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Copper magnetic centers in oxygen deficienRBa,Cu;0¢,, (R=Nd, Sm):
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EPR and magnetic results are reported for oxygen deficient, nonsupercondRBésGu;Og ., (R=Nd,
Sm) compounds. The magnetic-susceptibilitfT) and isothermaM (H) data are analyzed as the superposi-
tion of the rare-eartiR®™ contribution with another strongly ferromagnefféM) contribution arising from FM
copper clusters with large total sp® The rare-earth paramagnetic contributionT) and M(H) are
calculated using the results of consistent crystal-field analygisrmediate coupling wave functionkmixing
effecty of Nd®* and Sni™ ions. The corresponding EPR spectra comprise an intense, almost isotropic EPR
line whose intensityl (T) exhibits a ferromagnetic behavior, whitg« and the linewidthAH, diverge at
T<10 K indicating the presence of slowly fluctuating “internal” fields. The origin of the FM clusters is
related to spin-polarized copper clusters through oxygen holes in tfile GuCu2) layers, while the ferro-
magnetic interaction of the Gti(1) with the C#*(2) moments may be involved in the low-temperat(ife< 10
K) behavior of the EPR parameters. On increasing the oxygen deficiency, the ferromagnetic contribution is
drastically reduced and more isolated’Cicenters appear as shown by the corresponding EPR data. Exact
simulation of the latter anisotropic EPR spectra, shows that the anisotropic linewiHth& =x,y,z) gradu-
ally broaden at low temperatures, while the intensify) shows antiferromagnetic behavior. EPR measure-
ments on an “aged” NglsY o Ba,Cus04 . Sample revealed that the EUEPR spectrum intensifies with time,
a behavior probably related to oxygen ordering processes or to surface degradation effects. Analysis of the EPR
resonance of Nt and Sni™ ions in combination with the absence of the corresponding EPR spectra indicate
the presence of very fast spin-lattice relaxation of the rare-earth [i[80263-182606)00734-5

. INTRODUCTION rare-earth Ry R} BaCu;Og., ceramics, have directly

_ _ _ _ ~ shown the presence of intense EPR signals at temperatures
There is now considerable experimental evidence leadinge|ow ~50 K with a marked temperature dependence, which
to the conclusion that copper oxide superconductors angdomplied with the magnetic-susceptibility resit<® Based
their insulating antiferromagnetid\FM) parent compounds g the temperature variation of the EPR intensity, it was

dol not exhibit;Iectronr;pagalTagnetic-_:}e_sﬁc:naﬂi@l% Sig-  suggested that these EPR spectra result from pairs of ex-
hals corresponding to the bulk copper IGNENouUgh NOt con- 5 nae coupled Gl ions with relatively low excitation en-

clusive, theoretical studies consider the “curious” absence - .
' . rgy of the order of 10 K, while the shift of the resonance
of the Cf" EPR response as the result of excessive broaqe 9y

. . i . . line below 10 K was associated with the appearance of mag-
ening occurring through different relaxation processes either . deri 8
in the metallic or in the antiferromagnetic phdse. hetic ordering process S% he insulati

On the other hand, magnetic measurements on oxygenhLOW, oxygen doplpg of the Insu ?‘“”9 AF'\RBazCLbOB.
deficient YBaCuOq, , compounds X<0.4) have system- phase is expected initially to_ maintain oxygen holes confined
atically shown the presence of an intrinsic magnetic contrii™ Short copper-oxygen chain fragments in the(Dplane,
bution which was attributed to the oxygen-inducedCmo- while furt_her increase of the oxygen ??chntratmn resu_lts in
ments in the C(L) plane>S Similar behavior has been hole doping of the AFM C(2) planes:**? Oxygen holes in
reported in magnetization studies of oxygen deficienthe AFM CuQ planes are predicted to create immobile fer-
RBa,Cu,0q.  (R=rare-earth ioh ceramics containing rare romagnetic clustets which are the basis for the theoretical
earths like Nd, Sm, or T8 In that case, the magnetic model of percolative conducting and superconducting phase
response of th&®Ba,Cu0;., (R123) systems at low tem- formation proposed by Hizhnyakov and SigmufidTheo-
peraturegT< 20 K) was mainly determined by the superpo- retical calculations of the electronic structure of these clus-
sition of the rare-earth contribution with another magneticters predict ground states with total sgr:2 or S=3/215-17
component attributed to the presence of a “diluted” ferro-EPR study of fast quenched JGuQ,, ; superconducting
magnetic phase in the form of isolated clusters. Moreoversamples revealed the presence of strong EPR signals which
EPR investigations on oxygen deficieRt123 and mixed were attributed to spin-polarized clusters dissociated from
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the metallic network® Baranov and Badalyah have also 180
reported the presence of very intense magnetic resonance | - Iy,
signals in ceramic and single-crystBIL23 materials after )
guenching from high temperatures. These EPR signals were — i,
attributed to small magnetic clusters with quasi-one-
dimensional structure, while the strong temperature depen-
dence of the factors was associated with the effect of short-
range magnetic order. Recent thulium-“enhanced” NMR
experiments in TmB&Z,0g, , have shown that thé®*Tm
nuclear spin-lattice relaxation at temperatufies4.2 K is sl 0 H=10kOe |
determined by paramagnetic centers in the gd@uble lay- ® H=5kOe
ers, which behave as an AFM singlet-triplet system with an 0 . . .
energy gap of the order of 1 #:?! In this respect, it be- 0 50 100 150 200
comes evident that EPR investigations which directly probe Temperature (K)

any paramagnetic centers, can be very useful in the detection _ _ . .
FIG. 1. The inverse magnetic susceptibilityHs a function of

and study of copper magnetic centers in RE23 systems. o
In this work, we present results of a magnetic and a del€mperature for the NdB&U;Og..., sample §) at magnetic fields

tailed EPR study of oxygen deficieRBa,Cu,0s. , (R=Nd, of 5 ar;g _10 kOe. Th(_e lines correspond to the calculatgdctifves
Sm) ceramics, which provide evidence for the presence oFor Nd™ ions according to the CF analysis.

copper magnetic centers and elucidates their magnetic be-

havior in combination with the degree of deoxygenation. lll. RESULTS AND ANALYSIS

Calculation of the paramagnetic contribution of the rare-
earth sublattice is performed using crystal-field analysis of ) ) o
the energy spectrum of Ndand Sni™ ions, in order totrace ~~ The inverse magnetic susceptibility x1/ of the
any possible contribution of copper paramagnetic centers iNdBa&Cu;Og. sample @) in magnetic fields of 5 and 10
the bulk magnetization of thR123 systems, while a brief kOe is shown in Fig. 1, where a slight field dependence of
analysis of the N&" and Sni* EPR resonance is also given x(T) can be traced. In order to investigate the origin of the

indicating the presence of very rapid spin relaxation for thes@0served susceptibility we have studied the contribution of
ions. the N&* sublattice. Neutron diffraction and specific heat

measurements have shown that®Ndons order antiferro-
Il. EXPERIMENTAL DETAILS magnetically at low temperatures with a marked dependence
of Ty (=0.5-1.5 K on the oxygen concentratiGA.How-
ever, the magnetic interactions of Ndons have been found
; € . _fo be rather weakld/kz=<2.3 K, see Ref. 2Bto have a sig-
sample were prepared by annealing the corresponding highyiicant effect on the magnetic susceptibility in the investi-

quality superconducting cerami¢g~0.95, T.~93 K), at _ : )
o | gated temperature rang£.2—200 K, and thus in the follow
850°C in He atmosphere followed by fast quenching ating we consider N#" ions in the paramagnetic regime. In

room temperature in the rqducing atmosphere. H.igher de.gretﬂis case, the magnetic response offNis determined by
of deoxygenation was obtained by changing the time of hlgh:[he N energy states resulting from the crystal-fi¢@F)
temperature annealing from 4$amplesh) to 24 h(samples  +araction.

B). Accord?n_g to thermogravimetric af_‘a'YSi_S for the 1ess  1he rare-earth point group in thHe123 tetragonal crystal
oxygen deficient sampla, the value ofx is estimated to be structure P4/mmny is Dy, so that the crystal-field Hamil-

approximat_ely 0.3, which reduces t0.15 for the MOre " tonian acting on the energy terms of the fiRE" ions takes
oxygen deficient samplds. The samples were characterized o torm

with powder x-ray diffractionf’ XRD) using a D500 Siemens
diffractometer employing CK « radiation. XRD character-
ization showed that in all cases the samples had tetragonal
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A. Magnetic susceptibility and magnetization

Oxygen defient polycrystalline ceramic samples
RBa,Cu;05, « (R=Nd, Sm and one NgsYqsBaCusOg.

crystal structure. Only traces of the impurity phase Hee= >, BSCI+BICS+B4(Ch+C, 4 +BCY
BaCuGQ,, were detected for th&kRBa,Cu;Og,, Samples, !
while no indication of impurity phase was detected for the +B§(Cé+cg4), 1)

Ndp 5Y o sBaCusO4 ., Sample. Magnetic measurements were

performed on densely packed powder samples using a PAR

155 vibrating sample magnetometer in the temperature rangehere C|! are one-electron irreducible tensor operat@&§,
4.2—-200 K and magnetic-field range 0—2 T. All the investi-are the CF parameters, and the sum runs over4heslec-
gated samples were found to be nonsuperconducting down teons of theR®" ion. The matrix elements dfi ¢ can be

4.2 K. EPR measurements were carried out using(drand  calculated using standard tensor operator techniques, while it
Bruker 200D spectrometer with 100 KHz modulation. Theis important to use intermediate coupling wave functions of
magnetic field was scaled with an NMR magnetometerthe freeR3" ions, which are linear combination of Russell-
while an Oxford flow cryostat was employed for measure-Saunders energy terms characterized by constant total angu-
ments in the temperature range 3.6—70 K. Measurementar momentumJ.?

were performed in fine powder samples sealed in quartz The CF parameters for N8 ions as a function of the
tubes under the flow of helium gas. oxygen concentratiox in the NdBgCu;Og,, matrix have
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FIG. 2. Magnetization vs applied magnetic field for Nd123
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FIG. 3. The magnetic susceptibility(T) for the oxygen defi-

sample @A) at T=4.8 K in the ZFC and FC modes. The lines cient Sm123 samples (solid circles and B (open circles The

correspond to the calculatéd(H) curves for Nd* ions in tetrag-
onal CF symmetry along th@ andc crystallographic axes and the
average valué .. The inset shows thAM(H) data derived by
AM =M ¢g,—Mgye. The solid line corresponds to fitting afM (H)
data using the Brillouin functioM (H/T) =M B(gSugH/kgT)
with g=2.0, T=4.8 K and the fitted value® ;= 0.016(3 )ug/f.u.
andS=24(4).

been determined by neutron spectrosctpin the present

case, we have used the CF parameters reported for the tetr

onal crystal structure of Nd128.Due to the relatively large

CF splitting, we have included in the calculation nondiagonaF

elementgJ mixing) of Hcg (1) among the three lowest free-
ion states(J=9/2, 11/2, 13/2 of Nd®" in the intermediate
coupling schemé&® DiagonalizingH ¢ (1) we have derived

the energy eigenvalues and eigenfunctions which in tur

were used to calculate the magnetic susceptibility parall
(xc) and perpendiculary,) to the crystallographic axis,
according to the Van Vleck formuia

_NEa 5 [Z(dnlLat 25| dn))I?
Xa™77 i kT
|<¢ni||-a+28a|¢mj>|2} F{_En
) : = lex , (2
j,mz;&n En_Em I(BT ()

wherea=X, Yy, z, andZ=2.d, exp(— E/kgT) is the parti-
tion function with®, ; being thed, degenerate eigenfunc-
tions with energyE,, at zero magnetic field. Since the

e

solid line corresponds to the calculated averggg T) susceptibil-

ity for Sm*>" ions in tetragonal CF symmetry. The dotted line cor-
responds to the Curie-Weiss relatigQT) = xo+ C/(T— 0) fitting

of xa(T) with xo=7.74)x10"% emu/mole, ®=1.6(2) K and
C=0.16(1) emuK/mole. The inset shows the difference
Axa= XA~ Xave (SOlid circles in comparison with the magnetic
susceptibility of 5(solid line) and 10(dotted ling wt. % of deoxy-
genated BaCuQ , converted in emu/mole Sm123.

preciable hysteresis. In order to clarify this behavior, the
eoretical isothermd1 (H) of the Nd* sublattice were cal-
ulated conventionally from diagonalization of a Hamil-
tonian comprisingHe (1) and the Zeeman interaction,
H,=ug(L+2S) H. The theoretical isothermd,, M., and

the averagl ,,.—(2M,+M,)/3, atT=4.8 K, are shown in

rfig. 2. Comparison of the averagdé,,. curve with M,

phows thatM ;e is somewhat lower thaM,,,. The differ-
enceAM =Mg,,—M . as shown in the inset of Fig. 2, ex-
hibits a steep increase at low fields saturating already at
H>8 kOe. This behavior is characteristic of clusters pos-
sessing ferromagnetic ground states with large total spin
S>1/2 and can not be reproduced merely by changing the
CF parameters of Nd ions. Fitting of theAM(H) data
can be performed using the Brillouin function
M¢(H/T)=MB(gSugH/kgT) which applies in the case of
ferromagnetic clusters with saturation magnetization
Mo=NgsOSug, Where Ny is the number of clusters per
formula unit(f.u.) with total spinS. Fitting of AM(H) with
g=2.0 and T=4.8 K, yields My=0.016(3)g/f.u.,
S=24(4), andN+=0.000 3%6) clusters/f.u.(inset of Fig.

magnetic-susceptibility measurements have been carried ofj. These results suggest the presence of particularly large

on powder samples, the average vae=(2xa,t xc)/3 IS
subsequently used.

ferromagnetic clusters of low concentration B&4.8 K.
However, the limited experimental accuracy of the magneti-

The calculated susceptibilities after correcting for the diazation data inhibits the reliability of thAM(H) curve and
magnetic contribution y4,=—2x10* emu/mole and a thus the absolute values of the fitting parameters., the
temperature-independent contribution from theZplanes  surprisingly high value o8) should be considered with cau-
(XCU(2)=—4><10’4 emu/mo),® are shown in Fig. 1. The tion. Moreover, as we shall see below the obtained fitting
theoretical powder susceptibility,,. compares well with the values may comprise an appreciable contribution from traces
experimental data, indicating that the Ndparamagnetic of BaCuQ_,. It is also worth noting that a significant ferro-
contribution determines to a great extend the bulk magnetimmagnetic contribution at low temperaturds=0.1-7 K) has
response of Nd123. In order to investigate any field depenbeen previously reported at low magnetic fields in oxygen
dence ofy(T), we have measured the isothermal magnetizadeficient NdBaCu,Og ., , ceramics.
tion curveM (H) with H<20 kOe atT=4.8 K in the zero- The magnetic susceptibility for the oxygen deficient
field-cooled (ZFC) and the field-cooledFC) mode. The SmBgCu,0Oq., SamplesA andB at magnetic fields of 1 and
results are presented in Fig. 2, showing thigtH) exhibitsa 5 kOe are shown in Fig. 3. As can be seen, the magnetic
very slight curvature with increasing magnetic field and nosusceptibility x,(T) for the less oxygen deficient sample
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TABLE |I. Crystal-field parameters for Sth ions in 0425 : : I
SmMBaCU06. 4 (in cm™1). In the second row the values &§ o M
predicted by the superposition model are also included. 0400 o MM o !
00 [ 1
ave .
0 0 4 0 T Brillovi
BZ B4 84 B 6 BB Ref. - oorsk T 5‘72:[(]1[2U02,x [ ] ¢ o e T
S oorsh -
408 —2338 1338 580 1705 This © ® o7 e i
work 3 0.050 - ; _
—2737 1543 829 1732 31 = ; .....................................
0.025 | 8, i
exceeds considerablyg(T) for the strongly deoxygenated T=ATK
sample B. Fitting of the magnetic susceptibility(T) o.ooog’"' " L - = A
with a Curie-Weiss law, x(T)=x,+C/(T—0), gives H (kOe)

Xo=7.714)x10-3 emu/mole, ©=1.62) K, and
Meﬁ=1_12(5)MB/Sm'5+, the latter being significantly higher FIG. 4. Magnetization vs applied magnetic field for Sm123
than theu.y value (0.8415) of the free ion S, To clarify ~ sample @) at T=4.7 K (solid circle$ in comparison with the
this discrepancy we performed CF analysis for’Srions in -~ MavdH) (solid ling) calculated for S ions according to the CF
the Sm123 matrix and subsequently calculated the magnet@halysis. Open circles show the different®! =M ,— Mg which
susceptibility as in the case of Ridions. Due to the large 1S fitted with the Brillouin function (do_tted ling with
neutron absorption cross section of Eminelastic neutron Mo=0.086(5)ug/f.u., S=12(1). Thedashed line represents the
scattering cannot be used for the determination of the CEsothermM(H) calculated for BaCu@,, at T=4.7, according to
energy levels in Sm12%.In order to obtain an estimate of € results of Ref. 34.
the Sni* CF energy states, we have consistently scaled the
CF parameterB { that have been reported for otte?” ions  temperature range, except for temperatufes25 K where
in the R123 matrix using the scaling procedure developed byy,,;, slightly exceeds the theoretical curve. This result indi-
Morrison and Leavif® and keeping the ratios & as pre- cates that the CF parameters used in this work are a good
dicted by the superposition mod&|The resulting CF pa- approximation for the SAi crystal-field interaction. How-
rametersB ! for the tetragonal symmetry are listed in Table I. ever, the magnetic susceptibility for samplés significantly
Due to the relatively small energy separation of the lowestarger than the predicted,,.. The observed difference
®H, free-ion states of SM as is often the case for the Ay=xa— xawe iS Shown in the inset of Fig. 3. Since the
lighter lanthanides, we have included in the CF analysis th&m123 samples, according to the XRD analysis, contained
first five J multiplets (J=5/2—13/2) of Sni" in the inter-  traces(<3%) of the barium cuprate oxide BaCyQ, we
mediate coupling scherffeallowing for J mixing. A similar  compare the differencAy with the magnetic susceptibility
consistent approach of Sinhas been already reported by of oxygen deficient BaCuf) ,. Magnetic-susceptibility data
Soderholmet al,* though the CF parameters and the result-for deoxygenated BaCuQ, have been recently reported by
ing energy states were not reported. The eigenvalues ar@ouskoset al3 As shown in the inset of Fig. 3, the presence
eigenstates of the ground multiplet of 3frions in tetrago-  of BaCuQ ., assuming concentration as large as 10 wt. %
nal symmetryH ¢ (1), derived in the present work are listed cannot fully account for the observegy.
in Table II. Figure 4 shows the isothernv 4(H) for the Sm123
Using relation(2), the magnetic susceptibilitieg,, x.. sample A at T=4.7 K. In the same plot, the calculated
and y,e Of SNT" in the paramagnetic regime were calcu- M, {H) of the Sni* ions is shown. Similar to the magnetic-
lated. The derived average susceptibility,. after correction  susceptibility behaviory ,(H) exceeds significantly the Sm
for diamagnetic and G@) contribution, is compared with the contribution M, and exhibits a pronounced curvature in-
experimental data in Fig. 3, where we find that good agreedicative of ferromagnetic behavior. The difference
ment is obtained for samplB in most of the investigated AM=M,—M_, s fitted with the Brillouin function appro-

TABLE Il. CF eigenvaluesE) and eigenstates of the ground multiplet of Sripns inD 4, symmetry of

SmB3Cuz0¢ -
E
(cm™b T, Eigenfunctions
0 T 0.9865/2,+1/2)+0.0697/2,+ 1/2)+0.0347/2,77/2)

—0.0369/2,+1/2)—0.1239/2,57/2)+0.01259/2,+9/2)
+0.00611/2+1/2)+0.02111/2 7 7/2)+0.06111/2 £ 9/2)+ -+
171 re 0.6405/2,+5/2)—0.7215/2,73/2)+0.1447/2,+5/2)+0.1567/2,+3/2)
+0.0879/2,+5/2)+0.0699/2,+3/2)
+0.04611/2+5/2)70.03711/2+3/2)+0.01811/2¥11/2+---
371 re) 0.7455/2,+5/2)+0.5715/2,73/2)¥0.2787/2,+5/2) ¥ 1857/2 ¥ 3/2)
+0.0369/2,+5/2)+0.0559/2,+3/2)
70.00411/2+5/2)%0.03711/273/2)¥0.01411/2 11/ +-+-
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K. FIG. 6. Temperature dependence of the isotropic EPR line pa-

. L .rameters, (@ I(T), IXT and the fitting function
priate for the ground-state magnetization of a fer_rom_agnetl@(-r)%ln-[3+exp(_J/kBT)] (dotted ling with ferromagnetic ex-
cluster as in the case of Nd123 sampke yielding change constant/kg~30(15) K, (b) peak-to-peak linewidth, and

clusters/f.u. In Fig. 4 it is also included the isotheli(H) gcrzlgegag foreNcTIzB a?g shown. samples)( In the intensity plo

calculated for BaCu@), , at T=4.7, according to the magne-
tization results of Wanget al.>* who have shown that the
low-temperature magnetization of the barium cuprate oxidepectrum is dominated by a very intense almost isotropic
is mainly determined by the contribution of the large ferro-EPR line of Lorentzian line shape indicative of exchange
magnetic CygO,, clusters with total spir5=9. As seen in  narrowing. Characteristic of the strong intensity of this EPR
Fig. 4, assuming 5 wt. % of barium cuprate, only part®l  |ine is that it has been recorded under the lowest spectrom-
is accounted for. In this case, the magnitudeAd (H) can  gter gain and low microwave power of 1 mW, which are
E’Z C?S&OUnﬁggfr?éti?gt%r?o\?v%eigrgr?ﬂ)ovcggroithr.];/tO iﬁf ;g?ee almost the same conditions as those used in recordering the
) T 3

ment wim the XRD results. In the case of Nd123 sample mtens_e EPR spectra .Of powder BaQuQ samples® The

EPR line narrows rapidly with decreasing temperature and

th Il itude aAM (H b ted for, al- - . .
regdsymzyerz mm"j‘tgﬂ‘/!)uof BaCu(g) ci'nowzvaécrcottéré epre(\)/irojls belowT~ 10 K shifts towards lower fields. The same kind of
. - ,

magnetic-susceptibility data and the EPR results presentelt'_s_IPR spectrum with similar temperature variation and inten-
below, do not comply merely with the presence of bariumsity was detected for the Sm123 sample as well. The
cuprate. Morever, the XRD analysis did not show any sigtemperature variation of the intensityvhich was derived by
nificant change of the BaCyQ, traces among the two kind double integration of the first derivative mode after correct-
of Sm123 samples where the ferromagnetic contribution iring for baseline shift, the peak-to-peak linewidii ,, and
x(T) increased drastically. In this respect, we conclude thathe g factor are shown in Fig. 6 for the Nd123 and Sm123
the observed low-temperature magnetic behavior has an iRgmplesa, respectively.

trinsic ferromagnetic origin, though a partial contribution of Analysis of the integral intensity(T) for the Nd123

BaCuQ,_, cannot be excluded. . = . . i
Previous low-temperature magnetization study of oxygensampleA [Fig. 6(@)] which is proportional to the spin sus

deficient SmBgCu;04,, (Xx=0.3—0.55) ceramics showed a ceptib_ility, shows that (T) ingiease_s more rapidly with de-
maximum of the susceptibility below 1 K, which was asso-¢'€@sing temperature thah * which is expecteij for a
ciated with the appearance of a small amount of ferromagSimple paramagnetic center with sgi=1/2 as Cd" ions.
netic phase distributed in the sample in the form of clugters.This behavior, which implies ferromagnetic interactions, can
The magnetization M(H) reported at 0.2 K for be more easily traced in the plo T shown in Fig. 6a),
SmB3Cu04., X=0.3, exhibited a steep rise at weak fields where | X T exhibits a considerable increase down to 6 K,
saturating foH =1 kOe, a behavior which was attributed to where it reaches a maximum. The intendifyf) at T>5 K
the spontaneous magnetization of ferromagnetic clusters arhn  be  approximately  described  with  relation
further is in agreement with the present results. [(T)~1T[3+exp(—JI/kgT)] which applies for a singlet-
triplet system resulting from the exchange interaction of two
B. EPR results S=1/2 species as two Gl ions, withJ being the isotropic
Figure 5 shows the temperature dependence aktband  exchange constant. The derived value of the exchange con-
EPR spectrum of the Nd123 sample below 50 K. The stant after fitting the experimental data,Jfg~30(15) K
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which is indicative of appreciable ferromagnetic interactions. g, g9, 9 .
However, the maximum af~6 K and the subsequent de- Experimental

T (R A TR Simulated
crease ofl X T at lower temperatures, indicate the presence l 1 1

of weaker antiferromagnetic interactions as well. Thus, it is

possible that the spin system giving rise to the EPR line is x4 31K
not simply a copper dimer but a larger copper cluster with )
competing ferromagnetic and antiferromagnetic interactions
with the former being dominant. In this case, the fine struc-
ture expected for ground states with total s@@mr1/2 in-
duced by anisotropic interactions like the dipolar or the
anisotropic/antisymmetric exchange interaction should be
exchange narrowed and thus contribute only to the second
moment of the resonance line which is thus broadened.

The linewidthAH,, increases almost linearly with tem-
perature abovd ~10 K as seen in Fig. (6), with a slope
d(AH,)/dT of 12(1) G/K, 13(1) G/K and residual widths of
220(30) G, 28535 G for Sm123 and Nd123, respectively.
This behavior may be associated with very rapid spin-lattice-
relaxation processes which are expected to occur in exchange
coupled systems where the resulting spin states may provide
more effective relaxation pathwaysMoreover, in the case
of clusters larger than dimers, fast relaxation may occur
through modulation of the isotropic exchange interaction
which given a considerable magnitude may be very effective.
Linear temperature dependencedfi ,, has been often de-
tected in lower dimensional systems and is usually connected
with the phonon modulation of the antisymmetric or aniso- L . L : L . L . !
tropic exchange interactiori8. However, for transition met- 2750 3000 3250 3500 3750
als like CU#* where the orbital contribution to the ground H (Gauss) —
state is severely quenched, the latter interactions are rather
small and give rise tal(AH,)/dT usually smaller than 1 FIG. 7. The anisotropic Ci EPR spectra of Sm123 sample
G/K 36 (B) as a function of temperatutsolid lineg. Dotted lines show the

FurthermoreApr shows a definite minimum ati~8 K theoretical EPR spectra obtained from the simulation wibhioQF.

and increases rapidly at lower temperatuiég. 6(b)], while
in the same temperature ranggy exhibits a considerable on oxygen deficienR123 single crystaf§ have shown the
increase[Fig. 6(c)]. This behavior can be phenomenologi- presence of intense signals with small anisotropy parallel
cally explained in terms of a fluctuating internal field which (g,~2.13) and perpendicular to tleaxis (g, ~2.18) with
add to the applied field altering the resonance conditionge;~2.16 atX band andT>10 K, which compares favor-
while at the same time slowing down of the fluctuation rateably with the preseng. values and the small deviation of
of this field may produce a progressive broadening of théhe observed line shape from an isotropic Lorentzian. EPR
resonance line as the temperature decreases. The occurrespectra with qualitatively similar temperature variation of
of such fluctuating fields might be traced either to short-ger and AH,, have been also reported for BaCuQ.>*%
range order among the spin clusters or to the presence éfowever, comparison of the intensity of the present EPR
magnetic interactions of the spin clusters with other spimsignals with that of BaCug , shows that they are of com-
systems. The temperature dependence of the EPR frequenpgrable magnitude, while the absolute values of the EPR
has been treated theoretically for one-dimensional Heiserparameters and their temperature variation are different, ex-
berg magnets where it was shown that thehift originates  cluding any correlation of the origin of the observed EPR
from the anisotropy of the magnetic susceptibility inducedspectra with BaCug. ,.
by the dipolar interaction or single-ion anisotrofyConsid- Figure 7 shows the temperature dependence of the EPR
ering the presence of spin clusters w8k 1/2, then shift of  spectrum recordered for sample Sm1R3In this case, a
the resonance frequency induced by the exchange interactigadical change of the EPR spectrum occurred as the isotropic
may be considerably enhanced by the zero-field splitting oEPR line was replaced by an anisotropic powder EPR spec-
the ground state. trum. The integral intensity of this EPR spectrum was greatly
According to these results we suggest that the single resdeduced, at least by an order of magnitude, in comparison
nance line observed in the oxygen deficient Nd123 andvith the intensity of the isotropic EPR line observed in
Sm123 samples results from ferromagnetic clusters formedample Sm123\, complying with the corresponding reduc-
by the exchange coupling of two or more Cuions and tion of the bulk magnetic susceptibility. The EPR powder
which at low temperature may be short-range ordered. Simipattern is characteristic of €l ions with anisotropig ten-
lar EPR spectra have been previously reported in oxygesor, while the hyperfine structure expected from the natural
deficientR123 ceramic$;*® while magnetic resonance data isotope ®Cu (1 =3/2) is suppressed, presumably due to the
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FIG. 9. Temperature dependence of the EPR spectra for the
(Nd,Y)123 sample B) recorded immediately after preparation at
(@) T<10 K and(b) T>10 K.

Impurity copper oxides such as BaCyQ and the
“green” R,BaCuQ phase have been found to exhibit aniso-

FIG. 8. Temperature dependence of the EPR parameters derivegbpic ctt EPR spectra with principa values, though not

from the simulation of the anisotropic €U EPR spectrum for
Sm123 sampleR), (a) the principalg; values(i=x, y, z), (b) the
linewidths AH; (i=x, y, z) along the principal axes, an@) the
intensity | (T) (solid circle3 andl X T (open circles The solid and
dotted lines correspond to the functios®®and T~ 1.

identical, in the samg range as in the present cas&:*°
However, these Gii EPR spectra are usually much broader
than the present ones, while they have not been reported to
exhibit similar temperature as that reported in Fig. 8. Mor-
ever, the present EPR spectra bear close resemblance to

presence of weak exchange interactions. The EPR spectrutfiose recently reported for oxygen deficient ¥8&0;._ 5

was theoretically simulated as a function of temperature witffamples, especially that reported #+0.3, which were di-

an anisotropicg tensor, anisotropic linewidths along the rectly related to the appearance of the anomalous microwave
principal directions and Lorentzian lineshape using the proabsorption(MWA).*" In that case, the EPR spectra were at-
gramMONOGQF (Fig. 7). The results of the simulation together tributed to C4" impurity ions in the C(@) chains providing

with the integral intensity(T) are presented in Fig. 8. The
tensor exhibited rhombic symmetry with princiggl values

the 7 junctions implicated in the anomalous MWAIn this
respect, we consider that the rhombic?’CEPR spectra de-

(i=x,y, z) only slightly temperature dependent. Namely, thetected in the Sm123 sampl have an intrinsic character.

obtained g; values are found to be in the
0x=2.040-2.043, g,=2.115-2.1145, g,=2.230-2.228,

range Based on the observed reduction of the EPR intensity com-

pared to that of the isotropic EPR lifeampleA), we sug-

where the first value corresponds to the lowest temperaturgest that the increase of oxygen deficiency or oxygen order-

(3.8 K) and the second to the highest studied temperdtige
K) [Fig. 8@]. The relationg,>g,>g, among the principal

ing might cause a “dilution” of the ferromagnetic phase
evidenced in sampled and give rise to more “isolated”

g values indicates that the underlying Tucenters have a Cu?" centers which, however, exhibit antiferromagnetic in-

dominantd,2_,2 and to a lesser extentd? contribution in

teractions.

their ground state, corresponding to a rhombic distortion of Subsequently, we present the results of the EPR study of
the local symmetry. The linewidths turned out to be aniso-a mixed N@sY o sBaCu:Og.  (Nd,Y)123 oxygen deficient

tropic, following relationAH,~AH,>AH, which is consis-
tent with the dipolar contribution t&H; (i=x, y, z) pre-

sampleB, which was chosen for two purposéa) to reduce
the Nd concentration which might enable the detection of the

dicted by the principalg, values. As the temperature Nd** EPR resonance that was not detected in the single

decreased, especially below 10 K, an increasaldf of the
order of 25 MHz-10 G is observedlFig. 8b)]. Analysis of

Nd123 sample, andb) to verify that heat treatment of
samplesB results in the radical changes of the copper EPR

the integral intensity as a function of temperature reveals thapectra as observed in the Sm123 samples. The EPR spectra
I(T) does not increase @& * upon lowering the tempera- of the (Nd,Y)123 sample recordered immediately after

ture, but rather with a ~ %82 law for most of the investi-

preparation, as for all samples presented so far, is shown as a

gated temperature range or alternatively with a Curie-Weisfunction of temperature in Fig. 9. At temperatures below 10

law C/(T—®) with negative® values[Fig. 8c)]. This an-

K [Fig. 9@)], the EPR spectrum has an unusual shape, espe-

tiferromagnetic behavior can be more readily traced in thecially in the high-field side where some structure appears,
plot IXT vs T [Fig. 8c)], wherel XT decreases continu- while a small shift of the resonance line can be traced, simi-

ously belowT =30 K though bela 5 K anincrease of X T

lar to thege«(T) of the isotropic EPR line in sample Sm123

is detected. In this case, both the EPR intensity and the lind-A) (Fig. 5. However, as temperature increases some char-
width temperature variation strongly suggest that the underacteristic features of the type expected for anisotropic pow-
lying copper centers are not “isolated” but rather exhibit der EPR spectra of Cli ions, similar to the Cti” EPR spec-
substantial magnetic interactions of antiferromagnetic chartra of Sm123 B), gradually become resolvééig. 9b)]. In

acter.

this case, it seems that the detected EPR spectrum is the
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Experimental
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FIG. 11. Deconvolution of the EPR spectrum of the “aged”
(Nd,Y)123 sample B) at low temperatures of 3.4 and 6.4 K.
designates the initial spectrurB, the simulated C& EPR spec-
trum, andC the more isotropic EPR spectrum obtained from the
subtraction ofA-B.

5.33K

In the temperature rangé=3.44-20 K theg,, g, values
exhibit a gradual change reaching the values of 2.140 and
2.268 atT=3.44, while the linewidth continues to increase
similarly to the Sm123 sampleB| [Fig. 8b)] reaching the
2500 5750 3000 3950 3500 largest valuedAH,=103 MHz,AH, =119 MHz,AH,=130
MHz at T=3.44 K. Additionally, the integral intensiti(T)
increases slower thai ™! with decreasing temperature,
FIG. 10. Temperature dependence of the EPR spdstid  similar to the temperature variation of the CuEPR spec-
lines) for the “aged” (Nd,Y)123 sample B) after a time period of trum of sample Sm123R) [Fig. 8(c)].
5 months. The dotted lines represent the simulated EPR spectra at The more isotropic EPR component was obtained after
relatively high temperatures. subtraction of the Cif EPR spectrum from the total EPR

- . : ectrum at low temperaturé$<7 K), as can be seen in
result of the superposition of two different EPR signals, mosf:?g_ 11. Although thg high-f?eld part)of this EPR spectrum

probably of the form detected in the Sm123 sampfgsdnd can not be accurately retrieved, its shape resembles closely

(B). : . : . .
EPR measurements were repeated for the samt(?e isotropic EPR line detected in samples)( This also

(Nd,Y)123 sample after five months. During this time periodsupported by the temperature variation of the derived spec-
’ ) trum, namely the faster thal ! increase of its intensity

the sample was kept sealed in the same quartz tube as mei:ﬁ.) as well as the increase of tiggg value as the tempera-

sured for the f|r§t time. The motlvatlon for suqh ameasures e decreases, which are both characteristics of the isotropic
ment were previous observations of substantial time evolu:

. . EPR line detected in sampleA) [Figs. Ga) and G¢)].

tion of tr;%copper EPR spectra in OgRO'SBazcu"‘O‘S*X These results suggest that during the time period of 5

ceramics?>*® The EPR spectra of the “aged(Nd,Y)123 oS 4 . ;
months, a substantial increase of the intensity of the rhombic

sample B) at some temperatures are shown in Fig. 10. At %4 . . .
higher temperatures the EPR spectrum is dominated by G\%UZ EPR spectrum occurred relatively to the isotropic EPR

anisotropic powder EPR pattern of €tions with rhombiag ine. This effect along with the differem{T) variation of the
tensor similar to that observed in Sm12A)( while at lower two EPR spectra allowed their decomposition for the aged

temperatures it results from the superposition of thé"Cu (Nd,Y)123 sample ). Additionally, the EPR results for the

) . : ; . (Nd,Y) sample support our observation that increase of the
EPR spectrum with a more isotropic EPR signal which rap high-temperature He-annealing time reduces the concentra-

idly intensifies upon lowering the temperature. Deconvolu-,. . .
tion of the EPR spectrum was performed by simulatin thetlon of the ferromagnetic copper clusters responsible for the
rhombic Ca+ EPRp P y 9 isotropic EPR line and favors the formation of more “iso-

” + S ; ; _
The C#' EPR spectrum can be accurately simulated![‘?ﬁengj Cu" centers giving rise to the rhombic EPR spec
down to~20 K with a rhombicg tensor with constant prin- '

cipal valuesg,=2.07q1), g,=2.1431), g,=2.253(1) and _ .
anisotropic linewidths AH,=85 MHz, AH,=107 MHz, C. Electron paramagnetic resonance of N§" and Snt* ions

AH,=118 MHz atT=62 K slightly increasingby ~3-5 In all of the studied samples, we did not observe any
MHz) with decreasing temperature down to 20(Kg. 10. appreciable indication of the EPR signals resulting from the

H(Gauss)
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TABLE Ill. The principal EPRg; values and the corresponding on the ground doublet, we derive an isotropic interaction of
secular second momeMt §} (i=x, y, z) due to the magnetic dipo- magnitudeJ,;;~0.75]—0.02 cn . The latter contributes in
lar interactions of N&" and Sni" ions in RBa;CusO+ (R=Nd,  the fourth moment, causing narrowing of the resonance
Sm) compounds. line whose width is then given by H ;=M 03/ vey, Where
Vey IS the exchange frequency. Assuming a small value of
M %2 M43 M%Z JGZ 0.01 cm ! and using the expression for the fourth mo-
% 9 9 KO~ kG (kG ment recently reported by Devillet al,*® we derive thew,,
NdBa,Cu:0; 283 220 249 371 304 156 Vvaluesof3135and 2050 MHz along tkeandz axes. These
NdBa,CU;0p 1 246 246 218 292 292 112 Vex yalue_s, which are _smaIIer tha_n the resonance frgquenues
SmBaCuO,., 063 063 053 0056 0056 0024 (adiabaticapproximationalong with them 0§ values in the
tetragonal Nd123(Table llI), finally give linewidths
AH,=0.93 kG andAH,=0.55 kG. The latter values are
paramagnetic rare-earth Rid and Smi* Kramers ions, Smaller than the initial dipolar linewidths, while they can be
though their paramagnetic contribution determines largelyven smaller when larger exchange valdese used. At this
the bulk magnetic properties of the respectR&23 com- Point it should be noted that the contribution in the second
pounds. On the other hand, all the otf¥" Kramers ions moment of the isotropic exchange_ interactidns not zero
(R=Gd, Dy, Er, YD forming the R123 compounds have bPut very small due to the small anisotropy of thevalues.
been found to produce detectable EPR signals, though cofdoreover, contribution of the hyperfine structure of the natu-
siderably broadened in the case of Eand Dy**, in thex  fal Nd isotopes in the second moment is about an order of
band* Moreover, analysis of thes®3® EPR spectra magmtude smallgr thgn the d|po!ar dHayhile a S|gn|f!cant '
showed that they occur gtvalues close to that predicted by Proadening contribution may arise through the anisotropic
the CF ground doublets and most importanﬂy that the |ine_eXChange interaction of Nﬂ ions. However, in all cases it

width in the singleR123 matrix is mainly determined by the S€ems unlikely that the magnetic interactions excessively
magnetic interactiongdipolar and exchangeof the RS+  broaden the N& EPR spectrum beyond thé-band range.

ions** In this respect, we give below a brief account of the This is also supported by the absence of a definité'NePR

analysis hoping to stimulate future EPR studies on tifése should considerably reduce the magnetic interactions and
ions. thus EPR broadening.

As is well known, for Nd&* and Sm" ions in Dy, and In the case of the St ions, the predictedy; values
D,, CF symmetry occurring in th&®123 crystal structure, (Table I!I) are as usual rather small and correspond to reso-
the EPR spectrum of the3* ground doublet is described by hance fields ofH,=10.7 kG andH,=12.7 kG assuming
an anisotropiay tensor whose principal components can beto=9.43 GHz. _Alt_hough the latter values approach the limit
straightforwardly calculatetf The principalg; values(i=x,  ©Of our magnetic-field ranged-11 kG, EPR measurements
y, z) where thex, y, z principal axes can be identified with N magnetic field up to 11 kG in the Sm123 §ample§ did not
thea, b, ¢ crystallographic axes, are presented in Table 11.92V€ any sign of resonance signal. The predicted dipolar lin-
In the case of the orthorhombic NdE2LLO, compound the  ewidths are quite smalhAH{)=0.47 kG, AH{)=0.31 kG
ground doublet has been derived by CF calculation in thénd become even smaller in the presence of exchange inter-
D,, symmetry and using the CF parameters reported b)’aCtiOl’lS. Based on this analysis, we conclude that the EPR
Goodman, Loong, and Soderhoffhwhile in the tetragonal resonance of St and N&* in contrast with the heavier
symmetry of Nd123 and Sm123 the CF states derived b)l;(ramersR3+ ions is significantly broadened by spin-lattice-
Hcr (1) were used. relaxation processes. This behavior may be considered to
Furthermore, for the undilute®123 compounds we have some extend plausible, if we take into account the larger ion
numerically calculated the contribution of the dipolar inter-radius of Nd* and Sni* which allows for larger coupling
action in the second momeht, of the N* EPR resonance With the crystal lattice. However, it is worth investigating the
in the high-temperature approximation taking into accoungdynamic behavior of thesR®* ions which are very close to
the anisotropy of the; values explicitly” Due to the rela- Pr" which as is well known cause the disappearance of
tively large distance of the rare-earth layers alongdizeis,  superconductivity in the PrB&u;,0; compound. In this re-
we have considered only tHe** ions lying in the samab  spect, high-frequency EPR measurements would probably
plane. The results are included in Table Ill, wha#d) are ~ enable the detection and study of the®Ndnd Sni* EPR
the values of the secular second moment arising from th&pectra.
truncated dipolar Hamiltonian with the magnetic field along
the x, y, z axes. If the linewidth was determined solely by
the dipolar interaction, the resonance would have Gaussian
line shape with peak-to-peak IinewidﬁHSlg:Z Mz'o.47 Both the magnetization and the EPR results strongly sug-
In the case of N¥" ions it is seen that thg; values are gest the presence of a small but substantial ferromagnetic
not very anisotropic and are well within thé-band range, (FM) contribution most probably related with local FM clus-
while the dipolar linewidths are approximately 3.4 and 2.1ters in the nonsuperconducting oxygen deficient
kG along thex, z axes in the tetragonal symmetry. The re- RBa,Cu;0g,, (R=Nd, Sm compounds. Furthermore, it is
sulting powder Nd" EPR spectrum, though broad can bevery interesting to examine the origin of this behavior in
easily detected in th& band. If we assume isotropic ex- relation to the magnetic behavior of tf123 systems as a
change interactiod among the real NY{ spins and project function of the oxygen concentration.

IV. DISCUSSION
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Introduction of oxygen in the antiferromagnetic spin S=3/2 which is further split by anisotropic exchange
YBa,Cu;0s compound is initially (6<x<0.2) expected to into two Kramers doublets with energy separation of 60—230
result in random filling of isolated vacancies in the basalK.'’ This kind of spin-polarized cluster has been considered
Cu(1) layer giving rise to C&"-O?"-Cl/?* dimers!! How- !0 be responsible for the EPR signal detected ipALD, , 5
ever, AFM exchange coupling of the two Euions of simi- and is also a possible candidate for the present EPR signals.

: N : However, the EPR signal detected in,CaQ,, s showed a
lar mggnltude(i 10°K) as in the C(2) planes, would leave marked increase dfx T with decreasing temperature below
the singlet 6=0) as a ground state and thus turn thes

: . : >$5 K but no g-shift or linewidth increase as in thR123
dimers to nonmagnetic up to high temperatures. Further 'n(')xygen deficient samples which exhibited a more compli-

troduction of oxygen induces holes Qvith spin 1/2, which  cated behavior. If this kind of spin-polarized cluster is re-
are predicted to remain incorporated in short chain fragmentgponsible for the isotropic EPR line in tiR123 systems, it
in the Cu1) layer, before any charge transfer to the(®u  may be possible that the low-temperature EPR behavior in-
takes placé! In these neutral Q) chain fragments there is yolves interaction of these clusters with the 2i) mo-
an even number of spir{for N oxygen sites, there alé—1  ments, rather than intercluster interactions which should be
oxygen holes anél+ 1 copper holes, thusN sping which  rather weak due to their small concentration. Is also very
assuming AFM exchange coupling among all spins leads to mteresting to note that any cluster formation either in the
singlet ground stat& However, if the oxygen hole occupies Cu(1) or Cu2) layers may occur in a wider oxygen concen-
the pm orbital, then strong ferromagnetic coupling~  tration range irRBa,CuOg., (R=Nd, Sm where the large
+400 K) between the oxygeps and adjacent coppedt  rare-earth ion radius was found to shift the orthorhombic-to-
orbitals prevailé? In this case, ground state of the short tetragonal phase transition at0.55 which is considerably
Cu(l) fragments with total spirS>1/2 may arise. These higher than in the YBZu;Og. , systent®
Cu(1) chain fragments are predicted to have a critical length On the other hand, the remarkable disappearance of the
(~3 oxygens per fragmenbefore holes are induced in the mtense, |sotr0p|q EPR I|_ne and th(_e substantial magnetlzat_mn
Cu(2) planes. Such FM clusters appearing in thé X layer rgducnon .aft_er !ncreaswlg . thg r1|gh—temperature annealing
most favorably at oxygen concentration slightly lower thantime; are indicative of a “dilution” effect of the FM phase
that corresponding to the superconducting phase transitio%{l‘,/]h'Ch norma:}lllyf_ls_ expec_lt_?]d tlo t?ccwhf%rtfug]he; mcretase Off
could probably explain the observed isotropic EPR spectrace oxygen demnciency. 1he latier infibits the tormation o
Morever, due to the orthogonality of thi2_,2 orbital of u(1) and mostly CL@) clusters by decreasing sufficiently

’ _z the number of available oxygen holes. The appearance of the

CU2+(1)_i°”5 with thed,_,2 orbitals of Cd"(2) ions, f‘i”o' rhombic Cd" EPR spectra and their temperature depen-
magnetic exchange interaction betweerf Q) and C&"(2)  dence indicate the presence of more “isolated’*Caenters

along thec axis may also occur. A theoretical estimate of thewith relatively weak antiferromagnetic interactions. The
latter interaction yields)cyq).cuz~+10 K,*® which is very  time-induced growth of the intensity of this EPR spectrum,
close to the temperature where the resonance frequency aad evidenced in théNd,Y)123 sample, may be related to
the EPR linewidth start to diverd&igs. 6b) and Gc)]. An-  slow oxygen ordering processes occurring in the 123 crystal
other possibility for the detection of EPR signals from(Qu  structure as has been suggested in Ref. 51. However, it may
chain fragments even in the presence of overall AFM coualso be related with surface states, since the surface of the
pling, is the presence of the loosely coupled®@d) mag- 123 ceramics has been found to be most susceptible to envi-
netic moments at the end of such chain fragments as previonmental degradatiot.
ously suggested in Ref. 20, in order to explain the oxygen In summary, our magnetic and EPR data suggest the for-
dependence of th#°Tm nuclear spin-lattice-relaxation time. mation of ferromagnetic copper clusters in oxygen deficient,
In this case, Ci (1) copper centers coupled ferromagneti- NonsuperconductingkBa,Cu;O0s . Ceramics containing the
cally with Ci#*(2) may be responsible for the isotropic EPR relatively large rare-earth ions Rdand Sni*. Their origin
spectra. can be traced in the spin polarization of divalent copper ions
However, ferromagnetic copper clusters may also arise ifhrough oxygen holes either in the @ or in the Cu2)
the AFM Cu2) planes when lightly doped with oxygen layers, while the ferromagnetic interaction of th_e(DuNlth
holes. Recently, the low-energy spectrum of two different"® CU2) moments may play an important role in the diver-
spin-polarized clusters where the oxygen hole is allowed t ent behavior Of. the EPR parameters at IQV‘.’ temperatures
move freely, was examineéd. The first was a pentanuclear T<10 K). On Increasing the oxygen de_zflmency of the
copper cluster which was found to have a ground state Witﬁamples, the fer(omagneg;: contrlbutlpn IS d_rastlcally re-
total spinS=2 1" The latter state was estimated to be split byduced and more isolated Cucenters with relatively weak

the anisotropic exchange interaction of the oxygen hole Wit@néltfﬁrromlag_neu? trl]nteé%cgons ?ppe?rﬁ dAdg'tgr%i‘”.)” line-
the copper spins, in one singlbt,=0 as the ground state Wi analysis of the spectra o an lons
and twonon-Kramersdoublets with quantum numbehd based on the CF energy states, indicate that the absence of

equal to+1 and =2 at energies 0.6—2.3 K and 2.3-9.3 K, the ng.+ and_ Sﬁ+ EPR resonance Is mo?t+likely due to very
respectively. EPR signal from the non-Kramers doublets iéaSt spin Iatt|c§ In contrast W!th the Oth@. Kramers.|ons
not easily detectable, while EPR transitions among th hc_)sg EPR _I|neW|dth is mainly determined by their mag-
M,=0 and theM;==*1 energy states which may be quite netic interactions.

close in energy0.4—1.6 cm?), are not very likely to occur
at the X band, though, in principle, it may be possible at
higher frequencies. The second cluster was a tetranuclear We would like to thank Professor J. R. Pilbrow for pro-
copper cluster where the oxygen hole was confined in theiding us with theMONOQF simulation program and Dr. V.
bog orbital” In this case, the cluster ground state has totaPetrouleas for arranging the EPR measurements.
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