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Abstract. AC susceptibility, zero-field-cooled (zFC) magnetization and field-cooled (rC)
magnetization have been reported for the Zng sCogsFey.1Crog0, disordered ferrite system.
A polarization analysis of the transmitted peuiron beam in both zrc and FC conditions has
also been reported for ZnpsCopsFez.Cr,04 (x = 0.9 and 1.0) systems. The low-field Ac
susceptibility shows a broad peak at a temperature (well below the Néel temperature} where a
strong irreversibility between the 25C and FC curves starts. The presence of a ferrimagnetic-like
domain structure over the entire temperature range (below the Néel temperature) is confirmed
from the presence of significant depolarization up to 12 K, the lowest measured temperature.
The observed features of ysc, magnetization and neutron depolarization measurements have
been analysed using a model of thermally activated domain wall movement of ferrimagnetic
arrangement of local canted spins.

1. Introduction

Spinel ferrites constitute an important class of magnetic materials. The spinel structure
consists of a close-packed FCC cage of oxygen ions with two interstitial sites of tetrahedral
(A) and octahedral (B) site symmetries. The metal ions occupy these A and B sites and the
magnetic stnicture depends upon the type of magnetic ion residing on the A and B sites and
the relative strengths of the inter-sublattice interactions Jag and intra-sublattice interactions
Jas and Jgg. Generally, all the three exchange integrals Jaa, Jpp and Jap are negative with
17ag| 3> | Jag| > |Jaal. Thus, the orientation of the A-site moment is antiparallel to the B-
site moment with the AA and BB exchange bonds remaining unsatisfied. Further, as spinels
offer the possibility of selective magnetic dilution of A and B sites, one finds a rather rich
variety of magnetic behaviours [1-7] in this family. Various types of magnetic ordering
ranging from ferrimagnetism, antiferromagnetism, local canted spin (LCS) to semi-spin-
glass, spin-glass, etc, have been observed [1]. A quantitative phase diagram was worked
out by Villain [8] that predicts a ferrimagnetic-to-semi-spin-glass transition as a function
of the magnetic ion concentration on the A and B sites. Recent low-field magnetization,
AC susceptibility and Mossbauer measurements by Muraleedharan er al [9] down to 80 K
on ZnyCo)_,FeCrO4 led to the conclusion that the ferrimagnetic phase disappears and
spin-glass freezing is observed at low temperatures. On the other hand, a microscopic
neutron diffraction study on the same disordered ferrites Zn,Co;_,FeCrO4 (y = 0.45, 0.50
and 0.55) showed the existence of long-range ferrimagnetic ordering of the longitudinal
components §, of the spins and disorder of the transverse components $, of the spins for
all three compositions. It was found that the A-site moments are not very different from
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their corresponding free-ion values, whereas the B-site moments are substantially smalier
than their estimated free-ion values, suggesting that the B-site moments are highly non-
collinear. Moreover, for y = 0.50 the long-range ferrimagnetic order of S, was found o
coexist with short-range correlation in S; at low temperatures [10]. The neutron diffraction
measurements carried out on Zng sCop sFe;-. Cr, 04 with x = 0.9 and 1.1 over a limited
temperature range 100-300 K [11] showed that the effect of a slight increase in magnetic
Cr-ion concentration on the B site is similar to that produced by an increase in diamagnetic
Zn-ion concentration at the A site,

In view of the foregoing situation, we decided to perform AC susceptibility xac,
magnetization and neutron depolarization measurements to arrive at a better understanding
of the nature of magnetic ordering in these disordered ferrites. In our earlier paper the
detailed magnetization study of Zn,Co;_;Fe;_,Cr;04 with x = 1.0, y = 0.45, and with
x = 1.0, y = 0.50, has been reported [}2]. The magnetization measurements revealed
that these disordered spinels exhibit local spin canting behaviour. In this paper, we present
the results of macroscopic xac. zero-field-cooled (ZFC) magnetization and field-cooled (¥C)
magnetization measurements of an x = 0.9, y = 0.5, sample. We have also carried out our
study on a mesoscopic length scale, namely neutron depolarization measurements on both
x=09, y=0.5, and x = 1.0, y = 0.5, samples over the temperature range 12-294 K.

2. Experimental details

The present work has been carried out on the same samples (prepared using the wet chemical
method) as were used in the earlier nentron diffraction strdies [10, 11].

The real part of yac was measured on the x = 0.9 polycrystalline sample using a mutnal
inductance bridge at 280 Hz and about 2 Oe RMS field with the sample mounted on the
cryotip of a closed-cycle helium refrigerator. The ZFC and FC magnetization measurements
were carried out on the x = 0.9 sample using a commercial Faraday balance. Measurements
were made cn a powder sample which was compacted in the form of a pellet. The following
procedures were used for zFC and FC magnetization measurements. In ZFC measurements
the sample was cooled from room temperature to 10 K in zero field. A field of 50 Ce
was applied at 10 K, and then the ZFC magnetization measurements were carried out in the
heating cycle after an adequate pause at each temperature for thermal stability. For the FC
case, on the other hand, the sample was first cooled from room temperature to 10 K in the
presence of a 50 Oe field (the measuring field used in the ZFC case) and then measurements
were carried out (keeping the field on) in the heating cycle as in the ZFC case,

The one-dimensional neutron depolarization measurements were carried out using a
neutron polarization analysis spectrometer at Dhruva reactor, Trombay (A = 1.201 A).
A detailed description of the spectrometer has been given in an earlier report [13]. The
depolarization measurements were performed with the incident neutron beam polarized along
the —z direction (vertically down) with a beam polarization of 98.83(1)%. The transmitted
neutron beam polarization was measured along the 4z direction. A standard RF i flipper was
used before the sample for flipping the incident neutron spin. A flat rectangular aluminium
sample holder with an effective thickness of 4 mm was used for depolarization studies. The
powder samples used were in the form of compressed pellets. The sample was placed in the
neutron beam in such a way that the propagation direction of the polarized neutron beam
remained along the thickness of the flat sample. The beam size was restricted within the
size of the sample pellets. The measurements were carried out over the temperature range
12300 K using a closed-cycle helium refrigerator with a temperature accuracy of better
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than 0.1 K. The ZFC and FC depolarization measurements were carried out using the same
procedures as described for the ZFC and FC magnetization measurements. In all cases, the

external magnetic field (on the sample) was applied along the —z direction vsing a small
elecromagnet. A field of 5 Oe was applied on both the samples.
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Figure 1. The temperature dependence of the real part of the AC susceptibility for x = 0.9
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Figure 2. zrC and rC magnetization as a function of temperature for the x = (.9 sample with
Hexsemal = 50 Oe,

3. Experimental results and data analysis

Figure 1 shows the temperature dependence of the yac measurements for the x = 0.9
sample. It shows a broad peak at around 220 K which is well below the Néel temperature of
this composition (the estimated Néel temperature for this composition is above 300 K [111).
It is to be noted that the observed yac curve is asymmetric, The low-field magnetization data
for the x = 0.9 sample under FC and ZFC conditions are shown in figure 2. There is a strong
irreversibility between the ZFC and FC curves which starts at around 220 K. It is to be noted
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that the weak irreversibility starts right from 295 X, the highest measured temperature. The
ZFC curve shows a broad maximum at about 168 K, while the FC magnetization continuously
increases until about 36 K; thereafter it remains almost constant. The ZFC curve shows
asymmetric behaviour as also seen in the yse data (figure 1).

Before presenting the experimental results of our neutron depolarization study, we
briefly recall the theory of neutron depolarization in various magnetic systems. The
theory of neutron depolarization was first given by Halpern and Holstein [i4]. The
theory was developed further by several workers [15~17]. Later, Mitsuda and Endoh (18]
derived the wavelength-dependent transmitted polarization P(A). Neutron depolarization is
a mesoscopic probe. It can measure the spatial magnetic inhomogeneity on a length scale,
say, from 100 A to a few thousand &ngstroms. In an unsaturated ferromagnet or ferrimagnet,
the magnetic domains exert a dipolar field on the neutron polarization and depolarize the
neutrons owing to the Larmor precession of the neutron spins in the magnetic field of
domains. P(A) can be written in the most general for as

B? B2 N
PR = (<_B_I:’l*>3 + (-ﬁ)ﬂ (cos(cBJA.)),;) (1}

where By and B, are the components of the magnetic induction B of a domain parallel and
perpendicular, respectively, to the direction of incident neutron polarization (—2z), 8 is the
mean domain size and X is the neutron wavelength. The constant ¢ is related to the neutron
gyromagnetic ratio g (¢ = gm/2wh = 4.63x 107" Oe~! A=) and N is the average number
of the domains along the path of neutrons (¥ = d/8, where 4 is the sample thickness). The
angular brackets ( }z and { }; represent the ensemble average over the local induction B in
each domain and the domain size, respectively.

It is clear from equation (1) that, in each ferromagnetic domain, the spin component
parallel to the induction B does not precess whereas the component perpendicular to B
does. The precession angle for a neutron of wavelength A, travelling a distance & in a field

B is ¢ = (4.63x 10~'° Oe~'A™*)Bs1. As the neutron depolarization technique probes the
magnetic inhomogeneity on a mesoscopic length scale [19-22] a magnetic inhomogeneity
on an atomic scale—as in true spin-glass state—has no effect on the neutron polarization. In
a true spin-glass phase the spins are randomly frozen in space on a microscopic length scale
and, as a result, the magnetic induction averages out to zero on a mesoscopic length scale,
Hence no depolarization is found in true spin-glass systems. Similarly no depolarization is
expected in a paramagnetic state because the temporal spin fluctuation is too fast (10712 s
or faster) for the neutron polarization to follow the variation in the magnetic field B acting
on the moving thermal neutron.

Figures 3 and 4 show the temperature dependences of ZFC and FC transmitted beam
polarization for both the ferrites. For the x = 0.9 sample, both ZFC transmitted polarization
and FC transmitted polarization show a continuous drop below about 285 K and atfain their
constant values below about 35 K. As a striking result, unlike the macroscopic xac and/or
low-field ZFC magnetization results, the mesoscopic depolarization data do not reveal any
transition or anomaly at any temperature over the measured temperature range. However,
differences are observed between the ZFC and FC depolarization data right from 294 K. The
irreversibijlity between ZFC and FC depolarization increases with decrease in temperature,
It is to be noted that at 294 K the measured polarization (with sample) was found to
be slightly smaller than that measured without the sample. For the x = 1.0 sample the
ZFC curve deviates from the FC curve right from 294 K (figure 4). The ZFC polarization
decreases with decreasing temperature and reaches a plateau at around 40 K. However, at
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Figure 3. zrc and rc polarization P versus temperature measured in a 5 Oe field for the x = 0.9
sample.

lower temperatures (below about 30 K) the polarization increases. The FC depolarization
curve shows almost the same behaviour as in the ZFC case. It is to be noted that for both
the samples the FC method shows a higher depolarization than that obtained from the 2FFC
method.

4, Discussion

The strong irreversibility between the ZFC and FC magnetization observed below 220 X
{figure 2} occurs at a temperature which matches with the temperature where a broad peak in
the xac curve has been observed (figure 1). The appearance of such a broad peak in the xac
curve below Ty(> 300 K) is normally taken as a signature of spin freezing. For the x = 1.0
sample, similar yac and ZFC-FC magnetization behaviours have been reported in [12]. We
may recall here that such a broad peak in the xac curve and differences between ZFC and FC
magnetization have been observed in spin-glass or spin-glass-like materials [23,24] and also
in Lcs ferrites [25, 26], amongst others. Low-field ZFC and FC magnetization measurements
are often used to study spin-glass or spin-glass-like phases. However, for systems where
long-range order is involved, the contribution can arise from domains, domain walls and
from disorder. In LCS systems the ZEC-FC branching behaviour has been interpreted in terms
of domains, i.e. as a consequence of the temperature variation in the hysteresis loop [1].
As mentioned before, the neutron diffraction study reported on the x = 0.9 sample [11]
over a limited temperature range 100-300 K and on the x = 1.0 [10] sample over 5-300 K
showed long-range ferrimagnetic ordering of longitudinal spin components. The neutron
diffraction study gives the microscopic understanding of spin correlations in these ferrite
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Figure 4. zrC and FC polarization measured as a function of temperature in a 5 Oc field for the
x = 1.0 sample.

systems. However, the question of the origin of the observed features in the macroscopic
studies, namely xac and ZFC-FC magnetization (figures 1 and 2) reinains to be answered.
In order to understand the macroscopic behaviour of these ferrites the mesoscopic neutron
depolarization results provide help [19-22].

For both the x = 0.9 and the x = 1.0 samples the presence of a ferrimagnetic-like
domain structare is confirmed from the presence of significant depolarization up to 12 K,
the lowest measured temperature (igures 3 and 4). For the x = 0.9 sample a continuous
drop in boih the ZFC and the FC transmitted polarization right from room temperature (the
highest measured temperature) up to about 35 K clearly indicates that the ferrimagnetic
order parameter increases with decrease in temperature. The saturation behaviour of the
ferrimagnetic order parameter is evident below 35 K as P attains its constant value below
this temperature. It is to be recalled that ZFC and FC magnetization (for this composition)
also saturate below about the same temperature. The difference between the ZFC and the
FC depolarization increases with decrease in temperature until about 35 K (below which a
constant difference is maintained). There is no indication of breakdown of ferrimagnetic
correlation for the x = 0.9 sample at any temperature, The decrease in depolarization
observed for the x = 1.0 sample below 30 K can arise from either a decrease in the
effective internal fields and/or a decrease in the average domain size. A decrease in the
effective internal fields can arise either from a decrease in the ferrimagnetic ordering at low
temperatures or because of a different variation in the magnetizations of A and B sublattices.
In fact, a neutron difiraction study con these ferrites shows different temperature responses
of the individual tetrahedral site and octahedral site moments [10]. An increase in the
canting angle of randomly canted spins (LCS structure) would also produce a decrease in
ferrimagnetic ordering [1,7].
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The existence of magnetic domains over the entire temperature range for both the
samples is evident from our depolarization study. This observation is consistent with the
neutron diffraction results, namely a Iong-range ferrimagnetic order of the S, components
of spins. The observed short-range correlation of transverse spin components at 20 K for
the x = 1.0 sample as seen by neutrons has not provided any evidence in our depolarization
study. This can be understood in the following way. As the transverse spin components are
correlated on a short length scale compared with the domain size, the transverse field seen
by neutron spin is vanishingly small. As a result the depolarization is mainly determined
by the longitudinal spin component [20].

The observed irreversibility between ZFC and FC depolarization clearly tells us that the
domain mobility strongly depends upon the cooling process of the samples. It is interesting
to note that in the FC case a higher depotarization is observed than in the ZFC case. In a
normal situation, one would expect more depolarization in the 2FC case than in the FC case
as, when sample is cooled in the absence of a field, the domains are more random and as a
result the effective internal field (transverse to the neutron polarization) is high. From our
study it is apparent that the domain growth mechanisms are different in the ZFC and the FC
cascs. When the sample is cooled in the presence of an external field, it helps the domains
to grow, For our depolarization measurements a small field of 5 Qe was applied, which
lies in the rising part of the virgin curve of magnetization versus field, In particular, the
initial slope of the M—H curve is determined by the dynamics of the domain motions. At
this low field, favourably oriented domains grow in size [27]. So a higher depolarization is
expected from larger domains. It should be mentioned that our samples contain Co?* ions,
and this introduces untaxial random anisotropy [28]. In the FC case the cooling field can
induce a large unidirectional anisotropy so that very large domains can be maintained. For
both samples the ZFC-FC branchings are found right from room temperature, the highest
measured temperature. This observation supports the LCS-type behaviour of these ferrites,
since in LCS ferrite systems one would expect branching right from Ty [1]. For the x = 0.9
sample we find a one-to-one correspondence between the strong irreversibility of ZFC—FC
depolarization and low-field magnetization at around 220 K and a broad peak in the xac
curve at around the same temperature. We note here that for the x = 1.0 sample such
correlations have not been found. This may be due to the strong field-dependent ZFC—FC
magnetization—depolarization branching effects in this system. In fact it has been seen that
the temperature at which the branching between the ZFC-FC magnetization cccurs strongly
depends on the field applied to the sample [12].

The above discussion shows that the decrease in the susceptibility and low-field zrC
magnetization observed below about 220 K and 140 K for the x = 0.9 (figures 1 and
2) and for the x = 1.0 [10, 12] samples, respectively, does not result from a breakdown
of ferrimagnetic correlation or a transition to any spin-glass-like phase but can be related
to magnetic domain effects. Here it should be mentioned that for the x = 1.0 sample the
appearance of the yac peak at around 140 K was taken as the signature of a phase transition
from an unstable ferrimagnetic to a cluster spin-glass by Muraleedharan ez af [9]. In our
recent hysteresis measurements of the x = 1.0 sample [12] the temperature dependence
of domain and domain wall motion is clearly seen. The coercive field He was found to
be in the form of Aexp(—T/Ty). The temperature dependence of domain and domain
wall motion is very clear from the double-exponential behaviour of He as a function of
temperature. The existence of two values of Ty for the x = 1.0 sample indicated that there
are two activation barriers for the domain wall pinning which has a natural explanation
within the framework of the LCS structure [1]. Such an exponential temperature dependence
has previously been observed in LCS ferrite systems [25,29, 301
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The observed broad asymmetrical peak in the yac curve (figure 1) and also in the low-
field ZFC magnetization (which have been also observed for other diluted ferrites [31, 32])
can be attributed to effects arising from uniaxial random anisotropy.

5. Summary and conclusions

We have performed xac, low-field ZFC and FC isofield magnetization measurements on
Zng sCoyg sFey, (Crg.o04 ferrite. ZFC and FC neutron depolarization measurements have been
performed on ZngsCogsFep-.;Cr.04 (x = 0.9 and 1.0) ferrites. The observed features
of xac, magnetization and neutron depolarization measurements have been ascribed to a
mode! based on thermally activated domain wall movement in a LCS arrangement. In this
model, the broad hump in the y,c curve well below the Néel temperature and irreversibility
between low-field ZFC and FC magnetization are not signature of a phase transition but a
kinetic freezing process of magnetic domains.
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