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dc magnetization, ac magnetic susceptibility, and microwave magnetoabsorption measurements on
rare-earth cuprates, R,CuQ, (R =Tb, Dy, Ho, Er, Tm, and Y), synthesized under high pressure, indicate
the presence of antiferromagnetic order with a weak-ferromagnetic component below a characteristic
temperature Ty. From the maximum in the amplitude of the microwave absorption, we have determined
To=295(3) K for R=Tb. The values of T, decrease monotonically along the series down to T=260(3)
K for R=Tm. For R=Y we have measured T;,=265(3). The in-phase component of the ac magnetic
susceptibility y'(T) presents a peak whose shape and intensity are dependent on both the amplitude and
the frequency of excitation of the magnetic field. The simultaneous observation of a nonzero and also
frequency-dependent out-of-phase term, y''(T), suggests the presence of relaxation phenomena. The dc
magnetization of Tb,CuQ,, measured in magnetic fields up to 50 kOe, shows: (i) a linear and reversible
part associated with the polarization of the rare-earth ions by the applied magnetic field, (ii) a contribu-
tion M, related to the appearance of weak ferromagnetism and spin-glass-like features in the Cu lattice,
and (iii) an effective internal field H; acting on the Tb ions, which is linearly dependent on M,. Both
M, and H; present a strong dependence on the magnetothermal history of the samples, below a charac-
teristic temperature Ti.(H). The maximum values of M, observed in Tb,CuOQ, were 2.4(7) X 10~ % and
4.7(14)X 1073 pp /mole Cu, for two samples prepared under different conditions. A mean-field analysis
of the proportionality between H; and M, gives an exchange interaction J1y.c, =0.19(3) meV. The fre-
quency dependence of the ac susceptibility, a strong magnetothermal irreversibility, and the time relaxa-
tion of the dc magnetization, point to the existence of a disordered magnetic state with spin-glass-like be-
havior. We discuss the possible relation between microscopic structural distortions and the observation
of weak ferromagnetism in the heavier rare-earth compounds. Maxima in the ac susceptibility and the
dc magnetization observed at 77 =~9-10 K for Tb,CuO, and Dy,CuQ, indicate possibie spin reorienta-
tions of the Cu moments or long-range magnetic order of the rare-earth ions.
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I. INTRODUCTION

The presence of long-range antiferromagnetism (AF)
associated with the ordering of the magnetic moments
of the Cu?* idons is a common characteristic of
the rare-earth cuprates R,CuQ,, parent compounds
of the electron-doped high-T, superconductors'
R,_.(Ce, Th),CuO,. Muon-spin-rotation’ and neutron-
diffraction experiments® indicate that AF order develops
below room temperature for R =Pr, Nd, and Sm. The
magnetic behavior is complex for the heavier rare-earth
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cuprates, and the presence of a weak ferromagnetic (WF)
component has been reported* ® for R =Eu, Gd, Ho,
and Y, and also for several solid solutions including
heavy rare-earth ions.’

These cuprates form in a tetragonal (7T') crystal struc-
ture’ and can be prepared in air at atmospheric pressure
for the light rare-earth elements R =Pr, Nd, Sm, Eu, and
Gd. Solid solutions including heavier rare-earth ele-
ments, such as R =(Eu,Tb), (Eu,Dy), or (Nd,Tb), have
also been prepared under the same experimental condi-
tions. Recently, several new cuprates with R =Dy, Ho,
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Er, Tm, and Y have been synthesized under high pres-
sures.®

The WF behavior has been shown to be dependent on
the magnetic history of the samples for Y,CuO, and Gd-
doped Eu,CuO,, as reported in Refs. 6 and 9, respective-
ly. A history-dependent magnetization has also been ob-
served'® in La,CuQ,, a compound with orthorhombic (T)
structure in which a hidden WF behavior is present!!
with indications of magnetic disorder.'? In this case the
WF component has been suggested to arise from the an-
tisymmetric exchange interaction'® because of the tilting
of the CuOy octahedra, which gives rise to an orthorhom-
bic distortion of the structure. In the case of the tetrago-
nal T’ cuprates, the origin of the weak ferromagnetism is
still unknown.

A preliminary report on the synthesis and magnetic
characterization of Tb,CuO, has been given in Ref. 14.
We present here ac susceptibility, dc magnetization, and
microwave magnetoabsorption measurements in R,CuO,
compounds for R =Tb, Dy, Ho, Er, Tm, and Y, all
prepared by ceramic methods under high pressure. We
describe in Sec. II the preparation techniques and present
in Sec. IIl the experimental results. In Sec. IV we ana-
lyze the variation of the ordering temperature along this
series of compounds and discuss the relaxation phenome-
na observed in these materials. We also estimate the
strength of the R-Cu exchange coupling. In Sec. V we
discuss the possible microscopic origin of the weak fer-
romagnetism in these T” cuprates, in terms of disordered
static local distortions of the average tetragonal symme-
try of the structure.

II. R,CuO, SYNTHESIS

Polycrystalline R,CuQ, compounds, with R =Tb, Dy,
Ho, Er, Tm, and Y, were prepared from stoichiometric
mixtures of R;0; and CuO oxides (99.9% and 99% puri-
ty, respectively) under high-temperature—high-pressure
conditions.

The powders were mechanically mixed during approxi-
mately 10 min, then placed in platinum capsules, heated
during 1 h at high temperature by means of molybdenum
or graphite furnaces under very high pressure in a belt-
type apparatus, and finally quenched rapidly to ambient
temperature before releasing the pressure.

Typical high-temperature—high-pressure conditions
were 8 GPa, 1000°C in a molybdenum furnace for
Y,CuO,, Er,CuQ,, Dy,Cu0,, and Ho,CuO,, and 9 GPa,
1200°C in a graphite furnace for Tm,CuQ, The
Tb,CuO, samples were synthesized at 8.5 GPa eitherina
graphite furnace at 820 or 1000°C in a molybdenum one.

The samples obtained were characterized by energy-
dispersive microanalysis and x-ray diffraction using a
Guinier camera. The cationic stoichiometry of
R,Cu0,.5 was confirmed by microanalysis measure-
ments. However, deviations (8) from the correct oxygen
stoichiometry could not be determined because of the
small size of the samples. These materials have been
found® to decompose when heated to about 300°C, and
this fact has made difficult the attempts to control the ox-
ygen content through heat treatments in different atmo-
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spheres. So far, we have not found significant differences
in the physical properties for samples heat treated in N,
or O, below 300°C. A detailed study of samples prepared
under varying pressure and temperature conditions is
presently under way. Guinier films showed the Bragg
peaks characteristic of the T’ phase and many extra weak
peaks which could be indexed as superstructure
reflections. The existence of these extra reflections was
also confirmed by electron-diffraction studies. Otherwise,
no impurity phase could be detected on the x-ray films.
Details of the synthesis and structural studies of these
compounds will be published separately.!®

III. EXPERIMENTAL RESULTS

The magnetic behavior of these compounds has been
characterized through ac susceptibility, dc magnetiza-
tion, and low-field microwave magnetoabsorption mea-
surements. The ac susceptibility data were taken with a
Lake Shore Susceptometer, the dc magnetization mea-
surements were performed with a Quantum Design Mag-
netometer, and the microwave absorption experiments
were done with a Varian E-109 spectrometer operating at
9 GHz.

A. ac susceptibility

We have measured the real (x') and imaginary (")
parts of the ac susceptibility between 4.5 and 300 K. A
maximum of Y’ was found near room temperature for
R =Tb, Dy, Ho, Er, and Tm, as shown in Fig. 1. For
R =Y the susceptibility of the samples was too low to be
determined with the susceptometer used.

The intensity of the observed anomaly was larger for
Tb,CuO, than for the other compounds studied. As re-
ported earlier,'* the shape of the maximum was found to
be strongly dependent on the intensity and frequency of
the excitation magnetic field H_ .. The susceptibility
measured!* for a sample of Tb,CuO, synthesized at
820°C, and identified here as I, is shown in Fig. 2 for
H,..=0.1, 1, and 10 Oe. Note that the onset tempera-
ture T, =290 K for this sample is basically independent
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FIG. 1. Inverse of the real part of the ac magnetic suscepti-
bility, x¥'(T), for R,CuO, (R =Tb, Dy, Ho, Er, and Tm) vs tem-
perature, measured at a frequency of 111 Hz with an excitation
field H,,. =10 Oe.
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FIG. 2. Real and imaginary parts of the ac susceptibility,
x'(T) and y"'(T), of Tb,CuO, (sample I), measured at a frequen-
cy of 111 Hz and excitation magnetic fields H,,.=0.1, 1, and 10
Qe.

of H,,, but the temperature at which the maximum
occurs is shifted to lower temperatures as the excitation
field is increased, decreasing from T,, =245 K for
H,.=0.10eto T, =230K for H,, =10 Oe.

Besides, variations were observed between samples
prepared under different conditions. In Fig. 3 we present
data taken for a second sample, synthesized at 1000°C
and identified as II. Although the onset temperature
T,, =300 K was only slightly higher than that of sample
I, the peak was more intense in this case, with its max-
imum at a higher temperature T ,,=285 K for
H,.=0.10e. The dependence on the intensity of the ex-
citation field was found to be qualitatively similar for
both samples. ¥'(T) was found to be also strongly depen-
dent on the frequency of H,,., as shown in Fig. 3 for
v=10, 111, and 1000 Hz.

For R =Dy, Ho, Er, and Tm, the maxima of y'(T)
were less intense and we were only able to observe them
for H,,.=10 Oe. For this series of compounds, T, was
found to be only weakly dependent on the rare-earth ele-
ments, varying from 7'y, =285 K for R =Dy to T, ~270
K for R =Tm. The peak in y'(T) for Tb,CuO, has an as-
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FIG. 3. Real and imaginary parts of the ac susceptibility,
x'(T) and x'"(T) of Tb,CuO, (sample II), measured at frequen-
cies of 10, 111, and 1000 Hz with an excitation magnetic field
H,,.=100e.
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sociated anomaly in y''(T'), shown also in Figs. 2 and 3.
x''(T) presents a maximum at a temperature slightly
lower than that of ¥'(T'), which is also dependent on the
amplitude and frequency of H,.,. For the other com-
pounds studied, the y’' anomaly, if it exists, was below
the sensitivity of our apparatus.

For temperatures T <<T',, X' '(T) goes to zero and
x'(T) approaches a Curie-Weiss law, independently of
the excitation field. The effective magnetic moments and
Curie-Weiss temperatures are given in Table I for the
different systems studied. The measured total effective
moments are close to the values expected for the free
R3* ions alone. This observation is in agreement with
the almost two-orders-of-magnitude smaller susceptibility
measured for La,CuO, (Refs. 10-12) and Y,CuO,,°
where the R®T ions are nonmagnetic. Diamagnetic
corrections, estimated® in ~3X 10~/ emu/g, do not affect
the calculated effective moments beyond the experimental
uncertainty.

For R=Tb and Dy, we have observed additional
anomalies in ¥’ and " at low temperatures, which are
shown in Figs. 4 and 5. Broad peaks in Y’ were found
with their maximum values at T, =9-10 K for both
compounds. At about 6 K smaller sharp peaks were ob-
served in x"', superimposed on the broader features cen-
tered at T,. These peaks occur in coincidence with an
inflection point in ¥'(T) for Dy,Cu0O, and with a small
feature in the low-temperature side of the maximum for
Tb,CuO,4. For R =Ho, Er, and Tm, we have not ob-
served this type of low-temperature anomalies down to
4.2 K.

B. dc magnetization

We have measured the dc magnetization of Tb,CuQOy,
M (T}, in the temperature range 2 <7 =300 K with ap-
plied magnetic fields H, up to 50 kOe. For H, larger
than =2 kOe and up to the larger applied fields, M 4.(T)
has been found'* to be linear in H,. The differential sus-
ceptibility y,(T)=dM; (T)/dH, follows a Curie-Weiss
law Y (T)=Cp, /(T+®), with p.z=9.62(8)uz/mol Tb
and ®=18(1) K. The measured susceptibility did not
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FIG. 4. Low-temperature anomalies observed in the ac sus-
ceptibility of Tb;CuO4(1), measured at 111 Hz with H, =10
Oe. :
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TABLE 1. Effective moments and Curie-Weiss temperatures determined from the differential mag-
netic dc susceptibility y;(TV=dM(T)/dH,=C/(T+®) and the low-temperature ac susceptibility

Xac{T). Bracketed values are taken from Ref. 6.

R 2Cu04 e (I'I'E /R atom) ® (K)
X;c Xz free ion . Xlac Xa -

Tb,CuO, 9.70(10) 9.6(1) ©9.72 18(2) 18(2)
Dy,CuO, 10.70(25) 10.7(2) 10.64 17(5) 22(2)

[10.60] [22.1]
Ho,CuO, 10.40(15) [10.43] 10.60 7(2) [12.2]
Er,CuO, 9.60(15) [9.64] 9.58 10(2) [23.9]
Tm,CuO, 7.55(15) [7.49] 7.56 20(2) [20.6]

show any significant deviation that could be ascribed to
crystal-field effects, down to temperatures close to T, =9
K, where the maximum of }'(T) was observed. This
high-field linear magnetization extrapolates, for H, =0,
to a nonzero spontaneous magnetization My(T). As
found for Gd,CuQO, (Ref. 4) and other WF compounds
such as CoCO, (Ref. 16) and GdCrO,,!” M,.(T) may be
described at high fields by

My (T)=My(T)+x,(T)H, . (1)

For H, <1 kOe, the dc magnetization is nonlinear and
strongly dependent’# on the magnetic field applied during
the cooling of the samples, H,.. This effect is illustrated
in Fig. 6 where we show the values of M, (T') measured
in sample I when (a) zero-field cooled (ZFC) from 300 to
2 K (H, <1 Oe) and measured subsequently at increasing
temperatures with an applied field H,=100 Oe and (b)
field cooled (FC), i.e., measured while cooling down from
300 K with the same applied field (H, =H_=100 Oe).
For comparison, the paramagnetic linear contribution
Xq(T)H, is also shown. At low temperatures
(10< T <80 K) and for ZFC samples, a very small value
of M{T) was measured and thus M (T )=y ,(T)H,. At
higher temperatures the ZFC magnetization becomes
nonlinear and develops a larger My(T), as is also the case
for FC samples, where My(T )50 in the whole tempera-
ture range 10 < T <300 K.

We found that, for 20< T <120 K, the temperature
dependence of My(T') can be reasonably described, as in
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FIG. 5. Low-temperature anomalies observed in the ac sus-
ceptibility of Dy,CuQ,, measured at 111 Hz with H,,. =10 Oe.

the case of Gd,CuO, (Ref. 4) and GdCrO,,!” by the rela-
tion

My(T)=Me,+xs(T)H, , )

where M, and H; are temperature-independent parame-
ters. In this description®!” M, has been associated with
a contribution arising from the ordered Cu lattice and H;
represents an effective internal field polarizing the
paramagnetic rare-earth ions. For Tb,CuO, we have
found that both parameters are strongly dependent on
the magnetothermal history of the samples, i.e., the mag-
netic field applied while they are cooled from tempera-
tures above T',,.

For T>120 K, My(T) deviates from the linear depen-
dence on ¥,4(T) of Eq. (2) and eventually goes to zero at
T,,. Since the high-field linear magnetization is still well
described by x,(T)H,, we have found it convenient to
keep the same functional form given by Egs. (1) and (2) in
order to describe the experimental data, but allowing a
temperature dependence for M, (T) and H;(T). Thus
we write

M (T)=Mc(T)+x (T H, +H(D)], 3)

which has the correct limits for both high fields and low
temperatures. This equation may be rewritten as

3¢ Tb,CuOy (1)

M/H (10~ emu/q)

0 50 100 150 200 300
FIG. 6. FC and ZFC dc magnetization of Tb,CuO,(I} vs tem-
perature, measured with an applied field of 100 G. Also shown
(solid circles) are the values of the differential susceptibility
Xa=dM, /dH,, measured at 100, 200, and 300 K, for applied

fields up to 30 kOe. The dotied line corresponds to a fit of
Xa(T) to a Curie-Weiss law.
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Xz (DM (T)—x(TH, ]
=H(T)+C{T+OM,(T). @)

When the contribution of the Cu lattice to the total
magnetization is negligible, Eq. (4) gives directly the
internal field H;(T). For temperature-independent values
of both M, and H;, it results in a linear function of 7T,
whose slope is proportional to M,. In this case the
internal field H; may be determined from the value of Eq.
(4) extrapolated to I'=—@.

In Fig. 7(a) we have represented the data of Fig. 6, ob-
tained for sample Th,CuQ,(I), but plotted as indicated by
Eq. (4). From the low-temperature linear asymptotic be-
havior, we have determined M, (0)=2.0(6)X10" ug/
(Cuatom) and H,;(0)=85(10) Oe for FC in H, =100 Oe.
Both the internal fizsld and Cu magnetization were found
to be almost negligible for the ZFC case at low tempera-
tures {the small negative value observed is due to the re-
sidual magnetic field of the magnetometer present, while
zero-field-cooling the sample). As the temperature is in-
creased above =120 K, the ZFC magnetization increases
and presents a maximum at ~200 K. At about the same
temperature, the system reaches a reversible regime
where the differences between ZFC and FC cases are
minimal. Thus we identify this characteristic tempera-
ture, which is dependent on the measuring field H,, as
T, (H,), emphasizing the irreversibility observed below

»
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FIG. 7. [My(T)—x(T)H,]1/x2(T) vs T, measured for sam-
ples Th,CuO(I) and Tb,CuO,II). The triangles correspond to
ZFC samples and the squares to samples FC in 100 Oe. The
straight lines correspond to the asymptotic low-temperature
linear dependence from which we have determined M, (0) and

H;i(Q).

4733

it. Cooling in a field of 500 Oe increases the value of
M, (0) to 2.4(7)X107°up/(Cuatom) and H,;(0) to
115(15) Oe. The maximum of the ZFC magnetization is -
shifted to T, =190 K. Further increasing of the field for
cooling does not appreciably change the values of M,(0)
and H,(0).

Measurements of My(T) in sample Tb,CuO,(II)
showed larger values than in sample I in the whole tem-
perature range. In terms of Eqgs. (3) and (4), this observa-
tion implies larger values for both the internal field and
cooper magnetization in this sample for the same cooling
conditions. For comparison we present in Fig. 7(b) the
results obtained for H,=100 Oe¢ after field-cooling the
sample in H, =100 Oe or in a residual field (ZFC) of
=~0.2 Oe. Note that even this small field creates a
measurable internal field. As in the case of sample I,
both M, (0) and H;(0) increase as a function of H,
and reach saturation values (for H_, larger than =1
kOe) of M, (0)=4.7(14)X103uy/(Cuatom) and
H;(0)=235(25) Oe, which are about twice the maximum
values measured for sample I. It should also be noted
that there is a narrower temperature range where the dc
magnetization is reversible for this sample: T, ,~250 K
for H, =100 Oe.

We have performed hysteresis loops for FC samples in
a magnetic field of 50 kOe. After subtracting the reversi-
ble part associated with the polarization of the Tb ions,
X4(T)H,, we have found rather large coercive fields for
Tb,CuO,4: 270 and 1100 Oe for samples I and II, respec-
tively. Instead, a coercivity of less than 1 Oe has been re-
ported in Gd,CuO, single crystals.*> We have measured
the relaxation of the remanent magnetization M, and
found that it decays logarithmically as a function of
time,'* as shown in Fig. 8.

At low temperatures the magnetization presents a
maximum at T, =9 K for a measuring field H, =10 kOe,
showing little thermal hysteresis, as seen in Fig. 9. At

lower fields the behavior is more complex since additional

features are present at temperatures below T, .
We have also measured the dc magnetization of

" Dy,CuQ, for H, =100 Oe and found that there is only a

small anomaly at high temperatures, peaked at
0.059
0.058 }- Tb,CuO4 (1)
< o057
=
£
<
~ 0.058+
0.055 1
0.054 —+
200 500 1000 2000 3000
t (sec)

FIG. 8. Logarithmic time decay of the remanent magnetiza-
tion for Tb,CuO4(I), measured at T=100 K after field cooling
in a field H, =500 Oe,
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FIG. 9. ZFC and FC low-temperature dc magnetiiation of
Tb,Cu0,(1), measured in a field of 10 kOe.

Thax =260(10) K. The internal field, as defined by Eq.
(3), was H; <10 Oe. At lower temperatures the magneti-
zation follows a Curie-Weiss law with
Her=10.7(2)uup/atom Dy and ®=22(2) K. Deviations
from this law (probably due to crystal-field effects) are ob-
served below =~ 120 K. M, (T) presents a rounded max-
imum at Ty =9-10 K, resembling that found for x'(T).
Thermal hysteresis effects are observed around this max-
imum and down to T*=6.3 K. This is also the tempera-
ture where Y,.(7) shows an inflection point and y.(T)
presents a sharp peak.

C. Microwave magnetoabsorption

We have observed a microwave-magnetoabsorption
signal in all the samples studied, including Y,CuO,. The
absorption line, measured as a function of magnetic field,
was broad and asymmetrical in all cases. The amplitude
of the signal was monitored as a function of temperature,
and the onset of the microwave absorption was observed
in coincidence with (or a few degrees higher than) the ap-
pearance of the described anomalies in both x,. and M.
A maximum of the amplitude (not integrated) was
reached at a characteristic temperature T, about 10 K
below the onset temperature, and a fast decrease was ob-
served on further cooling, as shown in Fig. 10. These

Signal Amplitude (arb. units)

FIG. 10. Relative amplitude (not integrated) of the
microwave-magnetoabsorption line vs temperature for R,CuO,
(R =Tb, Dy, Ho, Er, Tm, and Y).
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changes in the signal amplitude were accompanied by
variations in the width and shape of the signals, with the
minimum linewidth being measured in coincidence with
the maximum amplitude. This minimum linewidth in-
creases along the series from AH,, , <200 Oe for R =Tb
to AH, , > 3000 Oe for R=Tm. For R=Y and Ho, we
found AH|, , =~1500 Oe. The maximum absorption, indi-
cated by the zero of the field derivative, always occurred
at low magnetic fields H,(T), as compared to the field for
resonance for g =2. However, a large variation of H (T)
was observed as a function of temperature with a
minimum in correspondence with the minimum
linewidth.

1V. DISCUSSION

The magnetic measurements indicate that the rare-
earth and Cu moments behave as weakly coupled in-
dependent magnetic systems over a large temperature
range. The response of the system to dc and ac external
fields characterizes different temperature regions.

A. Néel temperature of the Cu sublattice

At T > T all the systems studied present a dc magneti-
zation linear in the applied magnetic field and an ac sus-
ceptibility X, ~Xs=dM, /dH,, independent of the am-
plitude and frequency of the excitation field, and with no
measurable imaginary component.

The onset of the anomalies in the dc and ac susceptibil-
ities and the simultaneous appearance of a microwave-
magnetoabsorption line at T, suggest that the Cu lattice
orders antiferromagnetically around this temgerature, as
it does for the lighter rare-earth cuprates.”>” The Néel
temperature estimated in this way, Ty=T,,, varies
across the series of compounds studied, decreasing mono-
tonically with the atomic number of the R ions from
Ty =290-300 K for R=Tb to Ty=270 K for R =Tm.
For Y,CuQ, we have determined Ty =270 K from the
onset of the microwave absorption, in agreement with a
previous determination® from dc magnetization measure-
ments. However, in the case of R =Ho and Er, our ac
susceptibility and microwave-absorption measurements
indicate values of Ty higher than those reported in Ref.
6.

As discussed in Ref. 18, strong two-dimensional (2D)
magnetic correlations are present at high temperatures in
these kind of planar cuprates, as a result of the large in-
traplane magnetic coupling. However, the crossover to
three-dimensional (3D) magnetic behavior only occurs at
much lower temperatures because of a weaker interplanar
interaction. This argument leads to values of the 3D
Néel temperature T, given by'®

kyTy=~J'[Ep(Ty)/a T,

where J’ is the exchange coupling between Cu planes and
&p(Ty) is the 2D correlation length at Ty in the absence
of 3D coupling. &,p(T) has been determined experimen-
tally for lighter rare-earth elements!'® and may be ade-
quately described by the expression proposed by Chakra-
varty, Halperin, and Nelson!? for a 2D Heisenberg mod-
el,
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&/ T=Eexp2up, /kpT) ,

where 2wp, is proportional to the intraplane coupling.
The corresponding coupling constant J has been deter-
mined from two-magnon Raman-scattering measure-
ments?® and found to be of the order of 1000 K for

Nd,CuO,, Pr,Cu0,, and Sm,CuO,, showing a monoto-

nous increase with the decrease of the size of the planar
lattice. In this context a continuous increase of the corre-
lation length would be expected along the rare-earth
series with a subsequent tendency for larger Ty, unless
the interplane coupling given by J’ presents a faster de-
crease, which is unexpected because of the shorter dis-
tance between CuQO, planes.

Attempts'® to compare the measured Ty for the T
compound La,CuQ, and the T’ materials Pr,CuO, and
Nd,CuQO, have shown the inadequacy of the simple argu-
ments given above, and certainly, the identification of the
mechanisms that determine Ty will require further inves-
tigation. In this context it is interesting to note the
depression of Ty reported here along the R ,CuQ, series.

B. Weak ferromagnetism and spin-glass-like behavior

Below this temperature the dc magnetization becomes
nonlinear in the applied magnetic field H,, but it may be
adequately described by Eq. (3) for H, <1 kOe. Here we
can identify a field-independent WF component and a
linear paramagnetic contribution that we associate with
the rare-earth system. This behavior presents strong
similarities with the cases Gd,CuQ,, Y,CuO,, (EuTb)
CuQy,, and other cuprates including heavy rare-earth ele-
ments.* "¢ However, typical features of disordered mag-
netic systems have also been observed,'* as we discuss
below. The weak ferromagnetism, characterized by the
nonzero values of M, (T) and H;(T), has been found to
be strongly dependent on the magnetic history of the
samples. We also note that the absolute magnitude of
these WF parameters varies not only with the rare-earth
element R, but is also affected by the preparation pro-
cedure of the samples, as has been discussed for the case
of Tb,CuOy,.

At Jow fields the dc magnetization departs from the
linear behavior indicated by Eq. (3) and the real part of
the ac susceptibility x¥'(T) presents a significant increase,
reflecting the buildup of weak ferromagnetism in the
sample. The simultaneous observation of an imaginary
component ¥''(T) indicates that this process involves re-
laxation phenomena.

At the onset of the weak ferromagnetism, a negligible
dependence on the frequency of the excitation field was
observed in the range of our experiments (10—1000 Hz),
as shown in Fig. 3. At these temperatures the dc magne-
tization is thermally reversible within experimental accu-
racy. On lowering the temperature, both Y'(T) and
x''(T) show a marked frequency dependence. ¥'(T,w)
was found to decrease for increasing o at all tempera-
tures. On the other hand, ¥"(T,w) is an increasing func-
tion of @ above T =~250-260 K, but a decreasing one for
lower temperatures. This qualitative behavior?! of
X'(T,w) suggests that above 250-260 K the distribution

4735

of relaxation times is peaked at shorter values than the
time domain corresponding to our frequency window
(1072-10"* sec), becoming longer at lower temperatures.
This process is correlated with the appearance of thermal
irreversibility in the dc magnetization below T, (H), the
temperature at which the dominant relaxation times
reach the observation window of the experiment, i.e., a
few minutes.

For T <120 K the response of the system to an exter-
nal dc field is reversible for H,>2 kOe and the
differential susceptibility x,(T) follows a Curie-Weiss
(CW) law. Simultaneously, ¥'(T) becomes negligible and
x'(T) is independent of the excitation field and decreases
with decreasing temperatures, and approaches the same
CW temperature dependence of x;(T). The effective mo-
ments determined from either ¥'(7) or X,(T), given in
Table I, are very close to those expected for the free R3™
ions, in agreement with the data reported in Ref. 6 for
R =Dy, Ho, Er, and Tm. We note that this is evidence
for the weakness of the R-Cu magnetic interaction, as
compared to the coupling R-Ni in the series of nickelates
R,NiO,. For these materials the effective paramagnetic
moment of the R ions is enhanced®? because of the ex-
change interaction with the Ni moments.

The observed behavior of the magnetic susceptibility
indicates that at low temperatures the frequency of the
excitation field is much higher than the inverse of the
dominant relaxation times involved, and neither M, or
H; are able to follow the oscillating ac field. Thus a
frozen magnetic state has been formed and the logarith-
mic evolution'* of the remanent magnetization observed
at 100 K suggests the existence of metastable states, as
occurs in spin glasses or superparamagnetic systems.

C. Low-temperature anomalies

The regime described in the previous section extends
down to a second characteristic temperature T, =9-10
K, where a maximum was found for the measured sus-
ceptibility of both Tb,CuO, and Dy,CuO,. Instead, for
R =Ho, Er, and Tm, a Curie-Weiss dependence has been
observed down to 4.5 K. Although T} is only slightly
dependent on the measuring field, additional features ob-
served at lower temperatures present a complex behavior.
A detailed study of this transition, associated with either
a reorientation of the Cu moments or magnetic order of
the rare-earth elements, is currently under way and is
planned to be reported separately.

~ D. Exchange coupling between the Cu and R moments

In the low-temperature limit (but still above T ), both
Mo (T) and H(T) approach, for Tb,CuO, the
temperature-independent values M,(0) and H;(0). The
measured values, although strongly dependent on the
cooling conditions and varying between the two samples
studied, showed in all cases a proportionality between the
internal field “seen” by the rare-earth system, H;(0), and
the net magnetization of the Cu lattice, M,(0). We
have determined H;(0)/Mc,(0)=4.3(5)X10* Oe
Cuatom/up. If we consider the internal field as arising
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from a Heisenberg type of coupling between the rare-
earth ions and Cu sublattices,

H=T3 J,;84-8d , (5
ilj

and the sum is carried out over the z==4 nearest Cu
neighbors, the ratio of the internal field to the magnetiza-
tion of the Cu sublattice is constant and given by

H{(T)=— 3 (Jyn/8cul8olts MEN(T)
NN

=_(ZJTb-Cu/gCug'I’blL% WM, (T) . (6

Taking for the gyromagnetic factors the free-ion value for
Tb3*, g1 =3, appropriate for the ground state (4£%;F)
and a free-electron value g=2 for the Cu moments, a
value of Jppcy=0.19(3) meV is obtained for the
exchange-coupling constant between the two magnetic
systems. We have not attempted to project this Hamil-
tonian onto the crystal-field levels since the crystal-field
splitting is unknown for this compound, and we have not
observed significant deviations of the magnetic suscepti-
bility from CW behavior in the temperature region of in-
terest. The measured value of H;(0) corresponds to an
average over the microcrystals of the powder samples,®
but since the measured value for M,(0) is affected by the
same averaging process, the assumed proportionality will
still give the correct exchange-coupling constant. The ex-
change coupling here determined for Tb,CuQ, is smaller
than for the case of nickelates, where values of J5 5;=0.8
and 0.6 meV have been obtained’? for Nd,NiO, and
Pr,NiO,, respectively. The extra oxygen superexchange
paths present in the T structure of the nickelates may be
the origin of the differences found.

For a temperature-independent Jyy ¢, the same pro-
portionality factor is expected between H,(T) and
M, {T) in the whole temperature range. Thus Figs. 7(a)
and 7(b) closely reflect (except for a prefactor slowly
varying with temperature) the temperature variation of
M, (T) and also its dependence on the magnetic history
of the samples. A comparison with the results reported
for Y,CuO, in Ref. 6 indicates a completely analogous
behavior.

V. CONCLUSIONS

Our results indicate that the R,CuO, compounds stud-
ied here (with R =heavy-earth elements or Y) present a
weak-ferromagnetic component and features typical of
magnetic systems with metastable states!* very close to
energy: (i) a maximum of the in-phase component of the
ac susceptibility and a nonzero out-of-phase component,
whose shapes depend on the amplitude and frequency of
the excitation magnetic field, (ii) large differences between
the ZFC and FC dc magnetizations, and (iii) the presence
of very slow relaxation processes characterized by a loga-
rithmic time decay of the remanent magnetization.

Although the microscopic origin of the weak fer-
romagnetism remains still unknown in the T’ com-
pounds, it has been suggested* that Dzyaloshinsky-
Moriya (DM) interactions'® between neighboring Cu mo-
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ments may be responsible for this behavior. This interac-
tion is not allowed in the tetragonal (T’) structure, and
local crystal distortions are required in order to have a
nonzero interaction. Indications of the actual existence
of these distortions for the heavier rare-earth cuprates of
the series have been given by the presence of unusually
large anisotropic temperature factors in the analysis of
single-crystal x-ray-diffraction data,”!*?* which may be
interpreted in terms of static disorder in the positions of
the oxygen ions in the CuQ, planes. Average displace-
ments of 0.18 A for Gd,CuO, and 0.36 A for Tm,CuO,
have been estimated in Refs. 24 and 15, respectively. On
the other hand, these effects have not been observed for
the lighter rare-earth compounds, such as Nd,CuO,.!
The splitting of the electron-spin-resonance (EPR) spec-
trum of Gd** ions diluted in Eu,CuO, (Ref. 9) is also an
indication of local distortions around the Gd sites. How-
ever, this splitting has not been observed for the lighter
Pr,Cu0O,.?* It has to be emphasized that experimental in-
dications of local distortions have been observed only for
the heavier R,CuQ, compounds, which also present sig-
natures of weak ferromagnetism.>% 4

The displacements of the oxygen ions within the CuO,
planes would lift the symmetry restrictions®® for the DM
interaction and allow energy terms of the type
DyMc Mt with Dyl axis. This type of interaction
would favor a local canting of the Cu moments in the ab
plane, giving rise to a weak-ferromagnetic component.
The assumed disorder associated with oxygen displace-
ments could originate a random variation of Dy; from site
to site, introducing frustration into the magnetic system
if energy minimization cannot be achieved simultaneous-
ly for all Cu pairs. Thus a large number of metastable
states may be present, as required for the formation of a
glassy magnetic phase. The fact that the magnitudes of
the WF components found in Tb,CuQ, are so strongly
dependent on the preparation techniques suggests that
the WF properties may be very sensitive to the presence
of lattice defects, either structural distortions, oxygen dis-
order, or variations in the oxygen stoichiometry. This
dependence may be correlated with the observation of
several coexisting superlattice structures’® in single-
crystal studies of Tm,CuQO, and Y,CuO,. Another obser-
vation that supports the close relation between WF and
changes in the crystal structure is the large depression of
the internal magnetic field found?®® for the also WF com-
pound Gd,; 3sThy ;sCuO, under static hydrostatic pres-
sure. From H; =324 Oe at normal pressure, a decrease of
~30% has been measured?® for an applied pressure of 10
kbar.

So far, the large thermal parameters (or evidence of
random static distortions) have been found only”1>2* in
the T’ compounds that present WF, but not in the parent
compounds of the superconducting ones.?* Thus a de-
tailed study of the crystal structure, particularly focused
on the proposed static disorder and existence of different
sublattices, should be carried out in order to determine
its dependence on the rare-earth ion’s size, oxygen con-
tent of the materials, preparation techniques, and subse-
quent thermal treatments in controlled atmospheres.
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Also, the correlation of these variables with the supercon-
ducting properties for the lighter rare-earth compounds
must be elucidated.

Finally, the phenomena of low-temperature spin reori-
entations or rare-earth magnetic ordering along the
R,CuQ, series, reported in Ref. 4 for Gd,CuO, and
shown here to be also present for Tb,CuO4 and Dy,CuQy,
need further investigation in order to fully understand
the magnetic behavior of these cuprates.
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