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Electron spin resonance of Ni-doped CuGeO3 in the paramagnetic, spin-Peierls,
and antiferromagnetic states: Comparison with nonmagnetic impurities
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We have performed electron-spin-resonance measurements on single crystals of the doped spin-Peierls
compounds CuGe12ySiyO3 and Cu12xMxGeO3 with M5Zn, Mg, Ni (x,y<0.1). The first part of our experi-
ments was performed in the paramagnetic and spin-Peierls phases at 9.5, 95, and 190 GHz. All nonmagnetic
impurities~Si, Zn and Mg! were found to hardly affect the position and linewidth of the single line resonance,
in spite of the moment formation due to the broken chains. In contrast to Si, Zn, and Mg dopings, the presence
of Ni (S51) at low concentration induces a spectacular shift toward high fields of the ESR line~up to 40% for
x50.002), together with a large broadening. This shift is strictly proportional to the ratio of Ni to Cu suscep-
tibilities: Hence it is strongly enhanced below the spin-Peierls transition. We interpret this shift and the
broadening as due to the exchange field induced by the Ni ions onto strongly exchange coupled Cu spins.
Second, the antiferromagnetic resonance was investigated in Ni-doped samples. The frequency vs magnetic-
field relation of the resonance is well explained by the classical theory with orthorhombic anisotropy, withg
values remarkably reduced, in accordance with the study of the spin-Peierls and paramagnetic phases. The
easy, second-easy, and hard axes are found to bea, c, and b axes, respectively. These results, which are
dominated by the single ion anisotropy of Ni21, are discussed in comparison with those in the Zn- and
Si-doped CuGeO3.

DOI: 10.1103/PhysRevB.65.094425 PACS number~s!: 75.10.Jm, 76.30.Da
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I. INTRODUCTION

The quasi-one dimensional compound CuGeO3 is the first
inorganic system to exhibit a spin-Peierls~SP! transition.1 It
is extensively studied since large single crystals are rea
available, which allows one to perform various kinds of e
periments. The magnetic structure of CuGeO3 is as follows:
the spin correlations are antiferromagnetic along theb andc
axes, and ferromagnetic along thea axis. Below TSP
.14.3 K, S5 1

2 Heisenberg antiferromagnetic~AF! chains,
running along thec axis, become dimerized and an ener
gap of D52 meV opens between the singlet ground st
and the first excited triplet states. The SP transition is e
denced by a kink atTSP in the magnetic susceptibility, and i
clearly revealed by x-ray and neutron scattering.2 A unique
feature of this compound is that the effect of impurities c
be studied by substituting impurity ions~Zn, Mg, and Ni! for
0163-1829/2002/65~9!/094425~12!/$20.00 65 0944
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the Cu sites3–8 and a Si ion for the Ge sites.9 These substi-
tutions all induce a strong decrease ofTSP and the appear-
ance, at lower temperature (T,TN,TSP), of a three-
dimensional AF phase. The most intriguing feature in t
impurity effects is the coexistence belowTN of a SP state
and long-range AF ordering, which was extensively stud
both experimentally10,11 and theoretically.12 Magnetization
measurements performed in Cu12xMxGeO3 ~with M5Zn,
Mg, Ni! and CuGe12ySiyO3 single crystals revealed the ex
istence of a universal temperature-doping concentra
phase diagram with a scaling factorx53y.13 The spin-
Peierls temperature shows a linear decrease as the do
level increases, following the relationTSP(x,y)/TSP(0)
51 –15x51 –44y, while the Néel temperature increases lin
early from 0 at low doping levels up to a broad maximu
around 4.5 K forx53y.0.04 and then gradually decrease
Thus doping on the Ge site by Si impurities~spin 0! is three
©2002 The American Physical Society25-1
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times more efficient than doping on the Cu site, either
magnetic~Ni: spin 1! or nonmagnetic~Zn, Mg! impurities.
For all nonmagnetic impurities, the easy axis in the AF ph
is the c axis.6,9,10,13–17However, some deviations from thi
universal behavior are noted in the case of Ni concerning
AF phase. Indeed, theTN(x) curve for Ni is slightly lower,13

and the easy axis was found to be thea axis from
susceptibility13,18 and neutron-scattering experiments.7

Electron-spin-resonance~ESR! studies of paramagneti
and spin-Peierls phases were performed by different aut
in pure,19–22Si-doped, and Zn-doped CuGeO3,16,23,24and the
antiferromagnetic resonance was also studied for these
substitutions.15–17 But very little has been done using th
ESR technique in Ni-doped CuGeO3 besides the work of
Glazkov et al.,25 where a large number of parameters w
needed for the interpretation.

The first aim of this paper is to make a comparative E
study of Cu12xMxGeO3 ~with M5Zn, Mg, Ni! and
CuGe12ySiyO3 compounds, to find out if the universal cha
acter of the temperature-concentration phase diagram h
also for ESR, especially when comparing nonmagnetic
magnetic impurities. Extensive ESR measurements were
formed in the paramagnetic and spin-Peierls phases on h
quality single crystals, at various doping levels. The res
obtained in the nonmagnetic impurity doped compounds
briefly presented, and those obtained in Ni-doped CuG3
are focused on. For the latter, our results on the ESR
shift are analyzed in detail, and a model is proposed to
plain the observed effect.

The second aim of this paper is to study the antiferrom
netic resonance~AFMR! in Ni-doped CuGeO3 samples, and
to compare the results with those obtained in the case
nonmagnetic impurities. ESR is indeed a crucial techniqu
study magnetic anisotropy at a microscopic level. In b
studies~ESR and AFMR!, Ni substitution is shown to pro
duce different effects on the spin resonance of CuGeO3, as
compared to the case of nonmagnetic impurities.

II. EXPERIMENTAL SETUP

The CuGe12ySiyO3 (y50, 0.002, 0.007, 0.0085, 0.015
0.06, and 0.085! and Cu12xMxGeO3 (M5Zn with x50.016,
0.039, and 0.01;M5Mg with x50.01, 0.03, and 0.05; an
M5Ni with x50.002, 0.0085, 0.02, 0.03, and 0.04! single
crystals used in this study were grown from a melt under
oxygen atmosphere using a floating-zone method assoc
with an image furnace. All samples were then analyzed us
inductively coupled plasma atomic emission spectrosc
~ICP/AES!. The doping levels that are reported here are t
the effective ones derived from the ICP/AES analysis, wh
are usually slightly lower than the nominal concentration

The ESR measurements were performed between 4
300 K in all single crystals on a standardX-band spectrom-
eter ~Bruker ESP 300E!, operating at a frequencyf
.9.5 GHz and in a field range61.6 T. With this appara-
tus, the measured signal is the field derivative of the abs
tion. The crystal of typical mass 5–10 mg can be moun
onto the sample holder, in order that the magnetic field
either in the (a,b) or (a,c) plane. Because of the hug
09442
y

e

e

rs

o

s

lds
d

er-
h-
s
re

e
x-

-

of
to
h

n
ted
g
y
s
h

nd

p-
d
s

broadening of the ESR line induced by Ni doping, furth
measurements were performed on a homemade high-
spectrometer. These experiments were crucial to interpre
the observed phenomena. The measurements were perfo
between 4 and 250 K at frequencies of 95 and 190 GHz, w
the field parallel to thec axis. The sample size was about
3838 mm3, corresponding to a mass of more than 5
mg. With this spectrometer, the measured ESR signal
field derivative of a combination of the dispersion and t
absorption. The AFMR measurements were performed
two Cu12xNixGeO3 single crystals, withx50.03 and 0.04,
in frequency ranges of 9, 20, 35, and 50 GHz and a temp
ture of 1.8 K~i.e., belowTN). The dimension of the crystal
used in these experiments is about 33332 mm3. We used
an X-band spectrometer~JOEL-JES-RE3X! for the experi-
ments performed at 9 GHz, and a homemade spectrom
for higher frequencies. For the latter, microwaves are gen
ated from two klystrons at 20 and 50 GHz, and from a Gu
oscillator at 35 GHz, the magnetic field~B! being produced
by a 20 T superconducting magnet from Oxford Instrumen
The magnetic susceptibility measurements in the Ni-do
samples are also presented in this paper~for the other com-
pounds, see Ref. 13!: they were performed on a homemad
superconducting quantum interference device~SQUID! mag-
netometer operating in a temperature range 1.8–300 K
in a magnetic-field range of 0–8 T.

III. ESR IN CuGeO 3 DOPED WITH NONMAGNETIC
IMPURITIES

The temperature dependence of the magnetic suscep
ity was first measured in all samples whose ESR study
presented here~see Ref. 26 for the Si doping, and Ref. 13 f
the Si, Zn, and Mg doping!. In this section we briefly presen
the ESR results obtained in the case of nonmagnetic imp
ties, and discuss the linewidth, the shift, and the integra
intensity of the resonance line.

A wide series of CuGeO3 samples doped with nonmag
netic impurities Si, Zn, and Mg~see the list in Sec. II!, and a
sample of pure CuGeO3, were investigated. In all Si-, Zn
and Mg-doped CuGeO3 compounds, a single Lorentzian de
rivative ESR line was observed at theX band between 5 and
300 K along the three crystallographic axes, as for p
CuGeO3. Figure 1 shows examples of spectra obtained i
1.6% Zn-doped sample forBib, i.e., for a field perpendicula
to the chain axis, and at different temperatures, above
belowTSP510.4 K. In all these samples and along the thr
crystallographic directions, the linewidthDB and its tem-
perature dependence were found to be identical to thos
pure CuGeO3 above 15 K,27 but not below:DB(T) depends
on the Néel and SP temperatures, which vary with the dopi
level. As can be seen in Fig. 1, a 1% shift of the ESR line
observed only belowTSP. The same result was found in a
CuGeO3 samples doped with nonmagnetic impurities, a
also in the pure compound: Theg values remain constan
down to 10–15 K, and become shifted at lower temperat
by less than 2%. The sign of the shift depends on the fi
orientation and on the substituent, which agrees well with
results of Haseet al.23 obtained for pure, Zn-doped and S
5-2
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ELECTRON SPIN RESONANCE OF Ni-DOPED CuGeO3 . . . PHYSICAL REVIEW B65 094425
doped CuGeO3. For pure and Si-doped CuGeO3, theg factor
is found to increase alongb and to decrease alonga andc, as
the temperature decreases. For Zn- and Mg-doped CuG3
the opposite behavior is observed for the three crysta
graphic directions.

The inset of Fig. 1 shows the variation with temperatu
of the ESR~twice! integrated intensityI ESR as compared to
that of the static susceptibility, in the 1.6% Zn-dop
CuGeO3 sample. Since both curves can be superimposed
infer that ESR at theX band cannot distinguish betwee
triplet spins~the spin-Peierls contribution! and spins freed by
impurities ~the Curie-Weiss contribution!.13,26 We will come
back to this point in Sec. V B. A similar investigation carrie
out by Hassanet al.24 on Zn-doped CuGeO3 ~up to 5% Zn!
on powder samples at high field~between 100 and 400 GHz!
yielded results qualitatively different from the previous i
vestigations at lower frequency~see Refs. 15 and 16 and th
present work!. In Ref. 24, the appearance of two distin
powder pattern ESR spectra was interpreted as a sep
contribution from excited spin-Peierls triplet and Zn-induc
moments. Motivated by this apparent paradox, we inve
gated the ESR in the paramagnetic phase of a single cr
of CuGeO3: 5% Zn at 95 GHz and 5 K. Contrary to Ref. 2
for all field directions in the (a,b) plane we observe a singl
resonance line varying fromga52.145 togb52.240, in ac-
cordance with ourX-band measurements. Thus we are forc
to conclude that the additional ESR powder pattern obser
by Hassanet al.24 is somehow linked to the powdered natu
of the investigated samples.

IV. MAGNETIC SUSCEPTIBILITY IN Ni-DOPED CuGeO 3

Figure 2 shows the temperature dependence of the m
netic susceptibility measured in pure CuGeO3 and in
Cu12xNixGeO3 samples in the 1.8–300 K temperature ran
@Fig. 2~b!# and below 30 K@Fig. 2~a!#. The data from Fig.
2~a! clearly show a decrease of the SP transition~which is
visible up tox50.03) and the occurrence of an AF transitio
at lower temperature, witha being the easy axis. Indeed, th

FIG. 1. ESR spectra obtained at theX band, with Bib, in
Cu0.984Zn0.016GeO3, above and below the SP temperature. The in
illustrates the temperature dependence of the~twice! integrated ESR
intensity as compared to that of the static susceptibility.
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susceptibility measured with the external field along thea
axis shows a peak around 3 K for x50.06 ~see the solid
line!, while the susceptibilities measured with the extern
field along theb andc axes further increase below 3 K wit
decreasing temperature~see the dashed and dash-dott
lines!. The Ni21 ion, with S51, is considered to participat
to the long-range magnetic ordering, since the magnitude
the Curie tail is one order of magnitude smaller than e
pected from 6% Ni free spins, indicating that the interacti
between the Cu21 and Ni21 ions is relatively large. The
(T,x) phase diagram shown in the inset of Fig. 2~b! was
obtained from these measurements. The values of the s
Peierls and Ne´el temperatures~when they exist! are given in
Table I. Forx50.002, the susceptibility measurement w
performed only down toT51.8 K, so that the Ne´el tempera-
ture~expected to be smaller than the 0.6 K value obtained
x50.0085) could not be determined.

Figure 2~b! illustrates the large effect of Ni doping on th
global susceptibility curve, due to the magnetic nature of
Ni21 ion. Indeed, the susceptibility increases more and m
between 300 and 20 K as the Ni concentration increa
Interestingly, the susceptibilities along thea andb axes be-
come smaller than the one alongc below .50 K. This
anomalous temperature dependence was not observed i
and Zn-doped CuGeO3.9,13,28 This could originate from the

t

FIG. 2. Temperature dependence of the magnetic susceptib
measured in Cu12xNixGeO3 samples in a 1 kGfield applied along
the a axis ~easy axis! for 0<x<0.052 and along the three crysta
lographic axes forx50.06. The inset of~b! displays the (T,x)
phase diagram obtained from these measurements.
5-3
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B. GRENIERet al. PHYSICAL REVIEW B 65 094425
single ion anisotropy of Ni21 ions DSz
2 , with z along the

direction of the distorted oxygen octahedron in the (a,b)
plane, as clearly observed with Mn21 ~Ref. 29!. This will be
further discussed in the AFMR results presented in Sec.

The temperature dependence of the susceptibility could
analyzed in the paramagnetic phase (T.20 K) by a crude
model of Cu-Ni pairs, neglecting in a first step the single-i
anisotropy of Ni21, yielding an estimate of the Ni-Cu ant
ferromagnetic exchange coupling of 25 K.13 This value is to
be compared to the strongest Cu-Cu coupling,Jc
5120–180 K along thec axis. The susceptibility data from
Fig. 2 will be used later to explain the ESR results.

V. ESR IN Ni-DOPED CuGeO3

A. Experimental results

The Ni-doped CuGeO3 samples were investigated at theX
band along the three crystallographic directions and at h
frequency along thec axis. Figure 3 shows typical ESR spe
tra obtained in Cu0.998Ni0.002GeO3 (TSP513.8 K) at theX
band along thec axis atT5100, 12, and 4 K. Figure 4 show
ESR spectra obtained in Cu0.9915Ni0.0085GeO3 (TSP
512.55 K) at 95 GHz along thec axis atT5100, 11, and 7
K. In all Ni-doped compounds, a single Lorentzian deriv

TABLE I. Spin-Peierls and Ne´el temperatures~when they exist!
for pure and Ni-doped CuGeO3 samples.

x TSP (K) TN (K)

0 14.25 –
0.002 13.8 ,1.8
0.0085 12.55 0.6
0.02 10.3 2
0.03 8 3
0.04 – 3.8
0.052 – 3.25
0.06 – 2.9

FIG. 3. ESR spectra obtained in theX band, with Bic, in
Cu0.998Ni0.002GeO3, above and below the SP temperature. The fig
shows the huge broadening of the ESR line on each side ofTSP and
the increasing shift towards high fields asT decreases.
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tive ESR line was again observed, but now, both the li
width DB and the resonance fieldBres behave in a com-
pletely different way. Qualitatively, as compared to Fig. 1 f
1.6% Zn doping, one immediately notes in Fig. 3 for 0.2
Ni doping ~the X band! and Fig. 4 for 0.85%~95 GHz!, that
a ;5% shift toward high field is already visible in the spe
tra at 12 and 11 K respectively, compared to those at 100
This shift increases to reach 24% at 7 K~Fig. 4! and 36% at
4 K ~Fig. 3! which is much larger than the;1% shift mea-
sured in Fig. 1. Moreover, one notes the large broaden
induced by Ni doping: the spectrum measured at 100 K
0.2% Ni doping~see Fig. 3! is about three times broader tha
for 1.6% Zn doping~see Fig. 1! or pure CuGeO3. This large
broadening justifies the use of higher frequencies for furt
studies of the Ni-doped CuGeO3 samples.

The spectra obtained in theX band (f 59.5 GHz) corre-
spond to the field derivative of the absorptionx9, while those
obtained in the millimetric domain (f 595 and 190 GHz!
correspond to the field derivative of a combination of t
absorptionx9 and dispersionx8. In order to check the
Lorentzian profile and to extract precisely the integrated
tensity ~meaningful at theX band only!, the linewidth, and
the resonance field for each measured spectrum, the
obtained in theX and millimetric domains were fitted to th
relation

S~B!5S0~B!1
dx9

dB
cosa1

dx8

dB
sina, ~1!

whereS0(B) is a linear function inB accounting for the base
line, a is the phase~equal to zero at theX band!, andx9(B)
and x8(B) are Lorentzian shapes centered at the resona
field Bres , with an integrated intensityI ESRand a Lorentzian
linewidth DBLorentz. The ‘‘peak to peak’’ linewidthDB of
the ESR spectra is given byDB5(A3/2)DBLorentz. Figure 4
illustrates the very good quality of the fits to Eq.~1! of a few

e

FIG. 4. ESR spectra obtained at 95 GHz, withBic, in
Cu0.9915Ni0.0085GeO3, above and below the SP temperature. Note
large broadening on each side ofTSP and the increasing shift to
ward high fields asT decreases. The solid lines are the best Lore
zian fits to the experimental data@see Eq.~1!#, and the dashed lines
point out the position of the resonance field at each temperat
obtained from the fit.
5-4
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ELECTRON SPIN RESONANCE OF Ni-DOPED CuGeO3 . . . PHYSICAL REVIEW B65 094425
ESR spectra measured in Cu0.9915Ni0.0085GeO3 at 95 GHz for
three different temperatures. The typical precision is l
than 1% on the determination ofDB and less than 0.01% fo
Bres , the precision on the phasea ~in the case of the milli-
metric range! always being better than 1°.

1. Integrated intensity at the X band

In the case of theX band, the ESR integrated intensity ca
be compared to the static susceptibility measured with
SQUID magnetometer. ESR spectra were measured in t
Cu12xNixGeO3 samples. Forx50.002, the ESR line could
be followed between 4 and 300 K, but due to the very la
broadening induced by Ni doping, the ESR line could
followed only up to 30 K forx50.0085 and up to 20 K for
x50.02. All spectra measured forx50.002 were analyzed
using Eq.~1! with a50 andS0(B)50 and the ESR~twice!
integrated intensityI ESR was obtained for each temperatur
Due to the strong line shift induced by Ni doping, the res
nance field must be taken into account and the static sus
tibility measured by SQUID thus has to be compared w
the ratio

I ESR8 5I ESRS B0

Bres
D , ~2!

whereB0 is the resonance field of pure CuGeO3 measured at
the same frequency and along the same direction~i.e., corre-
sponding togc52.05 in the present case whereBic). Note
that in the case of nonmagnetic impurities, the static susc
tibility was directly compared toI ESR since the resonanc
field varied by less than 2% on the whole temperature ran

Figure 5 displays the temperature dependence ofI ESR8
~right scale! compared to the macroscopic susceptibility
temperaturex(T) in the same sample (x50.002) and in pure
CuGeO3 ~left scale!, on a logarithmic scale. The SQUID
measurements were performed in a 0.1 T magnetic field
plied along thec axis, while the ESR measurements we
performed in a sweeping field from 0 to 6600 G appli
along the same axis. By adjusting thex(T) and I ESR8 (T)

FIG. 5. Temperature dependence of the static susceptib
~SQUID! measured withB50.1 Tic in pure and 0.2% Ni-doped
CuGeO3 ~left scale! compared to the susceptibility derived from th
ESR measurements (I ESR8 5I ESRB0 /Bres) in the same Ni-doped
sample and withBic ~right scale!, on a logarithmicT scale.I ESR8 (T)
fits better with the static susceptibility of pure CuGeO3.
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curves at high temperature, one can note that the ESR
grated intensity better follows the susceptibility of the pu
sample than that of the 0.2% Ni-doped sample. This res
leads one to suggest that the ESR signal would originate o
from the Cu21 spins of CuGeO3 while the Ni21 spins would
not participate in this resonance line.30

To check this assumption, the same comparison was
formed for a higher Ni-doped sample (x50.02). Here again,
the static susceptibility vs temperature curves
Cu0.98Ni0.02GeO3 and pure CuGeO3 are compared with the
I ESR8 (T) curve derived from ESR measurements in the sa
Ni-doped sample. For an easier comparison, the suscep
ity data were normalized at 20 K@by dividing for each tem-
peraturex(T) by x(T520 K)5x20# and all the curves are
plotted as a function of the reduced temperatureT/TSP, with
TSP514.25 K for x50 andTSP510.3 K for x50.02 ~see
Fig. 6!. Indeed, for such a high Ni-doping level, the spi
Peierls temperature and the absolute value of the static
ceptibility are quite different from the pure sample@see Fig.
2~a!#. By normalizing the susceptibility and ESR data at
K, one can note that theI ESR8 curve lies in between the nor
malized susceptibilities of pure and Ni-doped CuGeO3.

Since it was shown13,26 that the amplitude of the SP orde
parameter~expressed by the fractionKSP) is reduced in the
presence of doping~by Ni, Zn, Mg, and Si!, we have ana-
lyzed our data accordingly. In particular, for Cu12xNixGeO3
with x50.02, KSP was found to be equal to 0.465,13 i.e.,
only approximately one-half of the Cu spins are able
dimerize so that the decrease ofx(T) is much smaller than
for pure CuGeO3. Moreover, the decrease of the energy g
upon doping further amplifies this effect. Thus our ESR
tensity data have to be compared with this~reduced! SP con-
tribution instead of that of the full susceptibility of pur
CuGeO3. The dashed line in Fig. 6 shows the temperat
dependence of this SP contribution~divided by the
Cu0.98Ni0.02GeO3 susceptibility at 20 K! normalized at

ty FIG. 6. Static susceptibility~SQUID! measured with B
50.1 Tic in pure (TSP514.25 K) and 2% Ni-doped CuGeO3

(TSP510.3 K), normalized at 20 K~left scale!, compared to the
susceptibility derived from the ESR measurements (I ESR8 ) in the
same Ni-doped sample and withBic ~right scale!, as a function of
the reduced temperatureT/TSP. The dashed line~left scale! repre-
sents the SP contribution to the global susceptibility of 2% N
doped CuGeO3 arising from the model described in Ref. 13~see the
text!.
5-5
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B. GRENIERet al. PHYSICAL REVIEW B 65 094425
T/TSP51 with the curve of the pure sample. One can n
the good agreement between this curve and theI ESR8 data.
This analysis further supports the idea that the ESR sig
only comes from the Cu21 spins. We will come back to thes
results when discussing the line shift results~see Sec. V B!.
The same study has been performed for a magnetic
applied along thea axis, and the results were found to b
similar.

2. Linewidth

Besides the large ESR shift, the other main qualitat
effect of Ni doping is a very large broadening of the ES
line as compared to pure CuGeO3. This is further contrasted
by the linewidth data of CuGeO3 doped by the nonmagneti
impurities Zn, Mg, or Si.27 In Fig. 7~a!, the low-temperature
linewidth data are presented at theX band for pure CuGeO3
and various Ni-doping levels. It appears that aboveTSP and
up to about 40 K, the linewidth increases linearly with te
perature, and is approximately proportional to the Ni conc
tration at a rate ofDB/x;1000 G/%Ni forT520 K and a
slopeDB/(x.T);100 G.K21/%Ni.

However, as shown in Fig. 7~b!, contrary to the pure
CuGeO3 linewidth data, where the linear temperature dep
dence extends almost up to room temperature~see also Refs
19 and 20!, the Ni-doped CuGeO3 ESR linewidth reaches a
plateau above 50 K independent of both the temperature
the magnetic field. This plateau is proportional to the
concentration at a rateDBplateau/x.4600 G/%Ni. At tem-

FIG. 7. Temperature dependence of the ESR linewidth meas
with Bic in pure and Ni-doped CuGeO3 for various concentrations
~a! Low-temperature part at theX band.~b! High-temperature par
at theX band and higher frequencies. Note the plateau above 5
for 0.2 and 0.85% Ni.
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peratures lower thanTSP, a temperature behavior muc
closer to that of pure CuGeO3 is observed, with a compa
rable rate of broadening@see Fig. 7~a!#, but now strongly
increasing with field@see Fig. 7~b!#. Whereas at present w
cannot account for the temperature dependence of the
width, the order of magnitude ofDBplateau is discussed in
Sec. V B.

3. Line shift along the c axis

We now focus on the ESR line shiftdB5Bres2B0, mea-
sured forBic, Bres being the resonance field of the studie
sample andB0 the resonance field of pure CuGeO3 ~corre-
sponding togc52.05) measured at the same frequency. T
aim of the following analysis is to study the field~or fre-
quency!, concentration and temperature dependence of
shift in order to derive an expression ofdB( f ,x,T) experi-
mentally.

Figure 8~a! shows the frequency dependence of the l
shift measured for two different samples, 0.85 and 2%
doped CuGeO3, and two different temperatures. This figu
shows that the shift is proportional to the working frequen
~see solid lines! and thus toB0, which proves that it is a
genuine ‘‘g shift.’’ This shift increases withx and T21. To
study the concentration and temperature dependences
will thus now refer to the frequency-independant relati
shift dB/B0. Figure 8~b! shows the Ni concentration depen
dence ofdB/B0 at two given temperaturesT520 and 50 K
~data from various frequencies were combined to obtain
figure!. For both temperatures, the relative shift is prop
tional to the Ni concentration, up to 3%~see the solid lines!.

ed

K

FIG. 8. ~a! Frequency dependence of the ESR line shiftdB
5Bres2B0 measured in Cu12xNixGeO3 at two given temperatures
~b! Evolution with the nickel concentration of the relative line sh
measured at two different temperatures in four Cu12xNixGeO3

single crystals. These two figures establish the proportionality~a!
between the line shift and the frequency at given temperature
Ni concentration, and~b! between the relative shift and the Ni con
centration, at a given temperature~see the solid lines!.
5-6
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ELECTRON SPIN RESONANCE OF Ni-DOPED CuGeO3 . . . PHYSICAL REVIEW B65 094425
At this stage, we thus have the relation

dB

B0
~x,T!5C~T!x. ~3!

All our experimental results for the line shift are gather
in Fig. 9 using the above relation, i.e., the relative line sh
normalized to the Ni concentrationdB/(100xB0) is plotted
as a function of the reduced temperatureT/TSP(x). This fig-
ure shows the good agreement of relation~3! with our data.
All the experimental points are roughly on a unique cur
C(T), at least aboveTSP. Below the spin-Peierls tempera
ture, the temperature dependence ofdB/B0 depends on the
Ni-doping level. Indeed, the data at 9.5 and 95 GHz are w
superimposed down to 0.7TSP for both samples withx
50.0085 and 0.02, but the increase at lower temperatur
stronger as the Ni concentration decreases~see the inset of
Fig. 9!.

Thus, in order to study in detail the temperature dep
dence of the shift, we separately consider the paramagn
~P! and SP phases. The temperature dependence of the
tive shift in the 0.85% Ni-doped sample is illustrated for tw
different frequencies in Figs. 10~a! for T.TSP and 11~a! for
T,TSP. Between 300 and 20 K,dB/B0 increases up to 4%
@see Fig. 10~a!# and its temperature dependence behaves
the nickel susceptibilityxNi(T) @see Fig. 10~b!#. The latter
was derived by subtracting the susceptibility of pu
CuGeO3 to that of the Ni-doped sample@both presented in
Fig. 1~b!#. The inset of Fig. 10~b! shows thatdB(T)/B0 is
strictly proportional toxNi(T) in the P phase.

Concerning the low-temperature part, one can not
strong enhancement of the line shift below 12.5 K at 9.5 a
190 GHz @see Fig. 11~a!#. This temperature corresponds
the SP transition; thus this behavior is mainly related to
dimerization of the Cu ions intoS50 states. Figure 11~b!
illustrates the temperature dependence of the inverse o
Cu-dimer susceptibility~the spin-Peierls contribution in th
triplet stateS51) xCu(T), which was obtained by subtrac

FIG. 9. Relative line shiftdB/B0 normalized by the Ni concen
tration ~divided by 100x) as a function of the reduced temperatu
T/TSP(x) for all studied Ni-doped CuGeO3 samples~various con-
centrations at various frequencies!. The inset shows the low
temperature part.
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ing a Curie-Weiss contribution~coming from the Ni ions! to
the total susceptibility.13 As can be seen in the inset of Fig
11~b!, dB(T)/B0(T) varies linearly with 1/xCu(T). This
analysis of the data leads to the following relation for t
relative shift:

dB

B0
~x,T!}x

xNi~T!

xCu~T!
. ~4!

For the same reason as for the integrated intensities~the
decrease of the fractionKSP whenx increases!, this formula
is indeed consistent with the inset of Fig. 9, where the re

FIG. 10. Temperature dependence in the paramagnetic pha
~a! the relative ESR line shift and~b! the static susceptibility of the
Ni ions, measured in Cu0.9915Ni0.0085GeO3. The inset of~b! illus-
trates the relative ESR line shift as a function of the Ni suscepti
ity, at each temperature.

FIG. 11. Temperature dependence in the spin-Peierls phas
~a! the relative ESR line shift and~b! the inverse static susceptibil
ity of the Cu dimers, measured in Cu0.9915Ni0.0085GeO3. The inset of
~b! illustrates the relative ESR line shift as a function of the inve
Cu susceptibility, at each temperature.
5-7
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tive shift below TSP shows a fourfold increase as the N
doping level decreases from 0.85% to 0.2%.

4. Anisotropy of the line shift

The anisotropy of the line shift has also been carefu
studied at theX band in the 0.2% Ni-doped compound at
K, in the (a,c) and (a,b) planes~see Fig. 12!. The shiftdB
was found to be very anisotropic in both planes, and a s
ond, less intense, resonance line was observed in the (a,b)
plane.

In the (a,c) plane, the shift is maximum alongc
(.1400 G), and minimum alongb (.600 G), following
dB(a)5dBac1dBaniscosa with dBac.950 and dBanis
.420 G. In the (a,b) plane, the shift is minimum and
equivalent along thea and b axes while a maximum shif
~2200 G! is found atb.45° ~whereb is the angle between
the applied magnetic field and thea axis!, possibly reflecting
the anisotropy of the Cu to the Ni site coupling. Note that
anisotropy of the line shift along the crystal axes follows th
of the static susceptibility@see Fig. 2~b! for the 6% Ni-doped
CuGeO3 sample#.

B. Resonance model

The model used to interpret the ESR data of CuGe3
doped with Ni at very low concentrations is constrained
the above-mentioned experimental observations, which
briefly recall.

FIG. 12. Anisotropy of the ESR line shift in the (a,c) and (a,b)
planes measured in theX band, atT54 K in 0.2% Ni-doped
CuGeO3. The open squares correspond to the aforementioned
line and the open circles to the additional line that appears in
(a,b) plane.
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~i! At all temperatures along thea, b, and c directions,
only one Lorentzian-shaped~except at the lowest tempera
ture! ESR line is observed, above and below the spin-Pei
transition, which we attribute to the paramagnetic Cu21

spins aboveTSP and to the excited triplet Cu21 spins below
TSP.

~ii ! No resonance consistent with Ni21 in a distorted oc-
tahedral site is observed in the temperature range 4,T
,300 K, neither at 9.5 GHz nor up to 190 GHz and 10

~iii ! The ESR-integrated intensity, normalized to the re
nance field, does not scale with the static susceptibility m
sured in the same Ni-doped sample, but only to the prop
tion of Cu spins being in the SP triplet state, which suppo
~i!.

~iv! The width of the Cu21 resonance strongly increase
with the Ni concentration~at a rate of 0.1 T/% Ni at 20 K!.

~v! A resonance shift of the Cu21 line toward higher
fields, proportional to the concentration of the Ni21 ions, is
observed above and below the spin-Peierls transition. T
shift is proportional to the Ni ion susceptibility, and inverse
proportional to the Cu ion susceptibility. This shift thus b
comes particularly noticeable below the SP transition. T
shift is anisotropic, being roughly twice as large for thec
direction as for thea and b directions, which are abou
equivalent: it then appears that this shift is not related to
g-factor anisotropy of the pure CuGeO3 system (ga52.15,
gb52.26, andgc52.05).

A very detailed investigation of a two-coupled
paramagnetic-spin system, present in RbMnF3 doped with
Ni, Co or Fe, was performed by Gulley and Jaccarino.31 For
1–5 % Ni doping, contrary to the present work, no disce
ible linewidth broadenings together with a smallg shift of
0.5% are observed. This situation was quantitatively a
lyzed in terms of very strongly exchange-coupled Ni and M
spins. This is clearly not the case for CuGeO3:Ni, but does
apply to the case of CuGeO3:Zn, :Mg, or :Si. Indeed, in
addition to the absence of broadening and to the 1%g shift,
the fact that the ESR-integrated intensity fits well the sta
susceptibility constitutes compelling evidence of strong c
pling between the bulk Cu21 spins and the Cu21 spins in-
duced by the nonmagnetic impurities.

The model used for our interpretation is an extension
Kittel’s analysis for the ferrimagnetic resonance shift in t
presence of strongly relaxing rare-earth dopants.32 Indeed,
the couplingJc.120–180 K of the Cu21 spins along each
of the two ~nonequivalent22! one-dimensional chains o
CuGeO3 is strong enough to ensure that a single, exchan
narrowed mode prevails in the presence of an antiferrom
netic couplingJN induced by a Ni21 S51 spin on its two
Cu21 near neighbors. In order to account for our observat
of a single resonance line, we are forced to assume tha~i!
either the relaxation rate of the Ni21 spin is sufficiently
large, compared toJN , to decouple the Ni21 spins from the
precession of the Cu21 spins; or that~ii ! this decoupling
occurs through a sufficiently large zero-field splitting remo
ing the Ni21 resonance away from the Cu21 resonance. In
this case, we can model the spin dynamics of CuGeO3:Ni by
two coupled Bloch-like equations: one for the tight
coupled together Cu21 spin system~magnetizationMW ), and
one for the fast relaxing Ni21 spins~magnetizationNW ). For

R
e
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ELECTRON SPIN RESONANCE OF Ni-DOPED CuGeO3 . . . PHYSICAL REVIEW B65 094425
the sake of simplicity we will assume that the gyromagne
ratio gCu.gNi5g, so that the decoupling occurs on
through the relaxation rate of the Ni21 spins. The coupled
equations are then written withTMl

21 the Cu spin-lattice re-
laxation rate,TNl

21 the Ni spin-lattice relaxation rate, andTMN

andTNM the Cu/Ni spin-spin cross relaxation rates betwe
Cu and Ni~related byTMN /TNM5N0/M0, i.e., the ratio of
the equilibrium magnetizations, by detailed balance33!:

dMW

dt
5gMW 3~HW 1lNW !2

MW

TMN
1

NW

TNM
2

MW 2MW 0

TMl
, ~5!

dNW

dt
5gNW 3~HW 1lMW !2

NW

TNM
1

MW

TMN
2

NW 2NW 0

TNl
. ~6!

Solving for the transverse components as usual lead
the determinant

UVN lN

lM VM
U50 ~7!

with

VM5v2v02 iTMl
212lM , ~8!

VN5v2v02 iTNl
212lN , ~9!

lM5glM01 iTNM
21 , ~10!

lN5glN01 iTMN
21 , ~11!

wherev0 is the unshifted resonance frequency. In the lim
of TNl

21→`, we obtain34

v2v05lgN01 i ~TMN
21 1TMl

21!. ~12!

This yields indeed a Cu21 resonance shifted to highe
fields if l,0, i.e., an antiferromagnetic coupling from Ni21

to Cu21, and proportional to the Ni21 static magnetization
N0. However, a major difference appears between
CuGeO3:Ni model and Kittel’s two-sublattice model. In
classical sublattice spin dynamics the coupling constanl
represents the exchange energy density thro
2lMW A .MW B , meaning that every spinA is coupled to every
spin B. In our case, we want to specify that the Ni spin
coupled to its two first nearest neighbors Cu21 by JN , and
that the effective couplingl is the resulting average of th
Cu-Ni exchangeJN among the Cu21 spins~tightly coupled
throughJc). This average couplingl occurs, however, only
from those Cu21 spins which are not condensed into single
S50 below the spin-Peierls transition. Writing that the e
change energy density is identical in both descriptions yie

l5
2JN

\2g2

1

~12nSP!N , ~13!

wherenSP is the fraction of condensed singlet spins, i.e.,
spin-Peierls order parameter andN is the number of Cu ions
per unit volume. The shift is then given by
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v2v05
2JN

\2g

N0

~12nSP!N . ~14!

Thus Eq.~14! indeed predicts the observed dependen
for the line shift@see Eq.~4!#. The merit of this formulation
is that we use the same argument above and belowTSP. The
above equation can be rewritten~in the P phase! in terms of
our measured quantities to yieldJN by

JN5
1

2
~gmB!2NAF dB/B0

xNi
0 G . ~15!

The term between square brackets is depicted in the i
of Fig. 10~b!. We find JN575610 K where the error is
estimated from the spread of the data at variousx and fre-
quencies. This value forJN was checked to be quite consi
tent with the weak coupling approximation. However, th
value is three times larger than the one obtained above~Sec.
IV ! from the fit to the static susceptibility. We think that th
value ofJN derived from the ESR data is closer to the tru
since the zero-field splitting of the Ni21 ion was not incor-
porated into the susceptibility analysis: This parameter ia
priori not required in the ESR model, since Ni21 is consid-
ered ‘‘nonresonant.’’

As concerns the linewidth, a direct application of th
weak-coupling exchange broadening calculated by Gu
and Jaccarino@Eq. ~2.12! of Ref. 31#, with J5Jc.150 K
andJ85JN.75 K, yields a temperature-independent broa
ening of 8000 G/% Ni, to be compared with 4600 G/%
observed between 50 and 300 K.

VI. ANTIFERROMAGNETIC RESONANCE IN Ni-DOPED
CuGeO3

Typical AFMR signals measured in thex50.04 sample at
1.8 K in a field applied along thea, b, andc axes are shown
in Fig. 13. Five ESR lines were observed at 21.87 GHz
Bia. The lines at 0.3, 1.2, and 1.5 T correspond to AFM
lines. The line at 0.75 T originates from a standard DP
~1,1-diphenyl-2-picrylhydrazyl! sample. The line at 0.7 T
probably corresponds to an electron paramagnetic reson
~EPR! signal from the sample. ForBib and Bic, one ESR
line, which corresponds to an AFMR signal, was observ
around 47.5 GHz. The EPR signal which was observed al
thea axis in the AF-ordered state was not observed for th
two field directions.35 This is consistent with a recen
theory36 which predicted the existence of an EPR signal ev
in the ordered phase when the external field is applied p
allel to the easy axis.

From the AFMR results, we can identify the easy, seco
easy, and hard axes as thea, c, andb axes, respectively, a
will be shown below. The angular dependence of the re
nance fields at theX band was also measured. Resonan
points around 0.9 T show a minimum when the field is p
allel to the a axis. From this result we confirmed that th
spins point along thea axis within an experimental error o
;2°, which was not clearly determined by th
susceptibility18 and neutron-scattering measurements.7 We
5-9
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also performed an AFMR measurement in thex50.03
sample atT51.8 K. The AFMR signals are less clea
mainly due to the lowerTN . However, it was found that the
magnetic anisotropy is the same as in thex50.04 sample.

Figure 14 shows the frequency vs magnetic-field plot
the resonance points at 1.8 K. Here the angular freque
(v) is divided byg[2pgmB /h (mB is the Bohr magneton
h is Planck’s constant! to express it in magnetic-field units
andB is scaled by theg value for the respective field direc
tions. Theg values we used arega51.72, gb51.80, and
gc51.65, which are 80% of theg values in pure CuGeO3,
and are also consistent with those obtained from ESR m
surements at;5 K. The data were analyzed with the AFM
theory for a two-sublattice antiferromagnet with orthorho
bic anisotropy.37 This theory was used in analyzing Zn
~Refs. 15 and 16! and Si-doped samples,17 and was conve-
niently reviewed in Ref. 38. We obtained the paramet
C1(52AK1)50.85 (T2), C2(52AK2)51.2 (T2), and a

FIG. 13. Typical ESR signals in a single crystal
Cu0.96Ni0.04GeO3 at 1.8 K for the three crystallographic orienta
tions.
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(512xi /x')50.90, whereA, Ki ( i 51 and 2!, x i , and x'

are the molecular field coefficient, the anisotropy consta
and the susceptibilities along the easy axis and perpendic
to it, respectively. The lines in Fig. 14 are fits with the cla
sical AFMR theory. The parametera obtained with AFMR
measurements is similar to those in Cu0.96Zn0.04GeO3 ~Refs.
15 and 16! and CuGe0.98Si0.02O3,17 as shown in Table II, but
is much larger than that obtained from the magnetic susc
tibility measurements (a;0.35). The susceptibility paralle
to the a axis of Cu0.96Ni0.04GeO3 does not go to zero with
decreasing temperature belowTN , as shown in Fig. 2~a!.
This is quite different from what a classical theory of an
ferromagnetism predicts forx i . We found that the measure
xa can be interpreted as a sum of a paramagnetic susc
bility which obeys the Curie law and an antiferromagne
one. The amount of the paramagnetic ‘‘centers’’ is estima
to be about 1% of the total spins assumingS5 1

2 and g
52.1. The antiferromagnetic susceptibility decreases w
decreasing temperature more rapidly thanxa , thus giving a
larger value fora.

We now discuss the origin of the magnetic anisotropy
Ni-doped CuGeO3. In order to explain this, we conside
three terms; single ion anisotropy (ESI), dipole-dipole (ED),
and anisotropic exchange (EAE) energies. Moriya and Yosida
theoretically discussed the origin of the anisotropy
CuCl2•2H2O.39 They considered bothED and EAE terms

TABLE II. ObservedC1 , C2, anda in CuGeO3 doped with Si,
Zn, and Ni.

Impurity TN ~K! C1 (T2) C2 (T2) a

Si ~2%!a 4.8 1.360.1 3.860.2 0.7860.06
Zn ~4%!b 4.2 0.89 2.1 0.85
Ni ~4%! 4.0 0.85 1.2 0.90

aReference 17.
bReference 15.

FIG. 14. The frequency vs magnetic-field diagram of the re
nance points at 1.8 K in a Cu0.96Ni0.04GeO3 single crystal. Closed
circles, open triangles, and open circles denote experimental d
and solid, dash-dotted, and dotted curves are theoretical one
Bia, b, andc, respectively.
5-10



f
n
s
im

ll
em
n-
-
ta
a

e

sy
n

on
-
e
e
y
Z
p

d

o
. I
p
n

,

f the
,
ped
ned
s
able

of
, in
mag-
the

t re-
g on

the
e
ted
s.

rge
in-

ot-

on-
de-
bili-
en

the

ro-
a
tut
ico-
e
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~note that noESI term is possible for Cu21 spin!. They esti-
mated uEDu;1024 cm21/ion and uEAEu;1023 cm21/ion,
respectively. Although the crystal structure of CuGeO3 is dif-
ferent from that of CuCl2•2H2O, we expect that the value o
ED in CuGeO3 is not very much different from the one give
above. ForEAE in CuGeO3, we estimate a value ten time
larger, because the exchange interaction is about ten t
larger than for CuCl2•2H2O. On the other hand,uESIu
;1 cm21/ion for Ni21 ~Ref. 40! so that even a sma
amount of doping will change the anisotropy of the syst
drastically. Theg value and the single-ion anisotropy co
stantD, for Ni21 in an axially distorted octahedral environ
ment, are related to the spin-orbit coupling and to the crys
field levels. In the well-documented case of trigon
elongation of the octahedron, as in CsNiF3,41 this distortion
leads toD.0 @andg'(Ni) .gi(Ni) #. In contrast, in the cas
of CuGeO3, one expects the axial elongation to yieldD,0
similar to the Tutton salts,42 and hence to give rise to an ea
local axis perpendicular toc. Here we denote the single-io
anisotropy term asDSz

2 .
The easy axis for Ni21 spin in CuGeO3 lies in the ab

plane, and is directed alternately when one moves from
site to the other along theb axis. Because of the antiferro
magnetic interaction, the spins will point either close to tha
or b axis, with an antiferromagnetic arrangement along thb
axis, the former being favored byED . Thus the mean eas
axis is thea axis. Then the easy and second easy axes in
and Si-doped samples are interchanged in the Ni-do
sample.

The C1 and C2 values for various impurity-dope
CuGeO3 are summarized in Table II.C1 andC2 correspond
to the geometric mean of the exchange field and anisotr
fields along the second-easy and hard axes, respectively
noted that the two parameters are very close in the Ni-do
sample. The parameterC2 is related to the anisotropy whe
one rotates the magnetic moments from thec to b axes in
CuGeO3:Zn, and from thea to b axes in CuGeO3:Ni. In the
Zn-doped sample, one loses bothED andEAE for this rota-
tion, while in the Ni-doped sampleED and a part ofEAE are
lost (EAE in the ab plane is less anisotropic becausega and
gb are nearly equal!. So C2 in the Ni-doped sample is
smaller than that in the Zn-doped sample. ConsequentlyC1

andC2 become closer in the CuGeO3:Ni sample.
a
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VII. CONCLUSION

In this paper we have presented a systematic study o
spin-resonance properties of CuGeO3 in the paramagnetic
spin-Peierls, and antiferromagnetic regimes, when do
with Ni, and compared these results with previously obtai
ESR data on CuGeO3 doped with nonmagnetic impuritie
such as Zn, Mg or Si. The main conclusions that we are
to draw are the following.

~1! Whereas the investigation of the static susceptibility
doped CuGeO3 enables us to define a universal behavior
the proper reduced units, for the appearance of the para
netic, spin-Peierls and antiferromagnetic phases in
temperature-concentration diagram, at least two differen
gimes exist as concern the ESR properties, dependin
whether the doping atom is magnetic or not.

~2! In the case of nonmagnetic doping, the resulting Cu21

moments responsible for the Curie tail observed below
spin-Peierls temperatureTSP are in a strong-coupling regim
with a spin-Peierls excited triplet, resulting in an unshif
ESR line and ac-direction easy axis in the AFMR analysi

~3! In the presence of doping withS51 Ni21, a weak
coupling is found from the analysis of the measured la
shift of the Cu21 ESR, both in the paramagnetic and sp
Peierls regimes.

~4! However, in order to account for the AFMRa-easy
axis in the latter case, one has to assume that the Ni21 ions
do participate in the AFMR mode. The origin of the anis
ropy in this case is the single-ion anisotropy of Ni21 rather
than the anisotropic exchange present for pure and~nonmag-
netic! doped CuGeO3.

~5! Although each of these different regimes can be c
sistently parametrized in a quantitative way, a general
scription of the dynamics of the transverse spin suscepti
ties of doped spin-Peierls compounds is still an op
question.
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