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Separation of the magnetic phases at the M point in the diluted spin-Peierls magnet CuGeQ
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The impurity-induced antiferromagnetic ordering of the doped spin-Peierls magneiMy, GeO; was
studied by the electron-spin-resonaE&SR technique. Crystals witk<<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 ordefat x=1.71%) the volume of the antiferromagnetic phase immediately below teepdt T
is smaller than the volume of the paramagnetic phase. In the presence of the short-range spin-Peierls order
(x=2.88 and 3.2%there are comparable volumes of two phaseB-afy . The fraction of the antiferromag-
netic phase increases with lowering temperature. In the absence of the spin-Peierls dimefaaiion
=4.57%) 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.
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[. INTRODUCTION Peierls states with short- and long-range ordered
dimerizations, and of dimerized and uniform antiferromag-
The quasi-one-dimensional magnet CuGe®a unique netic states. The first-order phase transition between dimer-
inorganic compound demonstrating a spin-Peierls phasied and uniform antiferromagnetic pha¥&8takes place in
transition® The spin-Peierls transition may occur in a crystala Mg concentration range between 2.37% and 2.71%. The
containing spinS=1/2 antiferromagnetic chains due to the uniform phase has a higher value of théeNe&emperature.
spin-lattice instability with respect to the dimerization of The detailed phase diagram is given in Ref. 20. This variety
magnetic iong. Below the transition temperaturdsp  of phases is caused by the competition between the gapped
=14.5 K, the lattice period along the chain direction be-dimerized state and the antiferromagnetic state which is gap-
comes doubled and the exchange integral alternates, takidgss in the exchange approximation. The spin-Peierls state
in turn two values)* §J. Due to this alternation the ground does not allow three-dimensional antiferromagnetic ordering
state is a singlet separated from the excited triplet states by the pure compound and, on the other hand, impurities
an energy gap\=2 meV: Thus at low temperatures pure restore the antiferromagnetic correlations and suppress the
crystals appear to be almost nonmagnetic, and a small repin-Peierls dimerization.
sidual magnetic susceptibility is provided only by defects. The goal of this work is an electron-spin-resona(E€g8R
The amplitude of the atomic displacements resulting in thestudy of magnetic properties of different antiferromagnetic
dimerization can be chosen as the order parameter of thghases and of the phase transitions at various phase bound-
spin-Peierls phase. Impurities substituting magnetic or nonaries of the phase diagram. Previous ESR investigations
magnetic ions disturb the homogeneity of the spin-Peierlsevealed the multispin nature of clusters formed near im-
phase in CuGe@ The doping diminishes the transition tem- purity ions?23 and the gap in the zero-field ESR frequency
perature and results in an antiferromagnetic long-rangén the antiferromagnetic phagé?*=?® Thus the evolution
ordering?~8 The spin-Peierls dimerization and the impurity- from isolated clusters with local staggered magnetization
induced magnetic order were found to coexist at a low im-+o long-range antiferromagnetic order can be followed using
purity concentratiorx. The stimulation of the long-range an- the ESR technique. We used single-crystal samples of
tiferromagnetic order by impurities was explained in Refs.Cy; _,Mg,GeO; from the measurements described in Refs.
9-11. The violation of the dimerization around an impurity 18,20 and 21 or samples grown by the same method on the
results in the formation of a solitonlike spin cluster with an same installation. These samples can be well attributed to the
antiferromagnetic correlation of neighboring spins and stagphase diagram presented in Ref. 20. We studied the antifer-
gered magnetization. The overlapping of clusters and theomagnetic phase transition from dimerized states with
weak interchain exchange result in the long-range threelong-range spin-Peierls ordex£1.71%) and short-range
dimensional antiferromagnetic order. spin-Peierls orderX=2.88, 3.2%, and from the uniform
The phase transition to the antiferromagnetic state an@aramagnetic statex& 4.57%).
T—x phase diagram were studied for different types of dop- As a result of this study we found that the formation of
ing atoms:?~2! The phase diagram contains areas of a uni-antiferromagnetic order at small impurity concentrations is
form (i.e., without dimerization paramagnet, of the spin- accompanied by a microscopic phase separation into para-
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FIG. 2. Evolution of the ESR line for the sample containing

FIG. 1. Evolution of the ESR line for the sample containing 1.71% Mg.H|b, f=36 GHz, andTy=2.25 K. Inset: ESR line at
4.57% Mg.H|la, f=31 GHz, andTy=4.20 K. 1.5 K, and the Lorentzian components.

magnetic and antiferromagnetic phases, and that this phages observed for the sample with- 3.20%. Below the Nel
separation differs in temperature evolution for antiferromagtemperature the ESR line is well described as a sum of two
netic phases coexisting with a long- and a short-range ortorentzian componenisee the inset of Fig.)2The compo-
dered spin-Peierls background. nent shifting to lower fields with decreasing temperature has
a nonlinear field dependence of the resonance frequency
with strong anisotropy, shown in Fig. 4 for the sample with
Il. EXPERIMENT x=3.20%. We note this spectral component as an antiferro-

Single crystals of Cu ,Mg,GeO; were grown by the magnetic resonance line, since this frequency-field depen-
floating-zone method. The impurity distribution was checkedd®nce with two gaps is typical for two-axis anti-

7 .
by the inductively coupled plasma atomic emission spectrosf-e”omagﬂmg- The other spectral component has a linear

copy technique, and was found to be uniform within 0.19%frequency-field dependence with a temperature-independent

(see Ref. 2D We used single crystals with dimensions of 9 factor. We note this absorption mode as a paramagnetic
about IX2X2 mne. resonance corresponding to tipactor valueg,=2.14 and

The concentration of residual magnetic defeisth of ~ 9p=2.21 measured for the field orientations aloamgnd b
structural and impurity typésnay be estimated from mea- @Xes correspondlngliy. These vaIues_ coincide within the ex-
surements of the ESR intensity of a nominally puxe=Q) perimental errors withy factors obtained for a pure com-
sample. This intensity rapidly decreases below the transitioR®Und- _
temperature due to the freezing out of the gapped triplet ex- 1h€ temperature dependence of the resonance fields at a
citations. The minimum values of the ESR intensity and offixéd frequency is shown in Fig. 5 for the sample wih
the static susceptibility observed at 4.5 K are equal to 5% of2:88%. The temperature when the low-field line starts to
these values dfsp. This intensity and susceptibility corre- Shift from the paramagnetic resonance position corresponds
spond to the concentration of the residual magnetic defect&ell to the value of Ty obtained by susceptibility
Xqef~0.07% per Cu ion.

The ESR spectra were taken by means of a spectrometer 1.65K ' '
with a set of transmission-type resonators. Measurements 5 M“’*
were carried out in the frequency range 9-75 GHz at tem- ~
peratures 1.5-15 K. The magnetic resonance absorption line
was recorded as a dependence of the transmitted microwave
power on the applied magnetic field. The reduction of the
transmitted signal is proportional to the microwave power
absorbed by the sample.

The temperature evolution of the ESR line for the sample
with the impurity concentratiox=4.57% is typical of an
antiferromagnet: with a decrease of the temperature starting
from the Neel point (T=T,), the single resonance line shifts
to lower fields when the magnetic field is perpendicular to
the easy axis of the spin orderirigee Fig. 1

The ESR lines of the samples with=1.71% andx
=2.88% are shown in Figs. 2 and 3. At=Ty, the resonance FIG. 3. Evolution of the ESR line for the sample containing
line splits into two spectral components. Similar splitting 2.88% Mg.H||a, f=26.3 GHz, andly=4.14 K.
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FIG. 6. Temperature dependences of the intensities of the 36-
GHz ESR spectral componentsHitb. for a sample with an impu-
rity concentratiorx=1.71%. The sign&] (aboveTy) and V cor-

FIG. 4. The spectrum of the antiferromagnetic resonance of théeSPond to the antiferromagnetic resonance, a@ndto the
3.2% Mg-doped sample dt=1.8 K for three principal directions paramagnetic resonance beldvy,. Solid lines are to guide the
of the magnetic field with respect to crystal axes. Dashed line§Y®s-
represent the theoretical calculations following Ref. 27.

Magnetic Field (kOe)

of the magnetic field with respect to crystal axes. Because
measurement$:2° There is no difference in ESR spectra the values of gaps also depend on the Mg concentration, data

taken at cooling and at heating samples, as well no influenci®" different samples are obtained at different microwave fre-
of field cooling on the ESR spectra. quencies and orientations of the external field.

To obtain the ESR spectra with two resolvable compo- The temperature dependen_ces.of the integral intensi.ties of
nents, one should take the microwave frequency to be clos20th components are shown in Fig. 6 for1.71%, and in
to the antiferromagnetic resonance gap. In this case the dif-l9- 7 forx=2.88% and 3.20%. The remarkable feature of
ference between the paramagnetic resonance field and that ¢ two-component ESR spectrum is the large intensity of
a gapped antiferromagnetic resonance mode will be morf'® paramagnetic line in a temperature range below tre Ne
significant, helping to resolve two spectral components. A$0int. For the low concentration=1.71%, the intensity of
shown in Fig. 4, the spectrum of antiferromagnetic resonanc® paramagnetic line below the élepoint is close to the
of the doped CuGephas two branches with different gaps. integral intensity abovéa,, anq the intensity of the antifer-
The observation of the first or second branch by the fieldfomagnetic resonance mode is much smaller than that of the
sweep technique depends on the field orientation. Therefor@2ramagnetic mode. For concentrationsxef2.88% and
to meet the condition mentioned above we selected not only-20% on the contrary, the intensity of the antiferromagnetic
the microwave frequency from the set of the resonant fref€Sonance is larger than the intensity of the paramagnetic
quencies of the microwave resonator, but also the orientatiofode. For the concentration=4.57% there is no distin-
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FIG. 7. Temperature dependences of the intensities of spectral

FIG. 5. The temperature dependences of the 26.34-GHz ESRBRomponents for the samples with impurity concentrations 2.88%
fields for the sample containing 2.88% Mg ktla. The signV and 3.20%(b). The signs] (aboveTy), V and correspond to the
corresponds to the antiferromagnetic resonance and theign  antiferromagnetic resonance, a@dto the paramagnetic resonance
the paramagnetic resonancg shows the magnetic resonance below Ty . Solid lines are to guide the eyes. ThégdNtemperatures
aboveTy. are marked by arrows.
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LR-SPO_|SR-SPO| no SPO strongly with cooling?®3°in the same manner as the dc sus-
——\ YT /% ceptibility. The triplet contributions ax=1.71% andx=0
should be approximately equal, because the valugg pfor
these concentrations are close. The ESR absorptiocr=@f
samples gives an upper estimate for the triplet contribution,
since this absorption contains, in addition, a Curie-like part
due to residual defects. The ESR intensity of the pure sample
has a minimum at 5 K. At this temperature the ESR intensity
of the pure sample is an order of magnitude smaller than the
intensity of the paramagnetic resonance mode of xhe

ESR Intensities at Ty
o
W
)

0 oot L—p =1.71% sample at =2 K. Upon lowering the temperature
o 1 2 3 4 5 the triplet contribution continues to decrease; therefore, the
triplet part of the ESR intensity in the doped sample is at
Concentration of Impurities, x (%) least an order of magnitude smaller than the intensity of the

o . ) paramagnetic resonance mode observed bdiQw 2.5 K.
FIG. 8. Relative intensities of antiferromagneti¢) and para-  Tq derive the triplet contribution in a more accurate manner,
magnetic(O) ESR components just below, for different concen- \yq fojlowed the procedure described in Ref. 16. This proce-
trationsx. Intensities are normalized to the intensity of the paramagy re uses an interpolating formula for triplet susceptibility:
netic mode just abovély. The lines are linear interpolations accounting for the dependence of the gap on the temperatL,Jre
between the uniform and long-range spin-Peierls ordering phases

The arrow indicates the volume fraction of interpenetrating sphereg‘nd impunity concenirations, and Is adequate for low-doped

) : . . Samples in the paramagnetic phase. Following this method,
atthe percolation point according to percolation theggf. 30. at 5 K we obtain an estimation of the triplet contribution

for x=1.71% to about 10° of the observed intensity. Ex-

guishable paramagnetic mode below theeNemperature. . . i
We ascribe the entire intensity to the antiferromagnetic%irapmatmg the temperature dependence for the triplet suscep

mode, and take the tensiy of the paramagnetc resonandL 10 041 CTDETBLICS, he Soan oven Smaer v,
as zero. Thex dependences of the relative intensities of the y P

paramagnetic and antiferromagnetic modes, extrapolated pa;asrgagnetlc resonance signal in the antiferromagnetic
T.N ff‘?m low temperaturgs, are plqtted In Fig. 8'. Bepause 0 Finally, the third explanation, based on the trivial inhomo-
significant errors occurring nedr in the determination of

the intensitv of a weak and wide antiferromaanetic compo-9€N€CUS distribution of the Mg concentration, is also invalid
Y - ) . PO%hecause the distribution of the Bletemperature should re-
nent near the narrow paramagnetic line, the intensity of th

antiferromagnetic component tends to be overestimated Sult in Wld.e band of absorptlonz Wh."e the obser_ved anti-

* ferromagnetic resonance absorption is well described by a
single Lorentzian. In addition the range of the distribution of
1. DISCUSSION X which is necessary to account for the paramagnetic phase is
much wider than what is obtained in measurements. For ex-
ample, to have the Mg points in the range 1.5-2.25 K,

In a typical antiferromagnet it is expected that only anti-where both signals are present for ttre 1.71% sample, we
ferromagnetic resonance modes will be present below thehould imagine a concentration distribution in the range 1.3—
Neel point. This behavior is confirmed in numerous experi-2.2 %. The width of this range is much larger than the mea-
ments on the antiferromagnetic resonance. We observe ttgtired value of 0.1%. The well-defined singularities in the
expected single-mode ESR only in tke-4.57% sample. At temperature dependences of the susceptiffiland the reso-
lower concentrations, however, antiferromagnetic and paranance field(see Fig. % prove that the samples are macro-
magnetic modes coexist. The extra paramagnetic mode couktopically uniform. The width of the transition to the &le
originate(i) from isolated Cu ions located at the surface or atstate may be estimated from the susceptibility and ESR data,
structure defects(ii) from triplet excitations of the spin- and is not larger than 0.1 K.

Peierls matrix, which are present both in pure and doped Summarizing the above analysis of possible sources for
crystalg*>2 o (jii) from the nonuniform distribution of the the paramagnetic resonance mode below thel [geint, we
impurities resulting in a smeared transition to the antiferrostate that the observed paramagnetic resonance signal cannot
magnetic state. be ascribed to the sources enumerated above. This signal

The first proposition may be excluded, because the intenshould be due to the same spin system of Cions as the
sity of the signal we observe diminishes with temperaturewhole spin-Peierls matrix, but not to triplet excitations of
while the ESR intensity of the isolated defects should demthat matrix. It is difficult to explain this signal as originating
onstrate a Curie-like increase of intensity. The second sugrom a homogeneous spin system; therefore, we assume that
gestion should also be declined, because the paramagnetie two ESR modes are due to the separation of the sample
resonance signal dt<Ty is too intensive to be attributed to into paramagnetic and antiferromagnetic phases.
triplet excitations. At our microwave frequencies, which are  Note that the paramagnetic resonance line remains at the
an order of magnitude smaller than the spin-gap frequencgame magnetic field while the antiferromagnetic resonance
A/f, the ESR intensity of triplet excitations decreasesline demonstrates a strong shift at lowering temperature. This

A. Phase separation
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fact indicates the absence of any coupling between the spins, @) T>>Tw
oscillating on two close frequencies, because coupled spins
are known to change their eigenfrequencies simultaneously
when changing an external parameigze, e.g. Refs. 31 and
32). This argument proves the phase separation, because
ESR signals coming from the same places in the Cu spin
system should be coupled, and should demonstrate simulta- B T>T.
neous shifts of both frequencies.

L=16

L=34
B. Model

To explain the microscopic phase separation at low impu-
rity concentrations, when long-range dimerization order oc-
curs, we consider the regions of staggered magnetiZdfion (e} T=Tw
(spin clusters appearing near impurity atoms. The spins L=50
within these clusters have nonzero average spin projections; o ——
therefore, the local Nat order parameter can be introduced. o
In addition a cluster has a net magnetic moment equakto Lm

The formation of clusters is confirmed in calculations of the

staggered magnetization near the ends of spin chain seg- g 9. justration of the two-dimensional modeling of the for-
ments in a spin-Peierls magrisee, e.g., Fig.(®) of Ref. 9, mation of the long-range antiferromagnetic order. Spin chains are
demonstrating the appearance of the staggered magnetizatigiected horizontally, drops of the correlated spins are shown by
on rather long chain parts near the ends of segnefit®  gray filling, the spin-Peierls matrix by white filling, and the macro-
correlation length along the spin chafp is estimated to be  scopic group of drops is marked by black filling. The scale is given
of about ten interspin distanc€33 The interchain exchange in interspin distances. The modeling is performedser0.1% and
integrals should result in spin-spin correlations transverse tehe following values ofL (in interspin distances (a)L =16, (b)L

the chain direction. The transverse correlation lengths =34, and (c). =50.

may be estimated analogous to the estimation of the longitu-

1 i 135 - .~ . . - - -
dinal correlation lengtt™* as follows: &~v;/A, herev; g The concentration value 0.1% is chosen because this low

~Jili is the spinon velocity, withJ; being the interchain 4,6 enables us to follow step by step the process of the

exc_hange integrals along the dwectmansanc_j b l.i are the formation of the ordered phase. At a concentration of about
lattice constants along these transverse directions. Thus the, "\ " =+ o \amains qualitativelv the same. At high tem-
cluster atT=0 may be considered as a three-dimensiona P d y : g

(3D) region with staggered magnetization located near th eratures, when the drops are small and do not ov@ﬂgp
impurity and with an exponential decay of this staggere (@)], the phases of the local order parameters of different
magnetization when moving away from the impurity. At fi- drops are not coherent, and the model shows no long-range

nite temperature the coherence of the antiferromagnetic ord&nt'I%ﬁmaggiﬂc (I)Ergg. _Clusltr-(zjrs Cf[)nmbpte t(t) the statt_lc Sus-
parameter which is spatially variable on the wing of the clus-CEPUDIIty and the signal dué to their net magnetic mo-

ter will be destroyed by thermal fluctuations. The distahce mednts equal tug, giving rise to a (_:urlel-lllae suslceptlblllty H
in the chain direction of the region of the coherent antiferro-2Nd @ paramagnetic resonance signal. Upon lowering the

magnetic order parameter may be estimated from the relatiofg MPerature the drop_s grow and begin to oveffag. Ab)].
The order parameter in the overlapped dr@songlomerate

ksT=J exp — 2L/&). (1)  of drops is coherent; thus large areas with coherent antifer-
romagnetic ordering appear. For large conglomerates the an-
The distances of the coherence along transverse directiofiserromagnetic susceptibility prevails over the paramagnetic
are taken to be equal tci(/¢.)L. For crude modeling we susceptibility, which is due to a magnetic moment of only
consider the area of the spatially coherent antiferromagnetione spin. At this point the susceptibility measurement should
order at finite temperature as a 3D antiferromagnetic drop ofietect the antiferromagnetic transition and the appearance of
the ellipsoidal form with fixed boundaries. This drop is elon-an antiferromagnetic resonance signal. The order parameter
gated along the spin chain direction, and the ratio of the dropercolates through the macroscopic distaltég. 9(c)] as in
dimensions along and transverse to the chain is of about thiae known problem of percolation through interpenetrating
ratio of corresponding exchange integrals. For Cuga®  spheres placed at random. The thébpredicts a percolation
have this ratio according to Refs. 3 and 357J=0.11 and point in 3D space at the critical value of the volume fraction
|J,//J=0.011. occupied by spheres equal to 0.286. At the phase transition
The size of an ellipsoidal drop enlarges when temperaturéat the percolation poiptthere is a phase separation: there
is lowered according to relatiofl). The drops are placed in are intersecting threads of an antiferromagnetically ordered
space at random, with the density of the drops correspondinghasg marked with black color on Fig.(8)], and a paramag-
to the value of the concentration of impurities. The antifer-netic phase consisting of a dimerized spin-Peierls matrix
romagnetic order parameter is nonzero within ellipsoids andwhite) and still remaining isolated droggray). We should
zero outside them. The 2D illustrative model is shown in Fig.observe both an antiferromagnetic resonance signal from the
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ordered phase and a paramagnetic resonance signal from thealitative agreement with the result of the percolation
small drops isolated within the dimerized matrix. theory, and hence with the constructed model.

As the temperature decreases further, the isolated drops We cannot extrapolate the constructed model to a situa-
join the antiferromagnetic phase and the volume of the ortion with short-range dimerization order. Nevertheless it is
dered phase increases. The volume of the paramagnetimatural to propose that in the corresponding concentration
phase reduces, and the intensity of the paramagnetic signange, the behavior of the system should be intermediate
should diminish with the temperature decrease. The scenarletween the behaviors of dimerized and uniform crystals
described above mainly explains the observed phase separaith defects. This proposition is shown in Fig. 8 by straight
tion and the experimental data in the low concentration limitlines, interpolating the fraction of the antiferromagnetic
The dimerized singlet background and the random distribuphase from a small value at long range spin-Peierls order to
tion of impurities are of importance for this scenario. unity at an undimerized phase. This hypothesis is in a quali-

For the paramagnetic state the integral intensity of absorpative agreement with our observations. Further detailed in-
tion is proportional to the static susceptibility. The integral vestigations of the amount of the ordered phase just below
intensity of the antiferromagnetic modes should be proporthe Neel point for different concentration would by of great
tional to the susceptibility of the antiferromagnet but with interest.
another coefficientsee, e.g. Ref. 37 Thus the ratio of the It is worth noting that in several previous investigations
intensity of paramagnetic component just below theelNe of the antiferromagnetic phase in doped CuGe® two-
temperature to the intensity of the ESR line above thelNe component signal was not obsen/@d*?% The single line
temperature is a measure of the sample volume occupied byiay be explained here either by frequencies far from the
the paramagnetic phase. The ratio of the antiferromagnetiantiferromagnetic resonance g&p®r by large impurity
component intensity to the ESR intensity abolg repre-  concentrations which suppress the dimerizaffoff. A two-
sents only qualitatively the fraction of the antiferromagneticcomponent line, with spectra and temperature dependence
phase(the ratio of coefficients is of the order of unitfe = analogs to those reported in the present work was observed
can also estimate the volume of the antiferromagnetic fracin experiments with CglgeZng oGe0;.2°
tion as the sample volume which is not occupied by the
paramagnetic phase. The values qf the ESR intensity normal- IV. CONCLUSION
ized to the intensity above the Blepoint for different
samples are presented on Fig. 8. The antiferromagnetic frac- ESR measurements reveal the microscopic phase separa-
tion just belowTy, obtained by both ways, is smalbe- tion at the impurity induced antiferromagnetic ordering in
tween zero and 25% of the sample volynier the sample the spin-Peierls magnet CuGg(he temperature evolution
with x=1.71%. For the samples witk=2.88% and 3.2% of an ordered phase volume with a small volume fraction at
this fraction is larger, and exceeds half of the sample volumethe Neel point indicates the percolating character of the an-
and forx=4.57% the whole sample becomes antiferromag+iferromagnetic phase transition at a low doping level when
netic at the Nel point. As mentioned in Sec. | these concen-the antiferromagnetic and spin-Peierls order coexist.
trations correspond to two different kinds of spin-Peierls or-
der and to the absence _of spin-Peierls order. Taking this into ACKNOWLEDGMENTS
account, we deduce théb the volume of the antiferromag-
netic phase af =Ty is small when the ordering takes place  The authors are indebted to S. S. Sosin for valuable dis-
at the long-range spin-Peierls ordér) at short-range spin- cussions. This work was supported by a joint grant from the
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