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dc-magnetization and electron-spin-resonance measurements in the solid solutions Sm,_,Gd,CuO,
have shown weak ferromagnetism for 1 <x <2. Low-temperature values for the extrapolated spontane-
ous magnetization associated with a spin canting of the Cu moments, M,, and the internal magnetic
field, HP9, that polarizes the rare-earth ions have been determined. An exchange coupling constant
JGa.co = 1.0(4) meV has been estimated from the ratio between these two parameters. Hysteresis loops
show a small coercive field and differences in the remanent magnetization between field-cooled and
zero-field-cooled samples. The possible relation of the boundary for weak ferromagnetism in the series
of R,CuO, cuprates with the existence of local static distortions of the lattice is discussed in terms of
Dzyaloshinski-Moriya exchange interactions between the Cu ions.

I. INTRODUCTION

The rare-earth cuprates, R,CuQO,, with R =Pr, Nd,
and Sm, are parent compounds of the electron-doped
high-T, superconductors,? R,_, (Ce,Th),CuO,. The
Cu spins order in these materials at about 250-280 K in
a simple antiferromagnetic configuration.>* Other
members of the series, with R =Gd, Tb, and heavier rare
earths, also present a weak ferromagnetic component’ ™’
and do not show superconductivity when doped with Ce
or Th. Thus, superconductivity (SC) and weak fer-
romagnetism (WF) seem to be mutually exclusive in these
materials. An extensive investigation® of the magnetic
properties of several (R,R’),CuQO, solid solutions sug-
gests a boundary for WF in the cuprates associated with
the size of the planar CuO, lattice. Eu,CuQ,, with
a=~3.910(1) A (Ref. 8), lies on this boundary, presenting
extremely weak indications of ferromagnetism®®1° in the
pure compound and difficulties to achieve superconduc-
tivity in Ce-doped samples.> Both the WF and SC prop-
erties of Eu,CuQ, have been found to be extremely sensi-
tive to the preparation procedures and annealing condi-
tions.” Sm,CuO, and Gd,CuO, are located at either side
of this boundary. Both compounds order antiferromag-
netically*> at  T,=~270-280 K  but, while
Sm, 45sCe, ;sCuO, is a superconductor”? with 7.~20 K,
Gd,_,Ce,CuO, presents WF up to the Ce solubility lim-
it'! at x =0.16 with no indication of superconductivity
above 4 K. We present here a study of the evolution of
WF in the series of solid solutions Sm, ,Gd,CuO,
through dc magnetic susceptibility and electron-spin-
resonance (ESR) measurements.

II. EXPERIMENTAL DETAILS

Ceramic samples of Sm, ,Gd,CuO,, with 0=x =2,
were prepared in a solid-state reaction from
stoichiometric amounts of Gd,0;, Sm,0;, and CuO. The
oxides were pressed into pellets and allowed to react in
air at 950°C for 24 h. In a second treatment the samples
were ground again, pressed and sintered at 1100°C. X-
ray diffraction measurements showed a single phase with
the tetragonal Nd,CuO,-type' (T") structure in the whole
composition range studied. The measured lattice param-
eters for the intermediate concentrations followed a
Vegard’s rule between those of the pure compounds: a
(Sm,Cu0,)=3.921(3) A and a(Gd,CuO,)=3.887(3) A.
These values are in agreement with previously reported
x-ray-diffraction analysis.®

Magnetization measurements were performed using a
Faraday Balance Magnetometer with applied fields
0.2<H,=12.5 kG, in the temperature range 60-360 K.
Hysteresis loops were measured with a vibrating sample
magnetometer at 77 K.

Magnetic resonance experiments were done in a Bruk-
er ESP 300 Spectrometer and a Varian V4500, operating
in the X band (9 GHz). The samples were powdered and
mixed with KCI (in a 1:3 ratio) for the ESR experiments
in order to minimize texture effects.

III. RESULTS AND ANALYSIS

A. dc magnetization

As reported in Refs. 5 and 6, Gd,CuO, presents a mag-
netization linear in the applied field H, for T > 320 K.
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The magnetic susceptibility follows a Curie-Weiss (CW)
law, Y(T)=Cg4/(T +0), with a Curie constant, Cg,, in
good agreement with the expected value for the free
Gd** (4f7;%S, ) ion, corresponding to an effective mag-
netic moment, p.s=7.94u, /Gd atom. The paramagnet-
ic contribution from the Cu lattice is negligible, as ex-
pected from a comparison with the magnetic susceptibili-
ty of La,CuO, (Ref. 12) and Y,CuO, (Ref. 13), where the
R ions are nonmagnetic. Below a characteristic tempera-
ture, Ty =320 K, the magnetization exhibits nonlinearity
as a function of the applied field, associated with the on-
set of weak ferromagnetism. However, for applied mag-
netic fields larger than a few hundred gauss, the magneti-
zation approaches a linear regime well described by’

My (T)=Mc(T)+x,(T)H,+HFYT)], (1)

where x4(T)=dMy(T)/dH,|y,_, , corresponds closely
to the paramagnetic susceptibility of the Gd ions, as
shown in Fig. 1. From the data in the temperature range
60 =T <360 K, we have determined p.=7.99(1)up /Gd
atom and a CW temperature, ®=14(2) K. M, (T) is as-
sociated with the net magnetization of the CuO, planes
due to the canting of the Cu moments and HPYT)
represents an internal field that polarizes the rare-earth
paramagnetic moments, which results from their magnet-
ic coupling to the ordered copper lattice.
As in Ref. 7, Eq. (1) may be rewritten as

Xg (T [ My (T)—x4(T)Ha]
=HPYT)+Csi(T+OM(T) (2

and for temperature-independent values of both M, and
HBPY this expression results in a linear function of T,
whose slope is proportional to M,. The internal field,
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FIG. 1. Inverse of the apparent magnetic susceptibility of the
Gd sublattice, H, /M, as determined for Sm,_,Gd,CuO, with
an applied field H, =1000 G. The magnetization M was derived
from the measured data after subtracting the Sm paramagnetic
contribution and the diamagnetic corrections. The &« symbols
correspond to the inverse of the measured high-field derivative,
dM /dH,, and the dashed lines to a CW fit of these data, from
where p.£=7.99(1), 7.91(1), and 7.93(1)up/Gd atom and
®=14(2) K, 8(2) K, and 2(2) K have been determined for
x=2.0, 1.2, and 1.0, respectively.
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H,-Gd, may be determined from its extrapolated value for
T=-—0. In our case, the experimental data approach
this linear dependence for T <140 K, and from this low-
temperature asymptotic behavior, we have determined
M, (0)=3.5(15)X103up/Cu atom and HPY0)
=550(80) G.

Previous measurements in single crystals® have shown
that the internal field follows a HS%6,T)
=HS%7/2,T)siné law, as a function of the angle, 6, be-
tween H, and the c axis. Assuming random orientation
of the microcrystals in polycrystalline ceramic samples,
the angular average for the internal field is given'! by

(HFO,T))=(m/HS7/2,T) .

Thus, the value for the internal field derived in Ref. 6
from single-crystal measurements has been multiplied by
a factor (7 /4) in order to compare it in Fig. 3 with our
results in ceramic samples.

At the other end of the series, Sm,CuO, presents a dc
magnetization'* linear in H, for the whole temperature
range, showing no indication of WF. The temperature
dependence of the susceptibility, Ys,(7'), contains (after
diamagnetic corrections) two contributions from the
Sm3" ions:'*'S a Curie-Weiss component arising from
the ground-state multiplet (41°;°H,,) and a Van Vleck
term mainly due to the first excited °H; ,, multiplet. An-
tiferromagnetic order of the Cu lattice at Ty ~280 K has
been reported from neutron-diffraction experiments.*
However, no specific feature associated with this transi-
tion has been observed in the dc magnetization.

For the samples with intermediate concentrations,
Sm,_,Gd,CuO,, we have found a CW behavior at high
temperatures, with the onset of weak ferromagnetism
occurring at a temperature T,, which varies very little
from T,=~320 K for x >1.4. For x <1.4, T, decreases
reaching a value of =250 K for x =1.1, as shown in Fig.
2. In analogy with the case of Gd,CuQO,, the measured
magnetization below T, may be written as

M (T)=Mc(T)+xxgq T)H,+HS?)
+(2—x )X TN H, +H™) . 3)

The high-field differential susceptibility is given, within
experimental accuracy, by

Xa{T)=xxg(T)+2—x)xsn(T) ,

with an average value for the Gd*t moments,
Her=7.9(1)up /Gd atom, and using for g, the values de-
rived from the measured susceptibility of Sm,Cu0O,. We
have assumed identical diamagnetic corrections
throughout the series and neglected any contribution
from the Cu lattice. The CW temperatures decrease with
Gd dilution, down to ®=2(2) K for x =1.

We have found weak ferromagnetism only for samples
with 1 <x <2. The measured internal field is in this case
a weighted average of those acting on the Gd and Sm
ions, respectively. However, since Xgq>>Xsm, the rela-
tive weighting factor for HS™ is expected to be small
within the entire composition range of interest:
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FIG. 2. Characteristic temperatures in Sm,_, Gd, CuO, vs x:
(A) Onset of deviations from Curie-Weiss behavior in the mag-
netic susceptibility, T,. (O) temperatures where HS4(T)
reaches 50% of its maximum value HP%0). The vertical bars
indicate the temperature interval where HS%(T') varies from 10
to 90 %. (#) Onset of the low-field microwave absorption lines
associated with a resonance of the CuQO, planes (Tgsg). For
comparison, the Néel temperature Ty for Sm,CuO,, as deter-
mined in Ref. 4 from neutron-diffraction data, is also shown as
(*). The dashed lines indicate approximate boundaries separat-
ing the paramagnetic (PM), antiferromagnetic (AF), and weak-
ferromagnetic (WF) regions in the magnetic phase diagram.

(2= )Xsm/(XXgq) <0.04 and thus its contribution to Eq.
(3) has been neglected. Within this approximation we
have determined HC%0) for different Gd concentrations
and the values obtained are given in Fig. 3.

For the highest concentrations, 1.6 =x =2, its powder
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FIG. 3. Gd concentration dependence of (O) the powder
average of the internal field HS%0), as determined from the dc
magnetization of ceramic samples and (O) the powder average
low-temperature shift of the Gd>* ESR line, §H,(0). All the
data correspond to ZFC samples, except for x =1.0, where (©)
indicates a value measured in a FC sample. For comparison,
numerically calculated values from single-crystal data of Ref. 6
are also shown with solid symbols.
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average remains nearly constant at H°%0)=550 G. For
lower Gd concentrations, the internal field decreases rap-
idly, becoming negligible for x ~1. The measured values
of M,(0) also decrease with x and a linear relation has
been found between HS%0) and M,(0) along the series
of solid solutions. The proportionality constant is
1.8(5)X 10° G-Cu atom/u.

We have measured hysteresis loops at 77 K that show
small coercive field (10-25 G) which are slightly larger
than those reported>® for Gd,CuO, and EuTbCuO, sin-
gle crystals. A remanent magnetization, M,, has been
measured which is dependent on the magnetic history of
the samples. M, presents small values in zero-field-
cooled (ZFC) samples but, after cycling the samples up to
a finite magnetic field at constant temperature, it in-
creases as a function of the maximum field reached dur-
ing the cycle. However, the high-field dc magnetization
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FIG. 4. Hysteresis loops measured at 77 K for a 250-mg sam-
ple of Smy ,Gd, sCuO,. Data were taken for (a) a £5-kG cycle
and (b) a +100-G cycle. A remanent magnetization is observed
which depends on the magnetic history of the sample as ex-
plained in the text. The two curves shown in (b) correspond to
cycles in the £100-G interval for the sample cooled either in
zero field (ZFC) or in 10 kG (FC). The small coercive field
remains almost unchanged.
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remains unaffected, including the extrapolated spontane-
ous magnetization, M. After applying fields above =1
kG, M, begins to saturate and reaches values =~30-40 %
of M. The coercive field is not affected by the cycling.
In Fig. 4 we show typical loops. Field-cooling (FC) the
samples in a magnetic field produces similar effects on the
hysteresis loops leaving almost unchanged the high-field
behavior. In the particular case of x =~1.0, where no
weak ferromagnetism was observed for ZFC samples, a
small WF component was induced by cooling the sample
in a magnetic field of 10 kG. An estimated value of
HP9=~50 G was obtained for the internal field in this
case. A rotation of the ceramic samples with respect to
the measuring coils showed that M, remains fixed and
parallel to the direction of the magnetic field applied
while cooling the sample.

B. Electron spin resonance

The ESR spectrum presents a broad line (AH,, ~2.5
kG) associated with the paramagnetic resonance of the
Gd** ions. For T > 320 K, the field for resonance corre-
sponds to g ~2, as expected for the %S, ,2 ground state.
For pure Gd,CuO, a shift of the resonance from the
high-temperature value, 8H,(T), has been measured® in
single crystals for T =T, and H, applied parallel to the
CuO, planes. This shift saturates at §H,(0)=500(150)
G, which is significantly smaller than the static internal
field, HiGd(O), determined from dc-magnetization mea-
surements. The difference found between 8H,(0) and
HBS%0) has been related to the dynamic coupling between
the paramagnetic Gd moments and the WF Cu lattice.!®
In this case, it is more difficult to estimate the powder
average due to the anomaly observed® in the angular
dependence for H, oriented very close to the ¢ axis. We
have calculated numerically a value (8H,(0))~275 G
for a powder average from the single-crystal data of Ref.
6, which is in agreement with the results measured for
ceramic samples.!! For x <2, 8H,(0) decreases as a func-
tion of x, as shown in Fig. 3. This shift remains smaller
than H ,-Gd(O), but follows a similar dependence on the Gd
concentration x, becoming negligible for x =~ 1.

An additional microwave absorption line, also a signa-
ture® of WF, was observed at low magnetic fields for
x 2 1.2, in either FC or ZFC samples. For x=1.1 we
were able to observe this absorption line only for samples
FC in applied fields of 10 kG, although with a very small
intensity. The intensity of this absorption line decreases
rapidly with increasing T at temperatures near T,. The
intensity becomes smaller than the experimental resolu-
tion at about 20 K below T .

IV. DISCUSSION

Our results show that the strength of the weak fer-
romagnetism in the Gd,_,Sm, CuO, system, as measured
by the magnitude of M,(0) and HF%0), decreases with
x, becoming negligible for x ~1. A comparison with oth-
er solid solutions in the T’ cuprate series shows that a
qualitatively similar boundary for weak ferromagnetism
in Eu,_,Gd,CuO, (Ref. 5) for x=~0 and 1.4 in
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Nd,_,Gd,CuO, (Ref. 17). Assuming Vegard’s rule for
the lattice parameters in the R,_,Gd,CuO, series of
solid solutions, the hmlt for WF results in a =3.910 A for
R =Eu, a=3.905 A for R= Sm, and a~=3.913 A for

R =Nd.

The existence of a boundary for WF associated with
the size of the crystal lattice may be associated with a
misfit of the RO fluoride-type planes between the CuO,
planar square sheets. Gd,CuQO,, with a=3.893(1) A
(Ref. 8), is the last member of the series that can be ob-
tained under normal pressures, and x-ray-diffraction mea-
surements®!® have shown anomalously large thermal pa-
rameters for the O(1) ions in the CuO, planes. This ob-
servation has been interpreted!® in terms of static disor-
dered local distortion, involving average displacements of
0.18 A for the O(1) ions in the basal plane. Even larger
effects have been reported'® for Tm,CuO,, which is the
compound with smallest lattice parameter that has been
synthesized under hydrostatic pressure.”’ Different su-
perstructures have been observed for this compound'’
and also for Gd,CuQ,, involving small deformations of
the tetragonal structure. When the crystal structure is
refined in an average tetragonal lattice (with
a=3.837 A), oxygen dlsplacements w1thm the planes as
large as 0.36 A have been estimated®° for Tm,CuO,. In-
dependent indications of this kind of local distortion have
been derived from the ESR spectrum!® of dilute Gd**
ions in Eu,CuO, and from Raman scattering experi-
ments?! in Gd,CuO,.

Antisymmetric  exchange interactions of the
Dzyaloshinski-Moriya?? (DM) type between the Cu ions
have been suggested’ as a possible source of the observed
WF. This suggestion implies that the CuQ, lattice is not
exactly square planar in the heavier rare-earth cuprates
because the symmetry of the Cu—O—Cu bonds has to be
reduced from that in the perfect T' structure in order to
allow nonzero DM interactions. From this point of view,
a magnetic phase boundary for WF associated with the
size of the R ions seems reasonable. In this case the mag-
netic measurements indicate a limit for WF at about
a=3.910(5) A, which also signals the appearance of mi-
crostructural distortions of the tetragonal structure.

From our results we have also estimated the magnitude
of the magnetic coupling between Gd and Cu ions. As-
suming a Heisenberg exchange coupling between Gd and
Cu moments of the form

F= 3 ;8884 = T Joa.ceScaSA
ij NN
and limiting the sum to the z=4 nearest Cu neighbors,
the ratio between the internal field polarizing the Gd mo-
ments and the magnetization of the Cu lattice is given in
a mean-field approximation by

HENT)=—(2J ga.cu/8Ga8 cutts My (T)

Taking for the gyromagnetic factors the free-ion value
for Gd*>*, gg4=1.991, and a free-electron value for the
Cu moments, g, =2.0, a value Jg4.c,=1.0(4) meV was
obtained. This is an order of magnitude larger than the
value estimated’ for the coupling between Tb and Cu mo-
ments in Tb,CuOy, J 1., =0.15(5) meV.
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