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We have performed electron-spin-resonance measurements on single crystals of the doped spin-Peierls
compounds CuGe ,Si,0; and Cy_,M,GeO; with M=2Zn, 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 (S=1) at low concentration induces a spectacular shift toward high fields of the ESRufirie 40% for
x=0.002), 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 anisotropg, with
values remarkably reduced, in accordance with the study of the spin-Peierls and paramagnetic phases. The
easy, second-easy, and hard axes are found ta, ke and b axes, respectively. These results, which are
dominated by the single ion anisotropy of?Nj are discussed in comparison with those in the Zn- and
Si-doped CuGe@
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. INTRODUCTION the Cu site¥® and a Si ion for the Ge sitésThese substi-
tutions all induce a strong decreaseTafp and the appear-
The quasi-one dimensional compound Cug&Xhe first  ance, at lower temperatureTTy<Tgp), of a three-
inorganic system to exhibit a spin-PeiefBP transition® It dimensional AF phase. The most intriguing feature in the
is extensively studied since large single crystals are readilympurity effects is the coexistence beldly, of a SP state
available, which allows one to perform various kinds of ex-and long-range AF ordering, which was extensively studied
periments. The magnetic structure of CuGd®as follows:  both experimentalf?** and theoretically? Magnetization
the spin correlations are antiferromagnetic alonghlemdc  measurements performed in CyM,GeQ; (with M=2Zn,
axes, and ferromagnetic along the axis. Below Tsp Mg, Ni) and CuGe_,Si,O; single crystals revealed the ex-
=14.3 K, S=3 Heisenberg antiferromagneti&F) chains, istence of a universal temperature-doping concentration
running along thec axis, become dimerized and an energyphase diagram with a scaling factar=3y.'® The spin-
gap of A=2 meV opens between the singlet ground statePeierls temperature shows a linear decrease as the doping
and the first excited triplet states. The SP transition is evilevel increases, following the relatiofsp(X,y)/Tsp(0)
denced by a kink af sp in the magnetic susceptibility, and is =1-15=1-44y, while the Nel temperature increases lin-
clearly revealed by x-ray and neutron scattedgunique  early from 0 at low doping levels up to a broad maximum
feature of this compound is that the effect of impurities canaround 4.5 K forx=3y=0.04 and then gradually decreases.
be studied by substituting impurity ioi&n, Mg, and Nj for ~ Thus doping on the Ge site by Si impuritiespin 0 is three
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times more efficient than doping on the Cu site, either bybroadening of the ESR line induced by Ni doping, further
magnetic(Ni: spin 1) or nonmagnetidZn, Mg) impurities.  measurements were performed on a homemade high-field
For all nonmagnetic impurities, the easy axis in the AF phasspectrometer. These experiments were crucial to interpreting
is the ¢ axis®91%13-1"However, some deviations from this the observed phenomena. The measurements were performed
universal behavior are noted in the case of Ni concerning thbetween 4 and 250 K at frequencies of 95 and 190 GHz, with
AF phase. Indeed, tHBy(x) curve for Ni is slightly lower®  the field parallel to the axis. The sample size was about 4
and the easy axis was found to be tleaxis from xX8X8 mn?, corresponding to a mass of more than 500
susceptibility>® and neutron-scattering experimehts. mg. With this spectrometer, the measured ESR signal is a

Electron-spin-resonancéESR studies of paramagnetic field derivative of a combination of the dispersion and the
and spin-Peierls phases were performed by different authobsorption. The AFMR measurements were performed on
in pure’®~22Si-doped, and Zn-doped CuGg&*?*and the  two Cu,_,Ni,GeG; single crystals, withk=0.03 and 0.04,
antiferromagnetic resonance was also studied for these twia frequency ranges of 9, 20, 35, and 50 GHz and a tempera-
substitutions®>~*” But very little has been done using the ture of 1.8 K(i.e., belowTy). The dimension of the crystals
ESR technique in Ni-doped CuGg®esides the work of used in these experiments is about 3x2 mn?. We used
Glazkov et al,?® where a large number of parameters wasan X-band spectrometefJOEL-JES-RE3X for the experi-
needed for the interpretation. ments performed at 9 GHz, and a homemade spectrometer

The first aim of this paper is to make a comparative ESRor higher frequencies. For the latter, microwaves are gener-
study of Cy_,M,GeO; (with M=Zn, Mg, Ni) and ated from two klystrons at 20 and 50 GHz, and from a Gunn
CuGeg _Si,O5 compounds, to find out if the universal char- oscillator at 35 GHz, the magnetic fie(8) being produced
acter of the temperature-concentration phase diagram holds/ a 20 T superconducting magnet from Oxford Instruments.
also for ESR, especially when comparing nonmagnetic andhe magnetic susceptibility measurements in the Ni-doped
magnetic impurities. Extensive ESR measurements were pesamples are also presented in this pajper the other com-
formed in the paramagnetic and spin-Peierls phases on higipounds, see Ref. 13they were performed on a homemade
quality single crystals, at various doping levels. The resultsuperconducting quantum interference devB8@UID) mag-
obtained in the nonmagnetic impurity doped compounds areetometer operating in a temperature range 1.8—300 K and
briefly presented, and those obtained in Ni-doped CuGeOin a magnetic-field range of 0-8 T.
are focused on. For the latter, our results on the ESR line
shift are analyzed in detail, and a model is proposed to ex-
plain the observed effect.

The second aim of this paper is to study the antiferromag-
netic resonancéAFMR) in Ni-doped CuGe@ samples, and The temperature dependence of the magnetic susceptibil-
to compare the results with those obtained in the case dty was first measured in all samples whose ESR study is
nonmagnetic impurities. ESR is indeed a crucial technique tpresented herésee Ref. 26 for the Si doping, and Ref. 13 for
study magnetic anisotropy at a microscopic level. In boththe Si, Zn, and Mg dopingIn this section we briefly present
studies(ESR and AFMR, Ni substitution is shown to pro- the ESR results obtained in the case of nonmagnetic impuri-
duce different effects on the spin resonance of CuGe®  ties, and discuss the linewidth, the shift, and the integrated
compared to the case of nonmagnetic impurities. intensity of the resonance line.

A wide series of CuGeQsamples doped with nonmag-
netic impurities Si, Zn, and M¢see the list in Sec. ]l and a
sample of pure CuGeQ were investigated. In all Si-, Zn-

The CuGe_,Siy0; (y=0, 0.002, 0.007, 0.0085, 0.015, and Mg-doped CuGe{compounds, a single Lorentzian de-
0.06, and 0.086and Cy_,M,GeQ; (M =Zn with x=0.016, rivative ESR line was observed at theband between 5 and
0.039, and 0.01M =Mg with x=0.01, 0.03, and 0.05; and 300 K along the three crystallographic axes, as for pure
M =Ni with x=0.002, 0.0085, 0.02, 0.03, and O)&fingle CuGeQ. Figure 1 shows examples of spectra obtained in a
crystals used in this study were grown from a melt under ari.6% Zn-doped sample fd||b, i.e., for a field perpendicular
oxygen atmosphere using a floating-zone method associatéd the chain axis, and at different temperatures, above and
with an image furnace. All samples were then analyzed usinpelow Tsp=10.4 K. In all these samples and along the three
inductively coupled plasma atomic emission spectroscopygrystallographic directions, the linewidthB and its tem-
(ICP/AES. The doping levels that are reported here are thuperature dependence were found to be identical to those of
the effective ones derived from the ICP/AES analysis, whichpure CuGe@ above 15 K27 but not below:AB(T) depends
are usually slightly lower than the nominal concentration. on the Nel and SP temperatures, which vary with the doping

The ESR measurements were performed between 4 arldvel. As can be seen in Fig. 1, a 1% shift of the ESR line is
300 K in all single crystals on a standaxeband spectrom- observed only belowWw sp. The same result was found in all
eter (Bruker ESP 300E operating at a frequency CuGeQ samples doped with nonmagnetic impurities, and
=9.5 GHz and in a field range: 1.6 T. With this appara- also in the pure compound: Tig values remain constant
tus, the measured signal is the field derivative of the absorpdown to 10-15 K, and become shifted at lower temperature
tion. The crystal of typical mass 5—10 mg can be mountedy less than 2%. The sign of the shift depends on the field
onto the sample holder, in order that the magnetic field lierientation and on the substituent, which agrees well with the
either in the @,b) or (a,c) plane. Because of the huge results of Haset al?® obtained for pure, Zn-doped and Si-

Ill. ESR IN CuGeO ; DOPED WITH NONMAGNETIC
IMPURITIES

Il. EXPERIMENTAL SETUP
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is found to increase alongand to decrease alorgandc, as

the temperature decreases. For Zn- and Mg-doped CyGeO
the opposite behavior is observed for the three crystallo- 1
graphic directions. ol . :

The inset of Fig. 1 shows the variation with temperature S VY. U SU

of the ESR(twice) integrated intensitygsgas compared to 0 20 100 T150 2000250 300
that of the static susceptibility, in the 1.6% Zn-doped &)

CuGeQ sample. Since both curves can be superimposed, we FiG. 2. Temperature dependence of the magnetic susceptibility
infer that ESR at theX band cannot distinguish between measured in Cu ,Ni,GeO; samplesii a 1 kGfield applied along
triplet spins(the spin-Peierls contributiorand spins freed by  the a axis (easy axis for 0<x=<0.052 and along the three crystal-
impurities (the Curie-Weiss contributiort**°We will come  lographic axes forx=0.06. The inset of(b) displays the T,x)
back to this point in Sec. V B. A similar investigation carried phase diagram obtained from these measurements.
out by Hassaret al?* on Zn-doped CuGe(up to 5% Zn
on powder samples at high fie{detween 100 and 400 GHz susceptibility measured with the external field along &he
yielded results qualitatively different from the previous in- axis shows a peak arodr3 K for x=0.06 (see the solid
vestigations at lower frequenggee Refs. 15 and 16 and the line), while the susceptibilities measured with the external
present work In Ref. 24, the appearance of two distinct field along theb andc axes further increase below 3 K with
powder pattern ESR spectra was interpreted as a separatecreasing temperaturésee the dashed and dash-dotted
contribution from excited spin-Peierls triplet and Zn-inducedlines). The Nf* ion, with S=1, is considered to participate
moments. Motivated by this apparent paradox, we investito the long-range magnetic ordering, since the magnitude of
gated the ESR in the paramagnetic phase of a single crystdie Curie tail is one order of magnitude smaller than ex-
of CuGeQ: 5% Zn at 95 GHz and 5 K. Contrary to Ref. 24, pected from 6% Ni free spins, indicating that the interaction
for all field directions in the ,b) plane we observe a single between the Cii and NF* ions is relatively large. The
resonance line varying fromg,=2.145 tog,=2.240, in ac- (T,x) phase diagram shown in the inset of Figb)2was
cordance with ouk-band measurements. Thus we are forcedobtained from these measurements. The values of the spin-
to conclude that the additional ESR powder pattern observeReierls and Nel temperatureéwvhen they existare given in
by Hassaret al?*is somehow linked to the powdered nature Table 1. Forx=0.002, the susceptibility measurement was
of the investigated samples. performed only down td=1.8 K, so that the Nel tempera-
ture (expected to be smaller than the 0.6 K value obtained for
x=0.0085) could not be determined.

Figure 2b) illustrates the large effect of Ni doping on the

Figure 2 shows the temperature dependence of the magiobal susceptibility curve, due to the magnetic nature of the
netic susceptibility measured in pure CuGe@nd in  Ni?" ion. Indeed, the susceptibility increases more and more
Cu;_«Ni,GeO; samples in the 1.8—300 K temperature rangebetween 300 and 20 K as the Ni concentration increases.
[Fig. 2(b)] and below 30 K[Fig. 2@)]. The data from Fig. Interestingly, the susceptibilities along theandb axes be-
2(a) clearly show a decrease of the SP transitiaich is  come smaller than the one alorgbelow =50 K. This
visible up tox=0.03) and the occurrence of an AF transition anomalous temperature dependence was not observed in Si-
at lower temperature, with being the easy axis. Indeed, the and Zn-doped CuGed**?® This could originate from the

00 0,01 0,02 0,03 0,04 0,05 0,06 A
- 4
-~

B (Gauss)

FIG. 1. ESR spectra obtained at the band, with B|b, in 5 1§:- b
Cly 95ZNg 01§50, above and below the SP temperature. The inset T Bib b V= T
illustrates the temperature dependence oftiéee) integrated ESR = a4 \JTTBAe 2 s T | L .
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IV. MAGNETIC SUSCEPTIBILITY IN Ni-DOPED CuGeO 3
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TABLE I. Spin-Peierls and Na temperatureéwvhen they exist T ) T T T
for pure and Ni-doped CuGeGamples. 4
X Tsp (K) Tn (K) ‘é 24
0 14.25 — E
0.002 13.8 <18 2 071
0.0085 12.55 0.6 g 1
0.02 103 2 22
gz | .
882 8 g g 2 4l i Ecu0.9915N10.0085Ge03 ]
: - : oo '} - f=95 GHz
0.052 - 3.25 [ ] ! B//c
0.06 - 2.9 6T MR, R , .
2.5 3.0 |35 4.0 4.5 5.0 55

B (Teslas)
single ion anisotropy of Ni ions DSf, with z along the

direction of the distorted oxygen octahedron in tf_aab() Cly 091Ni0 00sG€0, above and below the SP temperature. Note the
plane, as clearly observed with ¥ (Ref. 29. This willbe  |arge broadening on each side Bép and the increasing shift to-
further discussed in the AFMR results presented in Sec. Vyard high fields ad decreases. The solid lines are the best Lorent-
The temperature dependence of the susceptibility could bgan fits to the experimental dafisee Eq(1)], and the dashed lines
analyzed in the paramagnetic phae>20 K) by a crude point out the position of the resonance field at each temperature,
model of Cu-Ni pairs, neglecting in a first step the single-ionobtained from the fit.
anisotropy of Ni*, yielding an estimate of the Ni-Cu anti-
ferromagnetic exchange coupling of 25"KThis value is to
be compared to the strongest Cu-Cu couplind,
=120-180 K along the axis. The susceptibility data from
Fig. 2 will be used later to explain the ESR results.

FIG. 4. ESR spectra obtained at 95 GHz, wiBjc, in

tive ESR line was again observed, but now, both the line-
width AB and the resonance field,.; behave in a com-
pletely different way. Qualitatively, as compared to Fig. 1 for
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 GH2, that

a ~5% shift toward high field is already visible in the spec-
tra at 12 and 11 K respectively, compared to those at 100 K.
This shift increases to reach 24% at 71Kg. 4) and 36% at

4 K (Fig. 3) which is much larger than the 1% shift mea-
gured in Fig. 1. Moreover, one notes the large broadening
induced by Ni doping: the spectrum measured at 100 K for
0.2% Ni doping(see Fig. 3is about three times broader than
for 1.6% Zn dopingsee Fig. 1 or pure CuGe@ This large
broadening justifies the use of higher frequencies for further
studies of the Ni-doped CuGg@amples.

The spectra obtained in theband f=9.5 GHz) corre-
spond to the field derivative of the absorptigh while those
obtained in the millimetric domainf&95 and 190 GHg
3 correspond to the field derivative of a combination of the
absorption y” and dispersiony’. In order to check the
Lorentzian profile and to extract precisely the integrated in-
3 tensity (meaningful at theX band only, the linewidth, and
the resonance field for each measured spectrum, the data
obtained in theX and millimetric domains were fitted to the
3 relation

V. ESR IN Ni-DOPED CuGeO,
A. Experimental results

The Ni-doped CuGeQsamples were investigated at the
band along the three crystallographic directions and at hig
frequency along the axis. Figure 3 shows typical ESR spec-
tra obtained in CglgodNig gof5€0; (Tsp=13.8 K) at theX
band along the axis atT=100, 12, and 4 K. Figure 4 shows
ESR spectra obtained in gghiNiggoe5e0; (Tgp
=12.55 K) at 95 GHz along theaxis atT=100, 11, and 7
K. In all Ni-doped compounds, a single Lorentzian deriva-

_ S(B)=Sy(B)+ %COSC(‘F i,sina (1)
dB dB '

Normalized intensity (103)

34

4+ 1 ! 1 ! -
1000 3000 4000 5000 6000
B (Gauss)

whereSy(B) is a linear function irB accounting for the base

line, a is the phasd€equal to zero at th& band, and y”(B)

and x'(B) are Lorentzian shapes centered at the resonance
FIG. 3. ESR spectra obtained in thé band, withBllc, in  field Bres, With an integrated intensitisgrand a Lorentzian

Clb 0oNio 00 5€0;, above and below the SP temperature. The figurdinewidth AB-°"*" The “peak to peak” linewidthAB of

shows the huge broadening of the ESR line on each sidg®and
the increasing shift towards high fields &glecreases.

the ESR spectra is given byB=(/3/2)AB-°"®"2 Figure 4
illustrates the very good quality of the fits to Ed) of a few
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T/T

SP

FIG. 5. Temperature dependence of the static susceptibility FIG. 6. Static susceptibility(SQUID) measured
(SQUID) measured wittlB=0.1 T|c in pure and 0.2% Ni-doped
CuGeQ (left scale compared to the susceptibility derived from the
ESR measurements {sg=1esiBo/Bres) in the same Ni-doped
sample and witB| c (right scalg, on a logarithmicT scale. g T)
fits better with the static susceptibility of pure CuGeO

with B
=0.1 T|c in pure (Tsp=14.25 K) and 2% Ni-doped CuGgO
(Tsp=10.3 K), normalized at 20 Kleft scalg, compared to the
susceptibility derived from the ESR measuremerifss) in the
same Ni-doped sample and wiBic (right scalg, as a function of
the reduced temperatui@Tsp. The dashed lingleft scalg repre-
sents the SP contribution to the global susceptibility of 2% Ni-
ESR spectra measured in id;Nig gog5e0; at 95 GHz for doped CuGe@arising from the model described in Ref. (s®e the
three different temperatures. The typical precision is les$ext.

than 1% on the determination &fB and less than 0.01% for
B,es, the precision on the phase(in the case of the milli-
metric rangég always being better than 1°.

curves at high temperature, one can note that the ESR inte-
grated intensity better follows the susceptibility of the pure

sample than that of the 0.2% Ni-doped sample. This results
leads one to suggest that the ESR signal would originate only

. . . from the C#™ spins of CuGe@while the NF" spins would
In the case of th& band, the ESR integrated intensity can not participate in this resonance lif.

be compared to the static susceptibility measured with the To check this assumption, the same comparison was per-

SQUID magnetometer. ESR spectra were measured in thref*e . : )
. o . ormed for a higher Ni-doped samplg=0.02). Here again,
CuyxNI,GeQ; samples. Fox=0.002, the ESR line could the static susceptibility vs temperature curves

be followed between 4 and 300 K, but due to the very larg : .

broadening induced by Ni doping, the ESR line could beI ,Lb-g?:_\ho-ozee% a.nddp?re Céjgsg)are comparfdlwitr? the

followed only up to 30 K forx=0.0085 and up to 20 K for E.SR( ) curve derived from >R Measurements in the same
Ni-doped sample. For an easier comparison, the susceptibil-

x=0.02. All spectra measured for=0.002 were analyzed ity data were normalized at 20 oy dividing for each tem-
using Eq.(1) with =0 and$,(B)=0 and the ESRtwice) peraturex(T) by x(T=20 K)= x5 and all the curves are

integrated intensit was obtained for each temperature. ) .
g Vesr n “plotted as a function of the reduced temperailifsp, with

Due to the strong line shift induced by Ni doping, the reso = - - "
nance field must be taken into account and the static susceE.SP_ 14.25 K forx=0 andTsp=10.3 K forx=0.02(see

1. Integrated intensity at the X band

of

. - Fig. 6). Indeed, for such a high Ni-doping level, the spin-
:lr:);hgtirgeasured by SQUID thus has to be compared WlthPeierIs temperature and the absolute value of the static sus-
ceptibility are quite different from the pure samptee Fig.

: Bo
lesr=| ESF{(B_>1 (2) K, one can note that thigg curve lies in between the nor-

_ e malized susceptibilities of pure and Ni-doped CuGeO
whereB, is the resonance field of pure CuGg@easured at Since it was showr¥**°that the amplitude of the SP order
sponding tog.=2.05 in the present case wheBéc). Note presence of dopingby Ni, Zn, Mg, and Sj, we have ana-
that in the case of nonmagnetic impurities, the static suscefyzed our data accordingly. In particular, for CyNi,GeQ,
tibility was directly compared tdgsg since the resonance with x=0.02, Ksp was found to be equal to 0.463.e.,

Figure 5 displays the temperature dependencdg@k  dimerize so that the decrease ¢fT) is much smaller than
(right scal@ compared to the macroscopic susceptibility vsfor pure CuGe@. Moreover, the decrease of the energy gap
temperaturey(T) in the same samplexE&0.002) and in pure  upon doping further amplifies this effect. Thus our ESR in-
measurements were performed in a 0.1 T magnetic field agribution instead of that of the full susceptibility of pure
plied along thec axis, while the ESR measurements wereCuGeQ. The dashed line in Fig. 6 shows the temperature
performed in a sweeping field from O to 6600 G applieddependence of this SP contributiofdivided by the

2(a)]. By normalizing the susceptibility and ESR data at 20
the same frequency and along the same directier corre-  parametefexpressed by the fractiddsp) is reduced in the
field varied by less than 2% on the whole temperature rangesnly approximately one-half of the Cu spins are able to
CuGeQ (left scalg, on a logarithmic scale. The SQUID tensity data have to be compared with ttrisduced SP con-
along the same axis. By adjusting th€T) and Ics(T) Cuy oNig o5e0; susceptibility at 20 K normalized at

094425-5
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2500 s 6000 O x=00085, T=100K '
o000l - A x=00085T=20K
T g =0.02, T=20K 1
. Z 40002 20 (@) 1
2 1500 &} [Cu,_Ni GeO,
g & 2000+ -
< 1000- I
9 a
0
50 100 150 200
frequency (GHz)
T — 1 r v rr 1T T
B T=20K :
0.10d| © T=50K ]
2 Cu, Ni GeO
—~ 3 X X 3
&, 005+ .
" 2] (b) ]
3 : ]
3 0.00 4=
~ 0.00 0.01 0.02 0.03
ﬁ Ni concentration X
FIG. 8. (a) Frequency dependence of the ESR line shit
=B,es— Bp measured in Cu ,Ni,GeO; at two given temperatures.

(b) Evolution with the nickel concentration of the relative line shift

measured at two different temperatures in four; GiNi,GeGQ;

) ) single crystals. These two figures establish the proportionédjty
_FIG. 7. Temperature dependence of the ESR linewidth measuregeyeen the line shift and the frequency at given temperature and

with B|ic in pure and Ni-doped CuGeGor various concentrations:  \; concentration, andb) between the relative shift and the Ni con-

(a) Low-temperature part at thé band.(b) High-temperature part centration, at a given temperatusee the solid linds

at theX band and higher frequencies. Note the plateau above 50 K

for 0.2 and 0.85% Ni. .
peratures lower thaTgp, a temperature behavior much

. closer to that of pure CuGeQs observed, with a compa-
T/Tsp=1 with the curve of the pure sample. One can noteygple rate of broadeninfsee Fig. 7a)], but now strongly
the good agreement between this curve andlfhg data.  increasing with fieldsee Fig. T)]. Whereas at present we
This analysis further supports the idea that the ESR signalannot account for the temperature dependence of the line-
only comes from the G spins. We will come back to these width, the order of magnitude akBpjateqy is discussed in
results when discussing the line shift resilee Sec. V B Sec. VB.
The same study has been performed for a magnetic field
applied along thea axis, and the results were found to be 3. Line shift along the ¢ axis

similar. : :
We now focus on the ESR line shi#fB=B,.s— By, mea-

2. Linewidth sured forB||c, B,es being the resonance field of the studied
: sample and, the resonance field of pure CuGgQorre-
Besides the large ESR shift, the other main qualitativesponding tog.=2.05) measured at the same frequency. The
effect of Ni doping is a very large broadening of the ESRaim of the following analysis is to study the fieldr fre-
line as compared to pure CuGgQhis is further contrasted quency, concentration and temperature dependence of the
by the linewidth data of CuGeQdoped by the nonmagnetic shift in order to derive an expression 6B(f,x,T) experi-
impurities Zn, Mg, or Sf’ In Fig. 7(a), the low-temperature mentally.
linewidth data are presented at tkeéband for pure CuGe9 Figure 8a) shows the frequency dependence of the line
and various Ni-doping levels. It appears that ab®ve and  shift measured for two different samples, 0.85 and 2% Ni-
up to about 40 K, the linewidth increases linearly with tem-doped CuGeg and two different temperatures. This figure
perature, and is approximately proportional to the Ni concenshows that the shift is proportional to the working frequency
tration at a rate oAB/x~1000 G/%NiforT=20 Kanda (see solid linesand thus toB,, which proves that it is a
slopeAB/(x.T)~100 G.K !/%Ni. genuine ‘g shift.” This shift increases withx and T~ 1. To
However, as shown in Fig. (), contrary to the pure study the concentration and temperature dependences, we
CuGeQ linewidth data, where the linear temperature depenwill thus now refer to the frequency-independant relative
dence extends almost up to room temperatsee also Refs. shift 6B/B,. Figure &b) shows the Ni concentration depen-
19 and 20, the Ni-doped CuGe9ESR linewidth reaches a dence oféB/B at two given temperatureb=20 and 50 K
plateau above 50 K independent of both the temperature andata from various frequencies were combined to obtain this
the magnetic field. This plateau is proportional to the Nifigure). For both temperatures, the relative shift is propor-
concentration at a rat&Bpjaieau/X=4600 G/%Ni. At tem-  tional to the Ni concentration, up to 3%ee the solid lings
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FIG. 9. Relative line shifisB/B, normalized by the Ni concen- T(K)

tration (divided by 10&) as a function of the reduced temperature
T/Tgp(x) for all studied Ni-doped CuGeQsamples(various con-
centrations at various frequenciesThe inset shows the low-
temperature part.

FIG. 10. Temperature dependence in the paramagnetic phase of
(a) the relative ESR line shift ang) the static susceptibility of the
Ni ions, measured in Gug1dNig g0s5€0;. The inset of(b) illus-
trates the relative ESR line shift as a function of the Ni susceptibil-
At this stage, we thus have the relation ity, at each temperature.
ing a Curie-Weiss contributiofcoming from the Ni ionsto
the total susceptibility> As can be seen in the inset of Fig.
11(b), SB(T)/By(T) varies linearly with 1y ,(T). This

All our experimental results for the line shift are gatheredanalysis of the data leads to the following relation for the
in Fig. 9 using the above relation, i.e., the relative line shiftrelative shift:
normalized to the Ni concentratiofB/(100xBy) is plotted
as a function of the reduced temperatlivd sp(x). This fig-
ure shows the good agreement of relati8hwith our data.
All the experimental points are roughly on a unique curve

C(T), at least abovd'sp. Below the spin-Peierls tempera-  For the same reason as for the integrated intengities
ture, the temperature dependences8l B, depends on the gecrease of the fractiokisp whenx increasek this formula

Ni-doping level. Indeed, the data at 9.5 and 95 GHz are wells ingeed consistent with the inset of Fig. 9, where the rela-
superimposed down to Orgp for both samples withx

5B
5 (xT)=C(T)x. ©)
Bo

6B

xni(T)
B—O(X,T)ocx

Xcul(T)”

4

=0.0085 and 0.02, but the increase at lower temperature is

04

stronger as the Ni concentration decre the inset of .
Fig. g)] . ases . 03d &‘\A Cuo.9915N10.0085GeO3
Thus, in order to study in detail the temperature depen- a8 & 95GHz
dence of the shift, we separately consider the paramagnetic g° 02+ A & 190GHz 1
(P) and SP phases. The temperature dependence of the rela- mf N
tive shift in the 0.85% Ni-doped sample is illustrated for two ~ 01t N Te ]
different frequencies in Figs. 18 for T>Tgp and 11a) for @ *alaaaapas
T<Tgp. Between 300 and 20 K§B/B, increases up to 4% 0.0 : : :
[see Fig. 1(a)] and its temperature dependence behaves like ’g L75¢ 03 E
the nickel susceptibilityyni(T) [see Fig. 1()]. The latter L 150+ = 02 ]
was derived by subtracting the susceptibility of pure g 1ok o1 ]
CuGeQ to that of the Ni-doped sampléoth presented in k=) 0
Fig. 1b)]. The inset of Fig. 10) shows thatsB(T)/B, is 5T SRR
strictly proportional toy;(T) in the P phase. Forst ® B=0.1T o 1
Concerning the low-temperature part, one can note a 0.50 ey

strong enhancement of the line shift below 12.5 K at 9.5 and 3 10 15 20

190 GHz[see Fig. 11a)]. This temperature corresponds to T®)

the SP transition; thus this behavior is mainly related to the G, 11. Temperature dependence in the spin-Peierls phase of
dimerization of the Cu ions int&=0 states. Figure 1b) () the relative ESR line shift antb) the inverse static susceptibil-
illustrates the temperature dependence of the inverse of the of the Cu dimers, measured in §44:Nig gos3€0;. The inset of
Cu-dimer susceptibilitythe spin-Peierls contribution in the (b) illustrates the relative ESR line shift as a function of the inverse
triplet stateS=1) xc,(T), which was obtained by subtract- Cu susceptibility, at each temperature.
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1)) P —

: R e RAREREasna s as (i) At all temperatures along tha, b, and c directions,
1400+ Cu, 40, Ni, . GeO, (a) _d only one Lorentzian-shape@xcept at the lowest tempera-
2 1200\ 3 ture) ESR line is observed, above and below the spin-Peierls
g oo Llel E transition, which we attribute to the paramagnetic>Cu
2 900+ ] spins abovél sp and to the excited triplet Gl spins below
s ] 3 Tsp.
,56 600+ = E (i) No resonance consistent withNiin a distorted oc-
ala§ 400';' t=95 Ol ! Be (a c)plane'; tahedral site is observed in the temperature rangeT 4
200¢| T=4K [al a=(B,c) 1 <300 K, neither at 9.5 GHz nor up to 190 GHz and 10 T.
[ P TP T P T P T (iii) The ESR-integrated intensity, normalized to the reso-
0 20 40 60 80 100 120 140 160 180 nance field, does not scale with the static susceptibility mea-
o (%) sured in the same Ni-doped sample, but only to the propor-
] tion of Cu spins being in the SP triplet state, which supports
2000+ "o (b) 3 M. . .
- : u 5 ] (iv) The width of the C&" resonance strongly increases
g 1500_3_[31 = ] with the Ni concentratiorfat a rate of 0.1 T/% Ni at 20 K
2 [ ] (v) A resonance shift of the Cii line toward higher
a 1000_3_1 o LI fields, proportional to the concentration of the?Niions, is
= & g B e (a, b) plane | ] observed above and below the spin-Peierls transition. This
‘s so0tL p=0B,a o o o] shift is proportional to the Ni ion susceptibility, and inversely
M ! o ] proportional to the Cu ion susceptibility. This shift thus be-
0 . .00, Q. . .. comes particularly noticeable below the SP transition. The
0 20 40 60 80 100 shift is anisotropic, being roughly twice as large for the
B(®) direction as for thea and b directions, which are about

equivalent: it then appears that this shift is not related to the
FIG. 12. Anisotropy of the ESR line shift in tha(c) and (@,b) g-factor anisotropy of the pure CuGg@®ystem (j,=2.15,
planes measured in th¥ band, atT=4 K in 0.2% Ni-doped gb:2-26: andg, = 2.05).
C_:uGeq. The open squares correqun_d to the aforementionet_j ESR A very detailed investigaton of a two-coupled-
line and the open circles to the additional line that appears in th?)aramagnetic-spin system, present in Rbilped with
(a,b) plane. Ni, Co or Fe, was performed by Gulley and JaccarthBor
1-5% Ni doping, contrary to the present work, no discern-
tive shift below Tsp shows a fourfold increase as the Ni ible linewidth broadenings together with a smalkhift of
doping level decreases from 0.85% to 0.2%. 0.5% are observed. This situation was quantitatively ana-
lyzed in terms of very strongly exchange-coupled Ni and Mn
spins. This is clearly not the case for CuGeNi, but does
apply to the case of CuGetn, :Mg, or :Si. Indeed, in
The anisotropy of the line shift has also been carefullyaddition to the absence of broadening and to thegl$hift,
studied at theX band in the 0.2% Ni-doped compound at 4 the fact that the ESR-integrated intensity fits well the static
K, in the (a,c) and (@,b) planes(see Fig. 12 The shift 5B susceptibility constitutes compelling evidence of strong cou-
was found to be very anisotropic in both planes, and a seqling between the bulk Cd spins and the CU  spins in-
ond, less intense, resonance line was observed inah® ( duced by the nonmagnetic impurities.
plane. The model used for our interpretation is an extension of
In the (a,c) plane, the shift is maximum along Kittel's analysis for the ferrimagnetic resonance shift in the
(=1400 G), and minimum along (=600 G), following presence of strongly relaxing rare-earth dopdhtsdeed,
SB(a)= 8B .+ 0B,niCOSe With SB,~950 and &B,, the couplingd.~120-180 K of the Ct" spins along each
=420 G. In the &,b) plane, the shift is minimum and of the two (nonequivalerf®) one-dimensional chains of
equivalent along the and b axes while a maximum shift CuGeQ is strong enough to ensure that a single, exchange-
(2200 G is found atB=45° (wherep is the angle between narrowed mode prevails in the presence of an antiferromag-
the applied magnetic field and theaxis), possibly reflecting netic couplingdy induced by a Ni* S=1 spin on its two
the anisotropy of the Cu to the Ni site coupling. Note that theCW?" near neighbors. In order to account for our observation
anisotropy of the line shift along the crystal axes follows thatof a single resonance line, we are forced to assume(that
of the static susceptibilitjsee Fig. 2b) for the 6% Ni-doped either the relaxation rate of the Ni spin is sufficiently
CuGeQ samplg. large, compared tdy, to decouple the Ni* spins from the
precession of the Cd spins; or that(ii) this decoupling
occurs through a sulfficiently large zero-field splitting remov-
B. Resonance model ing the N?* resonance away from the €uresonance. In

The model used to interpret the ESR data of Cuge0 thiS case, we can model the spin dynamics of Cugeldby

doped with Ni at very low concentrations is constrained by™W0 coupled Bloch-like equations: one for the tightly

the above-mentioned experimental observations, which weoupled together G spin systemmagnetizatiorM), and
briefly recall. one for the fast relaxing Ri spins(magnetizatiorN). For

4. Anisotropy of the line shift
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the sake of simplicity we will assume that the gyromagnetic

ratio yc,=vyni=7y, SO that the decoupling occurs only
through the relaxation rate of the Ni spins. The coupled
equations are then written withy,; the Cu spin-lattice re-
laxation rate;T i the Ni spin-lattice relaxation rate, afg)
and Ty the Cu/Ni spin-spin cross relaxation rates betwee
Cu and Ni(related byTyn/Tyu=N%M?, i.e., the ratio of
the equilibrium magnetizations, by detailed balafice

M _ M X (H+X\N) i + N Mo (5)
at Tun  Tam Tw
dN_ NX(H+AM) L + M NN (6)
dt ” Tav Tun T

Solving for the transverse components as usual leads
the determinant

AN
Qy

@)

Qy
Ay

with
(8
©)

(10

QMZw—wO—iT,T,”l—AM y
QN:w_wO_iTﬁll_)\N!
Am=YAMO+iT Y,

An=YANCHIT %, (1)

where wg is the unshifted resonance frequency. In the limit
of Tyt—, we obtairt*
0—0o=NyYNO+i(Tyy+Tul). (12)
This yields indeed a Ci resonance shifted to higher
fields if A<0, i.e., an antiferromagnetic coupling from?Ni
to CU*, and proportional to the Ri static magnetization
N°. However, a major difference appears between ou
CuGeQ:Ni model and Kittel's two-sublattice model. In
classical sublattice spin dynamics the coupling conskant
represents the exchange energy density throug

—)\I\7IA.MB, meaning that every spiA is coupled to every
spin B. In our case, we want to specify that the Ni spin is
coupled to its two first nearest neighbors?Ciby Jy, and
that the effective coupling. is the resulting average of the
Cu-Ni exchangely among the Cti' spins(tightly coupled
throughJ,). This average coupliny occurs, however, only

n

t
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2Jy NO

iy (TN (19

w— wqo

Thus Eq.(14) indeed predicts the observed dependence
for the line shift[see Eq.(4)]. The merit of this formulation
Is that we use the same argument above and b&lgw The
above equation can be rewritt@én the P phase in terms of
our measured quantities to yielg, by

SB/B,

0
XNi

1 2
‘JNZE(gMB) Na (15

The term between square brackets is depicted in the inset
of Fig. 1Qb). We find Jy=75x10 K where the error is
%stimated from the spread of the data at varigwd fre-
quencies. This value faky was checked to be quite consis-
tent with the weak coupling approximation. However, this
value is three times larger than the one obtained al(See.

IV) from the fit to the static susceptibility. We think that the
value ofJy derived from the ESR data is closer to the truth,
since the zero-field splitting of the Ni ion was not incor-
porated into the susceptibility analysis: This parametex is
priori not required in the ESR model, since®Niis consid-
ered “nonresonant.”

As concerns the linewidth, a direct application of the
weak-coupling exchange broadening calculated by Gulley
and JaccaringEq. (2.12 of Ref. 31, with J=J,=150 K
andJ’' =Jy=75 K, yields a temperature-independent broad-
ening of 8000 G/% Ni, to be compared with 4600 G/% Ni
observed between 50 and 300 K.

VI. ANTIFERROMAGNETIC RESONANCE IN Ni-DOPED
CuGeOq

Typical AFMR signals measured in tikxe=0.04 sample at

1.8 K in a field applied along the, b, andc axes are shown
in Fig. 13. Five ESR lines were observed at 21.87 GHz for
Blla. The lines at 0.3, 1.2, and 1.5 T correspond to AFMR
fines. The line at 0.75 T originates from a standard DPPH
(1,1-diphenyl-2-picrylhydrazyl sample. The line at 0.7 T

robably corresponds to an electron paramagnetic resonance

PR signal from the sample. Fd8||b andB|/c, one ESR
line, which corresponds to an AFMR signal, was observed
around 47.5 GHz. The EPR signal which was observed along
thea axis in the AF-ordered state was not observed for these
two field directions® This is consistent with a recent
theory® which predicted the existence of an EPR signal even
in the ordered phase when the external field is applied par-

from those C&" spins which are not condensed into singletsallel to the easy axis.

S=0 below the spin-Peierls transition. Writing that the ex-

From the AFMR results, we can identify the easy, second-

change energy density is identical in both descriptions yieldgasy, and hard axes as thec, andb axes, respectively, as

23y 1

A —— ———— 13
7757 (1-nsAN s

will be shown below. The angular dependence of the reso-
nance fields at theX band was also measured. Resonance
points around 0.9 T show a minimum when the field is par-
allel to thea axis. From this result we confirmed that the

wherengp is the fraction of condensed singlet spins, i.e., thespins point along tha axis within an experimental error of

spin-Peierls order parameter anflis the number of Cu ions
per unit volume. The shift is then given by

09442

~2°, which was not clearly determined by the
susceptibility® and neutron-scattering measureménitle
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Cuo_9 6N iO.MGeO3

2.5 T

e B//a
s B/fb

T=1.8 K
"~ 21.87 GHz T

0.0 0.5 1.0 1.5 2.0

10 15 20 25
gB/2 (T)

FIG. 14. The frequency vs magnetic-field diagram of the reso-
nance points at 1.8 K in a GydNig 045e0; single crystal. Closed
circles, open triangles, and open circles denote experimental data,
and solid, dash-dotted, and dotted curves are theoretical ones for
Blla, b, andc, respectively.

T=1.8 K
[ 4748 GHz 1 (=1-x/x.)=0.90, whereA, K; (i=1 and 32, x|, and x,
00 05 1.0 15 20 25 3.0 are the molecular field coefficient, the anisotropy constants,
- - - T - and the susceptibilities along the easy axis and perpendicular
B//c to it, respectively. The lines in Fig. 14 are fits with the clas-
sical AFMR theory. The parameter obtained with AFMR
N measurements is similar to those ingGgZng 0Ge0; (Refs.
15 and 16 and CuGg ¢gSiy 0/0s,1" as shown in Table II, but

7 is much larger than that obtained from the magnetic suscep-
* tibility measurements ¢~ 0.35). The susceptibility parallel
to the a axis of CyggNig0s5e0; does not go to zero with
4 decreasing temperature beldly,, as shown in Fig. @).

Intensity (arbitrary units)

T=1.8 K

47.48 GHz This is quite different from what a classical theory of anti-
00 05 10 15 20 25 30 ferromagngtism predicts for . We found that the m.easured '
B (Teslas) Xa Can be interpreted as a sum of a paramagnetic suscepti-

bility which obeys the Curie law and an antiferromagnetic
FIG. 13. Typical ESR signals in a single crystal of ON€. The amount of the paramagnetic “centers” is estimated

Clp.oNig 0G0, at 1.8 K for the three crystallographic orienta- 10 be about 1% of the total spins assumifg ; and g

tions. =2.1. The antiferromagnetic susceptibility decreases with

decreasing temperature more rapidly thgn thus giving a

also performed an AFMR measurement in tke=0.03  larger value fora.

sample atT=1.8 K. The AFMR signals are less clear \We now discuss the origin of the magnetic anisotropy in

mainly due to the loweT . However, it was found that the Ni-doped CuGe@. In order to explain this, we consider

magnetic anisotropy is the same as in #e0.04 sample.  three terms; single ion anisotrop§zg)), dipole-dipole Ep),
Figure 14 shows the frequency vs magnetic-field plot ofand anisotropic exchang&g) energies. Moriya and Yosida

the resonance points at 1.8 K. Here the angular frequendipeoretically discussed the origin of the anisotropy in

(w) is divided byy=2mgug/h (ug is the Bohr magneton, CuCh-2H,0*° They considered botlEy and Exe terms

h is Planck’s constaptto express it in magnetic-field units,

andB is scaled by they value for the respective field direc- _ TABLE Il. ObservedC,, C;, anda in CuGeQ doped with Si,

tions. Theg values we used arg,=1.72, g,=1.80, and Zn and Ni.

g.=1.65, which are 80% of thg values in pure CuGeQ

and are also consistent with those obtained from ESR medMPurity Tk Cu(T) G (T @
surements at-5 K. The data were analyzed with the AFMR  gj (29¢)2 4.8 13r0.1 3802 078006
theory for a two-sublattice antiferromagnet with orthorhom-zp, (4940 4.2 0.89 21 0.85
bic anisotropy’ This theory was used in analyzing Zn- \j (49 40 085 12 0.90

(Refs. 15 and 1pand Si-doped sampléé,and was conve-
niently reviewed in Ref. 38. We obtained the parametersReference 17.
C1(=2AK,)=0.85 (T?), C,(=2AK,)=1.2 (T?), and @  PReference 15.
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(note that ncEg, term is possible for Cii spin). They esti- VIl. CONCLUSION

mated [Ep|~10"* cm™'/ion and |Eg/~10"° cm™ Y/ion, In this paper we have presented a systematic study of the
respectively. Although the crystal structure of CuGe®dif-  spin-resonance properties of CuGeid the paramagnetic,
ferent from that of CuGl 2H,0, we expect that the value of spin-Peierls, and antiferromagnetic regimes, when doped
Ep in CuGeQ is not very much different from the one given With Ni, and compared these results with previously obtained
above. FOrE ¢ in CuGeQ, we estimate a value ten times ESR data on CuGeQdoped with nonmagnetic impurities
larger, because the exchange interaction is about ten tim&&ich @s Zn, Mg or Si. The main conclusions that we are able

to draw are the following.
larger than for CuGl2H,0. On the other hand|Eg)| . L . i
~1 cm Yion for Ni2* (Ref. 40 so that even a small (1) Whereas the investigation of the static susceptibility of

doped CuGe@enables us to define a universal behavior, in
X . , . Mhe proper reduced units, for the appearance of the paramag-
drastically. Thzig Vvalue and the single-ion anisotropy con- negic  spin-Peierls and antiferromagnetic phases in the
stantD, for Ni*" in an axially distorted octahedral environ- temperature-concentration diagram, at least two different re-
ment, are related to the Spln—OrbIt Coupllng and to the Crystalgimes exist as concern the ESR propertiesy depending on
field levels. In the well-documented case of trigona|whether the dopmg atom is magnetic or not.
elongation of the octahedron, as in Cs)fE this distortion (2) In the case of nonmagnetic doping, the resulting Cu
leads toD >0 [andg, (Ni)>g(Ni) ]. In contrast, in the case moments responsible for the Curie tail observed below the
of CuGeQ, one expects the axial elongation to yid¢)d<0 spin-Peierls temperatuiiesp are in a strong-coupling regime
similar to the Tutton salt& and hence to give rise to an easy with a spin-Peierls excited triplet, resulting in an unshifted
local axis perpendicular to. Here we denote the single-ion ESR line and a-direction easy axis in the AFMR analysis.
anisotropy term ag)sf_ (3) In the presence of doping witB=1 Ni’*, a weak

The easy axis for Ni* spin in CuGeQ lies in theab cqupling is found from the gnalysis of the me_asured Iayge

plane, and is directed alternately when one moves from onghift of the Cd* ESR, both in the paramagnetic and spin-
site to the other along thi axis. Because of the antiferro- P€ierls regimes.
magnetic interaction, the spins will point either close toahe ~ (4) However, in order to account for the AFM&easy
or b axis, with an antiferromagnetic arrangement alongithe 2XIS in the latter case, one has to assume that thie Nins
axis, the former being favored H§;, . Thus the mean easy do participate in the AFMR mode. The origin of the anisot-

axis is thea axis. Then the easy and second easy axes in Z opy in this case is the single-ion anisotropy of Nirather

i- i ; . an the anisotropic exchange present for pure(andmag-
zgg]plsé doped samples are interchanged in the Ni dOperé:etic) doped CuGeQ

. . . Although h of th iff i -
The C,; and C, values for various impurity-doped (5) Although each of these different regimes can be con

) ) sistently parametrized in a quantitative way, a general de-
CuGeQ are summarized in Table IC, andC, correspond  geyintion of the dynamics of the transverse spin susceptibili-

to the geometric mean of the exchange field and anisotropyeg of doped spin-Peierls compounds is still an open

fields along the second-easy and hard axes, respectively. 'tg‘uestion.
noted that the two parameters are very close in the Ni-dope

sample. The paramet€l, is related to the anisotropy when ACKNOWLEDGMENTS
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