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Abstract 

The magnetic properties of Gd,CuO,, synthesized by ceramic and sol-gel methods, have been investigated by dc and ac 
susceptibility measurements. Both static and dynamic properties have been found to depend on the synthesis temperature for 
ceramic samples, and on the particle size for sol-gel ones. The role of structural and size effects on the observed changes is 

discussed. 

PACS: 75.60.5~; 75.60.Nt 
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1. Introduction 

The rare earth cuprates RzCuO,, R = lanthanide, 
are the basis compounds of the high-ir, superconduc- 
tors R,_ ,(Th,Ce).,CuO, (R = Pr, Nd, Sm, ELI) [I]. 
All of ihem, but La,CuO,, crystallize in the tetrago- 
nal T’ phase [2], although for R = Tb and heavier 
rare earths can only be prepared under pressure [3]. 
They are characterized by the presence of CuO, 
planes with long range antiferromagnetic (AF) order- 
ing of the magnetic moments of the Cu+’ ions [4], 
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with a coupling constant J > 1000 K [5,6]. Such a 
high value makes possible the existence of 2D spin 
correlated regions within the planes at high tempera- 
tures. The size of these regions increase as the 
temperature decreases, until a crossover to a global 
3D ordering takes place at a temperature, TN, be- 
tween 260-280 K [6,7]. Below this temperature, for 
R = Gd and heavier rare earths, a weak ferromag- 
netic (WF) component appears in the antiferromag- 
netically coupled lattice [8]. This fact is coincident 
with the non-appearance of superconductivity in these 
materials upon Th or Ce doping [9], what has re- 
sulted in an increase on the interest of the study of 
their magnetic properties to understand the disap- 
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pearance of superconductivity in the WF compounds. 
In particular, Gd,CuO, occupies a special place 
because of being the only WF compound of the 
series which can be obtained at normal pressures. 

The occurrence of WF has been attributed to a 
Dzyaloshinskii-Moriya antisymmetric exchange in- 
teraction [ 101 

HFM =D[SixSj] 1, (‘1 
between nearest neighbours, S, and S,, in the CuOz 
planes. However, in the case of the T’ structure the 
Dzyaloshinskii-Moriya vector D vanishes, and a 
coherent structural distortion is necessary for the 
appearance of WF. An extensive investigation of 
several (R,R’),CuO, solid solutions supports a 
boundary for WF in these cuprates associated with 
the size of the planar CuO, lattice at a value a = 
3.910 A, that corresponds to Eu,CuO, [8.111. The 
boundary for WF is associated with a displacement 
of the oxygen atoms within the CuO, planes, O(l), 
from their symmetric position [ 121. In fact, super- 
structure reflections observed by neutron diffraction 
reveal a rotation around the c-axis of the O(1) 
squares surrounding the Cu sites [ 131. The sign of the 
corresponding WF moments is determined by the 
direction of the O( 1) displacements. This implies that 
a certain coherence of the O(l) distortions is neces- 
sary in order to have a macroscopic WF [14]. The 
thermal treatment dependence of the dynamic mag- 
netic behaviour of Gd,CuO, [15] has suggested that 
the coherence of the O( 1) distortions could be altered 
through the treatment temperature, enabling the exis- 
tence of planar WF domains. 

On the other hand, a direct reduction of particle 
size by sol-gel methods has shown very interesting 
effects on the dynamic magnetic properties of the 
material [ 161. In this paper we analyze the changes 
on the magnetic properties of Gd,CuO,, considering 
the role that structural and size effects are playing 
both in ceramic and sol-gel samples. 

2. Experimental details 

2. I. Sample synthesis 

The ceramic samples were synthesized by conven- 
tional solid state reaction, using Gd,O, and CuO 

oxides as starting materials, at several temperatures. 
Stoichiometric amounts of the oxides were ground 
for several hours and, for the so called sample Cl, 
thermal treated at 850°C with frequent intermediate 
grindings. Around 400 h were required to obtain the 
pure phase. Another ceramic sample, named C2, was 
prepared in several steps with intermediate grindings 
at a synthesis temperature of 1080°C. 

For the sol-gel technique, using urea as gelificant 
agent, nitrate salts were used as starting materials, 
due to their high solubility in water. The solvent was 
evaporated on a hot plate with continuous stirring. 
When cooling, a gel is formed which is decomposed 
in an oven at 250°C yielding the precursor of these 
samples. After grinding the precursor. it was submit- 
ted to several annealings at different temperatures, 
from 600 (sample S5) to 950°C (sample S I), in order 
to obtain particles of different sizes. Details of this 
process have been previously reported [ 171. 

2.2. Experimentul tec9mique.s 

The polycrystalline powders were characterized 
analyticaly by Inductive Coupled Plasma Atomic 
Emission Spectroscopy (ICP-AES), using an ICP 
Perkin-Elmer 5000 with Ar plasma. The structural 
characterization was carried out by X-ray Powder 
Diffraction, using a diffractometer Philips PW- 17 10 
with Cu anode. X-ray diffraction measurements were 
performed at room temperature. In order to deter- 
mine the size distribution, investigations by Photon 
Correlation Spectroscopy (PCS), transmission elec- 
tron microscopy (TEM) and scanning electron mi- 
croscopy (SEMI were carried out. The PCS measure- 
ments were performed with an Ar laser Liconix 
series 5000 of 5 W operating at A = 488 nm and a 
goniometer ALV-SPSO controlled automatically by 
means of an ALV-LSE unit. For those measure- 
ments, particles were dispersed in ethylene glycol 
using Triton X- 100 as dispersing agent. 

The dc magnetic measurements were carried out 
using a Quantum Design SQUID and a DMS-I660 
Vibrating Sample Magnetometer in the temperature 
range 4 K < T < 300 K. The real and imaginary part 
components x’ and x” of the external complex ac 
susceptibility were measured as a function of tem- 
perature using a mutual inductance technique de- 
scribed elsewhere [ 151. The calibration was per- 



formed using a Gd,(SO,), SH,O paramagnetic 
standard with the same shape and size as the investi- 
gated samples. Demagnetizing effects have been 
taken into account in the calculation of the so called 
internal susceptibility. Data were collected on warm- 
ing from 13 to 300 K, after zero field cooling of the 
sample. For each run of measurements, the ac field 
was applied with a fixed amplitude of H,, = 300 
A/m (3.75 Oe) at fixed frequencies ,f, ranging from 
5 to 1000 Hz. A dc field, Hdc from 0 to 800 A/m 
(10 Oe), was generated by applying a dc current to 
the primary coil. The temperature of the samples was 
controlled with an accuracy of about 0.1 K. 

2.3. Stnic.turul and six chuructf&.ation 

For ceramic samples obtained by solid state reac- 
tion, X-ray diffraction indicates a pure Gd,CuO, 
phase. By means of gravimetric pyrolysis it was 
determined that the proportion of C, H, and N in the 
final sol-gel samples is lower than the detection 
limit of this technique. This indicates that the urea 
decomposes almost completely and does not contam- 
inate the final samples. The results from ICP mea- 
surements show that the molar ratio Gd/Cu is 2.1 k 
0.1. i.e. the stoichiometry of the starting solutions is 
kept in the final samples. X-ray diffraction data for 
the sol-gel samples show that the time necessary to 
obtain the right phase decreases considerably as the 
calcination temperature increases (see Table I). A 
pure GdzCuO, phase is not obtained at low tempera- 
tures, the presence of the initial oxides. Gd,O, and 
CuO was found. The percentage of the correct phase 
(within an error of 5%) increases with higher calci- 
nation temperatures as seen in Table 1. The presence 
of such oxides has been proved to have non-im- 
portant effects on the measured temperature depen- 
dence of the magnetic properties. The Rietveld re- 

Table I 

Fig. I. SEM images obtained on selected specimens of the 
investigated ceramic samples. The average grain sizes are 1530+ 
650 nm for sample C 1. annealed at 850°C (a) and I 1700 * 7400 
nm for sample C2. annealed at 1080°C (b). 

finement of the spectra shows no changes for the 
ceramic samples and a slight increase of the lattice 
parameters in the sol-gel samples (see Table 1). A 
detailed analysis has been recently reported [IS]. 
This point is crucial due to the influence of the u 

Synthesis conditions, purity. Cu-O(l)-01 distance and mean particle size for the sol-gel samples 

Sol-gel samples Calcination time Calcination temperature PC) GdlCuO, (%) N (A, Size (nm) 

Sl 3h 950 > 95 3.894(l) 350 i 60 
s2 3h X50 > 95 3.X94( I) 270 i 40 
s3 6h 800 > 95 3.89% I) 200 * 30 
s4 50 h 650 90 3.896(l) ilo* 
s5 50 h 600 x5 3.X96(1) x5 i 20 
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parameter on the magnetic properties of the R,CuO, 
family. In our ca:e the maximum a parameter ob- 
served, 3.896(l) A, is relatively far from the value 
3.910 A quoted as the boundary for WF. In Fig. 1 
we show SEM micrographs of the ceramic samples. 
It can be seen a large polydispersity as well as a 
certain reduction of their mean size with the synthe- 
sis temperature, going from 1530 * 650 nm for sam- 
ple C 1 to 11700 f 7400 nm for sample C2. In Table 
I it is shown the evolution of the average size for 
samples prepared via sol-gel techniques versus final 
calcination temperature, obtained by TEM. As it can 
be seen the particle size increases with the annealing 
temperature. The data are in agreement with those 
obtained by PCS, which also shows that the size 
distribution is reasonably monodisperse. 

3. Magnetic results 

In Fig. 2 we show the dc and ac magnetic suscep- 
tibilities for sample C2, which will be used as the 
reference for the bulk material. The two main fea- 
tures which can be observed are associated with WF 
[ 191. The maximum for x’ and dc magnetization at 
r, = 20 K has been suggested to be related to a spin 
reorientation transition of the Cu sublattice due to 
the increase of the Gd-Cu interaction at low temper- 
atures [8,14,19]. The one at T,, = 280 K reveals the 
3D order of the Cu sublattice, whose WF component 
polarizes the Gd’+ ion [20]. When measuring Cl 
some changes above N 200 K are found (Fig. 3). 
However, at low temperatures the response is similar 
for both the dc and ac susceptibilities. For example, 
the change in dc magnetization at T,, is not as abrupt 
and the splitting temperature between field cooled 
(FC) and zero field cooled (ZFC) magnetizations, 
TB, happens at lower T. This point is marked also by 
a maximum in x’, quite larger than in C2, at a 
temperature TM - TB, that shifts from N 280 K for 
C2 to 210 K for C 1. The FC state behaves as a 
metastable one. A slow magnetic relaxation process 
has been found between the FC and the stable ZFC 
state [21,22]. The ac susceptibility for sample Cl is 
strongly frequency dependent, unlike C2 [ 151. The 
frequency sensitivity (estimated from the slope of the 
straight line in the x’ versus Inf plot at constant 
temperature) goes through a maximum between 100 
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Fig. 2. (a) DC magnetization for ceramic sample C2 at a field of 
400 A/m (5 Oe). (b) Real ( ~‘1 and imaginary ( ,y”) parts of the 
internal ac susceptibility measured with an ac amplitude H,, = 300 

A/m (3.75 Oe) and frequencies of f‘= 10 Hz and ,f’= 1000 Hr. 

and 200 K. Moreover, contrary to sample C2, TM is 
also frequency dependent, shifting to higher values 
with increasing frequency. The variations of both TB 
and the hight of the ,$ maximum in the intermediate 
ceramic samples are monotonic between these two 
extremes. The application of a dc magnetic field 
induces a small shift of Tn, but strongly reduces the 
amplitude of the peak, which is almost suppressed by 
a field of about 800 A/m (10 Oe> in C2 and Cl 
(Fig. 4). 

Detailed measurements taken with a temperature 
step of 0.1 K reveal a double peak structure of the 20 
K anomaly, with a second peak at 18.5 K and a local 
minimum at 19 K. The temperature of both maxima 
does not depend on the frequency. The results ob- 
tained for sample Cl are shown in Fig. 5a; the ac 
susceptibility is depressed by a small amount when 
increasing the frequency and the intensity of the dc 
magnetic field, with the double peak structure still 
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Fig. 3. (a) DC magnetization for ceramic sample Cl at a field of 
400 A/m (5 Oe). (b) Real ( x’) and imaginary ( ,y”) parts of the 
internal ac susceptibility measured with an ac amplitude H,, = 300 
A/m (3.75 Oe) and frequencies of f= IO Hz and ,f= 1000 Hz. 

present for Hdc = 800 A/m (10 Oe> (see inset). 
Below 17 K the dynamic effects become very small 
and the susceptibility no longer is dependent on the 
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Fig. 4. Dependence of the maximum of x’ at T, on the ampli- 
tude of an external dc magnetic field for samples C I and C2. 

1.6 

1.2 

c‘ 
z 
x 0.8 

* f=lOOO Hz 
0.4 

12 14 16 18 20 22 24 

3 T WI 

A f= 1000 Hz 
2 

0 
16 17 18 20 21 22 

Fig. 5. Detail, at low temperatures, of the real part of the ac 
magnetic susceptibility measured for hampIes Cl (a) and C2 (b) 
with an ac field of amplitude H,, = 300 A/m (3.75 Oe) and zero 
external field. The inset shows the effects of an external dc field 
on the response of Cl (,f = 5 Hz). In the lower graph, the squares 
are the imaginary component of the susceptibility of C2 measured 
at S Ha. 

magnetic field. A similar behaviour is found for 
sample C2, but another weak maximum appears in 
x’ at T = 18.8 K, with also the out-of-phase compo- 
nent x” having a maximum (Fig. 5b). These obser- 
vations reveal subtle changes of the spin orientation 
in the magnetic structure of the Cu sublattice, in a 
similar way to the effects on ac susceptibility ob- 
served by Klamut [23] between 7 K and 10 K. The 
origin of these anomalies is still not clear. They 
could be related with the competition, in that temper- 
ature range, between the antiferromagnetic arrange- 
ment in the Cu sublattice and the Gd-Gd interaction. 
Neutron diffraction studies in Gd,CuO, [24] have 
shown that the 3D magnetic order of the Cu sublat- 
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Fig. 6. (a) DC magnetization for sol-gel sample Sl at a field of 
400 A/m (5 Oe). (b) Real ( x’) and imaginary ( x”) parts of the 
internal ac susceptibility measured with an ac amplitude H,, = 300 
A/m (3.75 Oe) and frequencies of ,f= IO Hz and f’= 1000 Hr. 

tice disappears in that temperature range. The com- 
petition of the Cu AF arrangement with the Gd one, 
which is coupled with the WF components in the 
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Fig. 7. Dependence of x’ at T = 198.5 K and f= 33.3 Hz on Hdi 
for Sl. 
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Fig. 8. Dependence 01 T,, on H,,, for S I. 

CuOz planes [20], has been pointed out as the cause 
of the breaking of the 3D ordering [24]. 

As illustrated in Fig. 6, the ac susceptibility of the 
sample synthesized by the sol-gel method at 950°C 
(sample Sl) has the same qualitative behaviour as 
observed for sample Cl (Fig. 3), with two anomalies 
in x’ at 2 10 K (T,, ) and 20 K (T, I, but the suscepti- 
bility values are smaller in the whole investigated 
range and a change of slope appears at about SO K. 
The maximum at r,, changes its shape and value 
under an applied dc field, vanishing for a value Hdc 
of about 700 A/m (8.75 Oe>. In Fig. 7 we see the 
decrease of the ac amplitude versus the superim- 
posed dc field, which causes also a shift on T, (Fig. 
8). It is worth mentioning that a field of this order of 
magnitude is needed to eliminate the differences 
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Fig. 9. Arrhenius plot showing the dependence on the frequency ,f 
of r,, for ceramic sample C I and the biggest sol-gel sample. S I 
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Fig. 10. DC magnetization for sample S2 in the high temperature 
range at a field of 400 A/m (5 Oe). 

between FC and ZFC magnetization curves in the 
vicinity of 7-a. T, for Sl has a field and frequency 
dependence very similar to those of Cl. The fre- 
quency of the ac driving field affects T, for Sl in 
the same way as for sample Cl. This is shown in 
Fig. 9, where an Arrhenius plot for the frequency 
dependence of TM for Cl and Sl is given. 

For the sol-gel samples, large changes on the 
magnetic properties of Gd,CuO, are observed versus 
the grain size, as previously reported [ 161. In the 
high temperature range they basically consist in the 
shift of Th first, as seen in Fig. 10 for S2. Reducing 
even more the size, both T, and T, shift to lower 
temperatures and the x’ maximum is reduced to a 
broad hump (see Fig. 1 I), up to the disappearance of 
all the WF signatures for the sample with smaller 
size. In the low temperature range, except for S.5 
where no WF signals are present, T, is almost unaf- 
fected by the frequency of the ac driving field. 
Increasing the frequency from 33.3 Hz to 1000 Hz 
causes T, to shift no more than 0.2 K for Sl, while a 
reduction of about 0.8 K is observed for S3. The 
application of an external magnetic field has also a 
very small effect. It can be attributed, in the light of 
the phase diagram proposed in Ref. [ 141 for these 
temperatures, to the shift of the boundary from the 
WF phase to the AF one after the spin reorientation 
taking place at T,. Only a slight increase of about 0. I 
K is observed for T, as Hdc is increased from 0 to 
800 A/m (IO Oe). Besides, the value of x’ at T, is 
slightly depressed by Hdc. It decreases smoothly up 

to about 2% of the value measured at zero field for 
Hdc = 800 A/m (IO Oe). We note anyway, that if 
used the phase diagram proposed by Stepanov et al. 
[ 141 the fields are too small to observe such varia- 
tions. The details of the x’ component obtained for 
the sol-gel samples in the temperature range be- 
tween 15 K and 23 K (Fig. 12) show that the double 
peak structure. present in all the ceramic samples, as 
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Fig. 1 I. Real part of the ac magnetic susceptibility of S3. S4 and 
s5. 
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Fig. 12. Detail. at low temperatures, of the real part of the ac 
magnetic susceptibility for samples S1. S3 and S4: H,, = 300 

A/m (3.75 Oe), ,f= I kHz, Hdl. = 0. 

well as for the larger particle size sol-gel sample 
(S l>, disappears as the size is reduced. 

4. Discussion 

The basic changes on the magnetic properties of 
Gd,CuO, induced by different synthesis conditions 
appear mainly in the high temperature range, and can 
be separated into two types which will be shown to 
have their origins in two different aspects: structural 
and size effects. The first ones consist in the varia- 
tion on the dynamic properties, which are revealed 
by a depression of the splitting temperature between 
FC and ZFC magnetizations and by a similar be- 
haviour of Th, obtained by ac susceptibility measure- 
ments. No frequency dependence was observed for 
sample C2, for which TM is similar to T,, measured 
by dc magnetization, contrary to the other samples. 
This marks the phase transition character of T,,. The 
equivalence of T&, and TB suggests that a blocking 
type process expected for a system of magnetic 
clusters or domains occurs. For such domains, a size 
of the order of 200 nm has been calculated for the 
ceramic sample annealed at the lower temperature 
[ 161. As it is clear from the inspection of the SEM 
micrographs the mean particle size ranges in the 
ceramic samples are far over this value. Therefore, 
we expect that the size variations in the ceramic 
samples will not affect the dynamic properties be- 
cause the grain size is in all the cases much greater 
than the domain one, i.e., variations on the domains 
cannot arise from this effect. The possible explana- 

tion for the observed phenomena must then be found 
in structural aspects. As proposed by Stepanov et al. 
[ 141. the coherence of the O( 1) distortion is the main 
feature that gives rise to ‘macroscopic WF’. The 
different synthesis temperature appears then as the 
possible source of altering these coherent distorted 
regions that define a certain WF domain structure. 

The second type of change with the synthesis 
conditions is the variation of Th (the temperature 
associated with the 3D order of the Cu sublattice in a 
bulk material, T,) observed in the sol-gel samples 
with grain sizes below 200-300 nm. When the parti- 
cle size reaches this value T,, begins to drop. In 
these compounds, the high coupling constant be- 
tween the Cu moments in the CuO, planes causes 
two dimensional (2D) AF correlations to appear at 
high temperatures. These 2D correlations develop as 
the temperature decreases until the interaction of 
neighbouring CuO, planes leads to the 3D ordering 
[4,6,25]. Then. alterations of this 2D correlation 
length should imply alterations of the 3D ordering 
temperature, T,. The particle size limit could reduce 
directly these correlations. From neutron diffraction 
studies in some R?CuO, compounds correlation 
lengths from 2500 to lOOa have been derived [25]. n 
being the distance between adjacent Cu moments in 
the CuO, planes. In our case this implies distances 
of 100-50 nm. Sample $3, with a mean particle size 
of 85 nm does not show any WF signature at all. 
which we interpret as the elimination of the 3D AF 
order in the Cu sublattice. As a weak ferromagnet 
can be viewed as a canted antiferromagnet, the sup- 
pression of the latter gives the suppression of the 
former. Of course this effect is the dominant one at 
the smaller particle size ranges and affects the dy- 
namic properties whenever the reduced TN is smaller 
than the TB associated to a given domain size, 
imposed by the coherent distorted zones or by the 
particle limits. 

The structural effects seem to act basically in the 
ceramic samples and the size effects in the sol-gel 
samples. The link of both is found for the sol-gel 
samples with larger grain size. The fact that the 
magnetic behaviour of sample Sl is quite similar to 
the one of sample Cl, in spite of their grain sizes are 
very different, indicates that for grain sizes above 
350 nm the dynamic properties are not affected. Size 
effects begin to be the dominant for - 250 nm and 
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smaller in sol-gel samples. From Sl to S2 TB N TM 
remains more or less unaltered whereas T,, begins to 
decrease, indicating that the domain size is more or 
less constant, and smaller than the particle sizes. 
When the particle size becomes of the order of the 
WF domain size imposed by the synthesis tempera- 
ture, the grain limit will define directly the WF 
domain volume, with the subsequent reduction of the 
associated blocking temperature TB N TM. 

Finally, concerning the low temperature range, all 
these aspects do not affect T, in the same way. 
Anyway, some slight variations must be considered. 
First we see from the comparison of Fig. 5a and 5b 
that reducing the synthesis temperature in the ce- 
ramic samples implies a less complex behaviour in 
this zone. In the sol-gel samples this tendency is 
continued, as only for the bigger size ones the double 
peak structure is maintained (Fig. 12). The origin of 
this anomaly is a reorientation of the Cu sublattice 
due to the interaction with the Gd one. The Gd 
sublattice, which goes to a global AF order at 6.8 K, 
is polarized by the weak ferromagnetic component in 
the CuO, planes, mc,. At low temperatures the 
Gd-Gd interaction begins to grow, establishing a 
competition with the Gd-m,, one that gives rise to 
the spin reorientation at T,. The intensity of the 
Gd-m,, interaction should be affected by the do- 
main structure in the CuO, planes, whose effects 
could be the observed ones. A shift of T, to higher 
temperatures would be expected considering that the 
formation of several WF domains in the CuO, planes 
hinders a coherent sum of all the local WF compo- 
nents polarizing the Gd sites. 

5. Conclusions 

The magnetic properties of Gd,CuO, are found to 
be strongly dependent on the synthesis conditions. 
For ceramic samples, a different annealing tempera- 
ture defines local coherent-oxygen-distorted regions 
in the CuO, planes (understanding coherence as the 
property allowing a unique WF component). As the 
synthesis temperature is increased the extension of 
these regions increases, and so does therefore the 
size of the associated WF domains. This is measured 
by a change in the splitting temperature between FC 
and ZFC magnetizations as well as in the associated 

maximum in ac susceptibility measurements, TB and 

TM. 
For sol-gel samples, with different particle sizes, 

a change in the WF character itself occurs below 250 
nm, with a diminution of WF signatures, but without 
altering TM and TB until a value of = 200 nm is 
achieved. Below this value TM and TB also decrease. 
The limited particle sizes could be acting directly on 
the 2D spin correlation length of the Cu AF arrange- 
ment and forcing a decrease of the 3D ordering 
temperature. This reduction of the AF global order 
leads to a similar reduction of WF in the material. 
The size control could also limit the WF domain 
extension under 200 nm, generating the drop of TM 
and T,. 
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