnetization located near
impurity and with an exponential decay of this stagge
magnetization when moving away from the impurity. At
nite temperature the coherence of the antiferromagnetic o
parameter which is spatially variable on the wing of the cl
ter will be destroyed by thermal fluctuations. The distancL
in the chain direction of the region of the coherent antifer
magnetic order parameter may be estimated from the rela

kBT5JS2 exp$22L/jc%. ~1!

The distances of the coherence along transverse direc
are taken to be equal to (j i /jc)L. For crude modeling we
consider the area of the spatially coherent antiferromagn
order at finite temperature as a 3D antiferromagnetic dro
the ellipsoidal form with fixed boundaries. This drop is elo
gated along the spin chain direction, and the ratio of the d
dimensions along and transverse to the chain is of abou
ratio of corresponding exchange integrals. For CuGeO3 we
have this ratio according to Refs. 3 and 35:Jb /J50.11 and
uJau/J50.011.

The size of an ellipsoidal drop enlarges when tempera
is lowered according to relation~1!. The drops are placed in
space at random, with the density of the drops correspon
to the value of the concentration of impurities. The antif
romagnetic order parameter is nonzero within ellipsoids
zero outside them. The 2D illustrative model is shown in F
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9. The concentration value 0.1% is chosen because this
value enables us to follow step by step the process of
formation of the ordered phase. At a concentration of ab
1% the picture remains qualitatively the same. At high te
peratures, when the drops are small and do not overlap@Fig.
9~a!#, the phases of the local order parameters of differ
drops are not coherent, and the model shows no long-ra
antiferromagnetic order. Clusters contribute to the static s
ceptibility and the ESR signal due to their net magnetic m
ments equal tomB , giving rise to a Curie-like susceptibility
and a paramagnetic resonance signal. Upon lowering
temperature the drops grow and begin to overlap@Fig. 9~b!#.
The order parameter in the overlapped drops~a conglomerate
of drops! is coherent; thus large areas with coherent antif
romagnetic ordering appear. For large conglomerates the
tiferromagnetic susceptibility prevails over the paramagne
susceptibility, which is due to a magnetic moment of on
one spin. At this point the susceptibility measurement sho
detect the antiferromagnetic transition and the appearanc
an antiferromagnetic resonance signal. The order param
percolates through the macroscopic distance@Fig. 9~c!# as in
the known problem of percolation through interpenetrat
spheres placed at random. The theory36 predicts a percolation
point in 3D space at the critical value of the volume fracti
occupied by spheres equal to 0.286. At the phase trans
~at the percolation point! there is a phase separation: the
are intersecting threads of an antiferromagnetically orde
phase@marked with black color on Fig. 9~c!#, and a paramag-
netic phase consisting of a dimerized spin-Peierls ma
~white! and still remaining isolated drops~gray!. We should
observe both an antiferromagnetic resonance signal from

FIG. 9. Illustration of the two-dimensional modeling of the fo
mation of the long-range antiferromagnetic order. Spin chains
directed horizontally, drops of the correlated spins are shown
gray filling, the spin-Peierls matrix by white filling, and the macr
scopic group of drops is marked by black filling. The scale is giv
in interspin distances. The modeling is performed forx50.1% and
the following values ofL ~in interspin distances!: (a)L516, (b)L
534, and (c)L550.
7-5
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GLAZKOV, SMIRNOV, UCHINOKURA, AND MASUDA PHYSICAL REVIEW B 65 144427
ordered phase and a paramagnetic resonance signal from
small drops isolated within the dimerized matrix.

As the temperature decreases further, the isolated d
join the antiferromagnetic phase and the volume of the
dered phase increases. The volume of the paramag
phase reduces, and the intensity of the paramagnetic s
should diminish with the temperature decrease. The scen
described above mainly explains the observed phase se
tion and the experimental data in the low concentration lim
The dimerized singlet background and the random distri
tion of impurities are of importance for this scenario.

For the paramagnetic state the integral intensity of abs
tion is proportional to the static susceptibility. The integ
intensity of the antiferromagnetic modes should be prop
tional to the susceptibility of the antiferromagnet but w
another coefficient~see, e.g. Ref. 37!. Thus the ratio of the
intensity of paramagnetic component just below the N´el
temperature to the intensity of the ESR line above the N´el
temperature is a measure of the sample volume occupie
the paramagnetic phase. The ratio of the antiferromagn
component intensity to the ESR intensity aboveTN repre-
sents only qualitatively the fraction of the antiferromagne
phase~the ratio of coefficients is of the order of unity!. We
can also estimate the volume of the antiferromagnetic fr
tion as the sample volume which is not occupied by
paramagnetic phase. The values of the ESR intensity nor
ized to the intensity above the Ne´el point for different
samples are presented on Fig. 8. The antiferromagnetic
tion just belowTN , obtained by both ways, is small~be-
tween zero and 25% of the sample volume! for the sample
with x51.71%. For the samples withx52.88% and 3.2%
this fraction is larger, and exceeds half of the sample volu
and forx54.57% the whole sample becomes antiferrom
netic at the Ne´el point. As mentioned in Sec. I these conce
trations correspond to two different kinds of spin-Peierls
der and to the absence of spin-Peierls order. Taking this
account, we deduce that~i! the volume of the antiferromag
netic phase atT5TN is small when the ordering takes plac
at the long-range spin-Peierls order;~ii ! at short-range spin
Peierls order there are comparable volumes of two phase
theT5TN ; and~iii ! in the absence of spin-Peierls dimeriz
tion the whole sample becomes ordered at the transition t
perature. The first conclusion is in agreement with the mo
described above: the volume of a percolating thread
smaller than the sample volume@see Fig. 9~c!#. The estima-
tion of the antiferromagnetic fraction of about 25% is in
ra

ra
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qualitative agreement with the result of the percolati
theory, and hence with the constructed model.

We cannot extrapolate the constructed model to a si
tion with short-range dimerization order. Nevertheless it
natural to propose that in the corresponding concentra
range, the behavior of the system should be intermed
between the behaviors of dimerized and uniform cryst
with defects. This proposition is shown in Fig. 8 by straig
lines, interpolating the fraction of the antiferromagne
phase from a small value at long range spin-Peierls orde
unity at an undimerized phase. This hypothesis is in a qu
tative agreement with our observations. Further detailed
vestigations of the amount of the ordered phase just be
the Néel point for different concentration would by of grea
interest.

It is worth noting that in several previous investigatio
of the antiferromagnetic phase in doped CuGeO3 a two-
component signal was not observed.22,24,26 The single line
may be explained here either by frequencies far from
antiferromagnetic resonance gaps26 or by large impurity
concentrations which suppress the dimerization.22,24 A two-
component line, with spectra and temperature depende
analogs to those reported in the present work was obse
in experiments with Cu0.98Zn0.02GeO3.25

IV. CONCLUSION

ESR measurements reveal the microscopic phase se
tion at the impurity induced antiferromagnetic ordering
the spin-Peierls magnet CuGeO3. The temperature evolution
of an ordered phase volume with a small volume fraction
the Néel point indicates the percolating character of the a
tiferromagnetic phase transition at a low doping level wh
the antiferromagnetic and spin-Peierls order coexist.
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