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Magnetic and neutron-diffraction measurements show that the magnetic ground state of
the insulating spinel Co,TiO, consists of a ferrimagnetic longitudinal component and of a
spin-glass transverse component. Two transitions are observed, Ty for the ferrimagnetic
component and T for the spin-glass component. The spin-glass behavior below T is dis-
cussed in detail and suggestions are made for the origin of the canting.

I. INTRODUCTION

We report on magnetic and neutron-diffraction
measurements on the Co,TiO, compound in which
the nonmagnetic Ti** ions occupy the octahedral or
B sites of the spinel structure. The Co** ions occu-
py the remaining B sites and the tetrahedral sites.
At low temperature the spin configuration differs
strongly from the Néel colinear structure observed
in most of the magnetic compounds of spinel struc-
ture. The ground-state spin configuration is canted
and a spin-glass-like behavior is observed along
with a nonvanishing ferrimagnetic bulk magnetiza-
tion. It is known that no long-range magnetic order
takes place if the magnetic ions are so diluted that
there is no percolation and spin-glass-like behavior
is usually observed around the percolation thresh-
old. For the B sites of the spinel structure the latter
is 0.39,2 i.e., lower than the cobalt concentration.
If similar compounds, Fe,TiO; (Refs. 3—5) and
Co,Sn0, (Refs. 6 and 7), certainly exhibit a spin-
glass behavior it is not the case of Fe; 4Mg; 3Ti 304
(Refs. 8—11) where the Fe’* concentration on the
B sites approaches 45%. One may then expect that
Co,TiO, is a highly frustrated system since frustra-
tion is known to lead to disordered ground-state
spin configurations.'>~1°

Several data reported here have been previously
obtained by different authors?®~2* and a good
agreement has always been observed.
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II. EXPERIMENTAL

The samples have been obtained by a ceramic
method. Appropriate quantities of TiO, and CoO
have been annealed at 1200°C and then ground.
The procedure has been repeated several times. X-
ray and neutron-diffraction patterns show an in-
verse spinel structure at room temperature. The lat-
tice and oxygen parameters are, respectively, 8.45 A
and 0.385, and the reliability factor is 2.1%. The
diffraction patterns do not depend on the rate of
cooling of the samples and although the nuclear
scattering factors of cobalt (0.25) and titanium
(—0.335) are different no superlattice reflections are
observed by neutron-diffraction experiments.
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FIG. 1. Magnetization curves near the Néel tempera-
ture.
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FIG. 2. Coercive field measured in 20-kOe field vs
temperature. The arrows, respectively, indicate the com-
pensation point 77, the freezing temperature T, and the

Néel temperature Ty.

We may consequently infer that there is no long-

range order of the Ti ions on the B sites.
Most of the magnetic measurements have been

carried out with a sample vibrating magnetometer
in the temperature range 1.5—300 K and in fields
up to 20 kOe. High-field magnetization curves
have been obtained at the SNCI—Grenoble.

ITII. RESULTS
A. Magnetic measurements

The magnetization M varies linearly with the
magnetic field H above 55 K (Fig. 1) where the
compound becomes paramagnetic. At high tem-
perature the susceptibility follows a Curie-Weiss
law, the Curie constant and temperature are, respec-
tively, 5.7 emu/mole and —130 K, and the curva-
ture of the reciprocal susceptibility above 55 K is
typical of a ferrimagnetic. The magnetic moments
of the Co®™* ions on the 4 and B sites are estimated

from the gyromagnetic factors?3—2°
g4=2.4, gg=2.58,

respectively, as
my=3.60ug, mp=3.87up .

This yields a Curie constant of 5.8 emu/mole in
good agreement with the data. Between 46 and 55
K the magnetization curves (Fig. 1) are typical of a
ferrimagnet with both low coercive-field and
remanent magnetization. Below 46 K the magnetic
behavior becomes unusual as already reported.?0—22
The coercivity increases strongly and we notice the
appearance of strong magnetic training and ther-
moremanent magnetization. At very low tempera-

ture the high-field susceptibility is unusually large.
We shall describe all these phenomena in details in

The neutron-diffraction patterns have been ob-
tained at the Centre d’Etudes Nucléaires (CEN), Sa-
clay, and at the Institut Laue Langevin (ILL),

Grenoble, wit? respective neutron wavelengths of
1.14 and 2.43 A.

the following.
1. Coercive field

The temperature dependence of the coercive field
H, is shown in Fig. 2 where H, has been measured
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FIG. 4. Low-field magnetization loops at 4.2 K,
respectively, obtained after (a) cooling the specimen in a
zero field, and (b) cooling the specimen in a 20-kOe field.

FIG. 3. High-field magnetization loop at 4.2 K.
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FIG. 5. Magnetization vs temperature for several applied fields: (1) zero-field-cooled specimen, (2) specimen cooled in

the field.

by applying and removing a field of 20 kOe. The
data need two comments. As we shall see later the
collapse of H, at 28 K is related to the compensa-
tion temperature where the bulk magnetizations of
both sublattices balance each other. On the other
hand, the decrease of the coercive field at low tem-
perature arises from a lack of saturation of the sam-
ple in a 20-kOe field. We report in Fig. 3 the mag-
netization curve obtained in magnetic fields up to
150 kOe at 4.2 K, H_ is then 12 kOe, and strong ir-
reversible magnetization processes are observed in
fields up to 100 kOe. The coercive field, which is
very small between 55 and 46 K, increases below 46
K if we disregard the singular behavior at 28 K.

2. Thermoremanent magnetization

Figure 4 shows the magnetization curves ob-
tained after cooling the sample from temperatures
larger than 55 K to 4.2 K, respectively, in a nearly
zero field and in a 20-kOe field. The ther-
moremanent magnetization (2 emu/g) approaches
the magnetization measured at 20 kOe when the
sample is cooled in a zero field. The temperature

dependence of the thermoremanent magnetization
may be illustrated with the help of the following
procedure. The sample is cooled to 4.2 K in a near-
ly zero field from temperatures larger than 55 K.
A given field is applied and the magnetization is
recorded in increasing temperatures up to values
larger than 55 K and then in decreasing tempera-
tures. The results reported in Fig. 5 show the ap-
pearance of important thermoremanent magnetiza-
tion below 46 K. Another striking feature is that
the magnetization may lie in a direction opposite to
the field in magrietic fields smaller than 7 kOe.

3. Magnetic training

Below 46 K the magnetization depends both on
magnetic field and time. The time dependence of
the magnetization is so important that it makes the
reproducibility of the data very difficult. We have
carried out two kinds of measurements. In the first
kind the sample is cooled to a given temperature
below 46 K in a 20-kOe magnetic field. The field is
then removed and the time dependence of the ther-
moremanent magnetization is recorded. In the
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FIG. 6. Time dependence (a) of the magnetization after applying a given magnetic field and (b) of the remanent mag-

netization.

second kind of measurement the sample is cooled in
a zero field and the magnetization is recorded after
a given magnetic field has been applied. The varia-
tion of the magnetization depends on both tempera-
ture and strength of the field. A strong effect is ob-
served in fields which become smaller as the tem-
perature increases. The variations M of the mag-
netizations are plotted versus In (Fig. 6) for both
kinds of measurements and an almost linear relation
is observed.

4. High-field susceptibility

Another characteristic feature of Co,TiO, is the
lack of saturation in very high magnetic fields at

low temperature as shown in Fig. 3. In fact, the
high-field magnetization approximately satisfies the
following law at any temperature:

M=My+XH . (1)

The high-field susceptibility reported in Fig. 7
varies above 40 K as it does in any collinear ferri-
magnetic structure and shows a singularity at 55 K.
Below 40 K, X strongly deviates from what may be
expected for a colinear ferrimagnet where the high-
field susceptibility arises from spin-wave excitations
and then vanishes at low temperature. The results
obtained in fields up to 20 kOe are certainly not sig-
nificant at low temperature where the coercivity is
very important. The low-temperature susceptibility
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FIG. 7. High-field susceptibility vs temperature: (O)
in a 20-kOe and ( X ) in a 150-kOe magnetic field.

obtained in fields up to 150 kOe where certainly the
technical saturation is reached would seem to indi-
cate that the excitations are not conventional spin
waves below 46 K and suggests a transition tem-
perature around 46 K. The lack of saturation at
low temperature is also confirmed by the low value
of My=0.10ug/mole estimated from (1) at 4.2 K,
while a collinear spin configuration would yield
0.27up/mole from high-temperature data.

5. Compensation temperature
We have plotted in Fig. 8 the remanent magneti-

zation obtained after applying and removing a field
of 20 kOe. The remanent magnetization vanishes at

M. (150 kOe 4.2 K) = 1.67 emu/g
Mg (150 kCe 4.2 K) = 288emu/g
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FIG. 8. Temperature dependence of the remanent
magnetization M, ( + ) and of the bulk magnetization M,
(O ) obtained in a 20-kOe magnetic field.

28 K as the result of the collapse of the bulk mag-
netization M, arising from the compensation of the
average magnetizations of the 4 and B sublattices.
This compensation temperature agrees with a long-
range ferrimagnetic order.

B. Neutron-diffraction experiments

At 4.2 K the neutron-diffraction pattern (Fig. 9)
shows magnetic reflections which are those of a col-
linear ferrimagnet. However, a careful examination
near the (111) point of the reciprocal lattice shows
that the peak is too large for a Bragg reflection and
furthermore we notice the presence of a broad
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FIG. 9. Neutron-diffraction pattern, respectively, at 300 and 4.2 K.
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liquid peak (Fig. 10). We report in Fig. 11 the tem-
perature dependence of the intensity scattered in the
(111) direction, and if the coherent scattering van-
ishes at 55 K, the diffuse scattering is still impor-
tant at 105 K (Fig. 10). Such a behavior has al-
ready been observed in spiral structures?®?’ and ex-
plained as paramagnetic diffuse scattering.”® At
low temperature a spiral structure would yield
well-resolved Bragg reflections which are missing in
our diffraction pattern; however, the enhancement
of the diffusion near the (200) and (420) directions
suggests a canted spin configuration at least on the
A sublattice with middle-range correlations.

IV. DISCUSSION

The overall behavior of the Co,TiO, compound is
ferrimagnetic with a Neéel temperature of 55 K.
However, the unusually large value of the high-field
susceptibility and the low value of M, at low tem-
perature suggest a canted ground-state spin configu-
ration. Besides an average longitudinal spin com-
ponent yielding the superlattice reflections observed
in the neutron-diffraction pattern, there must be a
disordered transverse spin component which pro-
duces the strong diffuse neutron scattering around
the (111) peak. One may add that thermoremanent
magnetization and magnetic training are charac-
teristic of disordered spin configurations. The sys-
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FIG. 10. Neutron-diffraction pattern showing the dif-
fuse scattering around the (111) peak, respectively, at 4.2
and 105 K.
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FIG. 11. Temperature dependence of the intensity of
the (111) reflection.

tem consisting of a nonvanishing average longitudi-
nal spin component and of a transverse spin-glass
component, called “semi-spin-glass” by Villain,'?
results from the dilution of the magnetic ions in
highly frustrated compounds. As a result of both
dilution and frustration the spins may be locally
canted? and it has been shown by Villain'? that a
canted local spin induces a long-range spin canting
which decreases as a dipole field. The canted local
spins (CLS) are then coupled through their “polari-
zation clouds” even for low concentration in CLS.
Villain has therefore predicted two transitions in a
semi-spin-glass, the Néel temperature corresponding
to the collapse of the longitudinal spin component
and a second temperature T; at which the trans-
verse spin component freezes in. Below T all the
features of a spin-glass must be observed. Owing to
the similarities between our observations and the
theoretical predictions we claim that the Co,TiO,
compound is a semi-spin-glass with Tz =46 K.

The origin of the frustration producing the cant-
ing of the spins is not clear and cannot be inferred
from the data. However, we would like to suggest
two hypotheses. In the spinel structure, the A-B in-
teractions are usually the strongest and the collinear
spin configuration results. Nevertheless, canted
structures may result from suitable intrasublattice
interactions. If the hypothetical nondiluted system
was collinear, the canting may only arise from the
A-A interactions which are probably important for
the Co** ions in tetrahedral coordination. In
Co03;0,, where the cobalt ions in the B sites are in a
low-spin state (S =0), the transition temperature is
40 K.3° On the other hand, Co?™ is strongly aniso-
tropic especially in the octahedral sites. Then the
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presence of Ti** ions randomly distributed on the B
sites may locally break the octahedral symmetry of
the crystal field and produce a random anisotropy.
Villain has only considered isotropic interactions
but the extension of his theory to the anisotropic
system leads to the same conclusions (see the Ap-
pendix).

In a spin-glass, the thermoremanent magnetiza-
tion and the magnetic training result from the
response of the spins to a magnetic field which is
far from being well understood. In a semi-spin-
glass, however, we suggest that thermoremanent
magnetization and the magnetic training may be
easily interpreted in the framework of the Néel
theory of domain-wall motion.

As in any ferrimagnetic material, the crystal is
split into magnetic domains separated by Bloch
walls whose motion yields the main part of the
magnetization in low fields. Following Néel®!' the
coercive field H, increases as the mean-square value
(msv) of the disordered transverse spin component
and we may consider H, as a measure of the cant-
ing of the spin configuration. The increase of the
coercive field below 46 K then traduces the growing
up of the spin-glass component. In the framework
of Néel’s theory, the collapse of H, near the com-
pensation temperature is related to the correspond-
ing collapse of the msv of the spin-glass component
taken over a macroscopic scale. That suggests a
quasilocal collinearity of the spins which is con-
sistent with the observation of the strong (200) and
(420) reflections in the neutron-diffraction pattern
which suggests middle-range correlations of the
transverse spin components.

The magnetization curves shown in Fig. 4 may be
understood if we assume that the magnetization ap-
proximatively follows a square loop bounded,
respectively, by the bulk magnetization M, and by
the coercive field H,. In fields lower than H, the
virgin magnetization is always small. Consequent-
ly, above T where H, is very small, the tempera-
ture dependence of the magnetization is that of M.
However, below T; the magnetization must strong-
ly depend on the strength of the magnetic field H
with respect to the coercive field H.(T;) at the
compensation temperature, or more precisely on the
ratio

In the low fields and in increasing temperature
the magnetization remains small as long as H is
smaller than H (T), i.e., up to T for r smaller than
one or up to T; for r larger than one. In decreasing

temperature the domain walls are pinned up at any
temperature below T for r smaller than one and
the resulting magnetization is M, between T; and
Tg and —M, below T;. On the contrary, for r
larger than one, the domain walls respond to the
field near T; and the magnetization always follows
the bulk magnetization. This behavior is observed
in fields up to 5 kOe. The departure from the above
description of the curves plotted at 1 and 5 kOe in
increasing temperature results from the high-field
susceptibility which has not been taken into ac-
count.

The thermoremanent magnetization is also a re-
sult of the coercivity. The domain walls are pinned
up in moderate fields at low temperature and the re-
sulting magnetization is small. On the contrary, the
domain walls are moving in the same field above
T where the coercive field is small and a large
magnetization is then observed as the sample is
cooled at low temperature. The thermal hysteresis
must decrease in increasing fields and almost van-
ishes in fields larger than the low-temperature coer-
cive field. This is in agreement with the data. It
has been shown by Néel*? that the excitation of spin
waves modifies the transverse component of the
magnetization and consequently produces a time-
dependent coercivity. A time-dependent magnetiza-
tion increasing as In must then be observed in any
compound where the magnetization results from
domain-wall motion. However, the magnitude of
the phenomenon shows an almost exponential in-
crease with the coercive field** and if our observa-
tions are relevant to the Néel theory it is not
surprising that no magnetic training is observed
above Tg.

V. CONCLUSION

The magnetic ground state of the Co,TiO, com-
pound may be described as the superposition of an
average longitudinal ferrimagnetic component and
of a transverse spin-glass component. As the tem-
perature increases the canted spin configuration un-
dergoes a transition to a collinear spin configuration
at a well-defined temperature as does a helical
structure in a nondiluted system. The ground-state
spin configuration, called semi-spin-glass by Villain,
may then be considered as a helical structure with a
random pitch. At low temperature, all the usual
features of a spin-glass are observed, but the pres-
ence of the average longitudinal spin component
provides a simple interpretation for the high coer-
civity, thermoremanent magnetization, and magnet-
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ic training. The origin of the canting cannot be in-
ferred from the data, but sufficiently large 4-4 in-
teractions or random anisotropy may be considered.

ACKNOWLEDGMENTS

The authors are indebted to Dr. J. Villain for en-
lightening discussions on the spin-glass problem
and to Dr. J. Durand for critical reading of the
manuscript. They acknowledge the assistance of
Dr. P. Meriel (CEN—Saclay), Dr. P. Burlet, and
Dr. P. Convert (ILL—Grenoble) in the neutron-
diffraction experiments.

APPENDIX: COOPERATIVE EFFECT OF CANTED
LOCAL STATE IN AN ANISOTROPIC SYSTEM

In the theory of Villain [Z. Phys. B 33, 31 (1979),
Secs. 4 and 5] the collective freezing of the trans-
verse spin components at the spin-glass “transition”
results from the long-range interactions between the
CLS. As that interaction arises from the overlap of
the transverse polarization “clouds” induced in the
matrix by the CLS, cooperative freezing is then ex-
pected whatever the origin of the CLS may be. Lo-
cal anisotropy effects are relevant to the Villain
spin-glass model.

It is easily shown that the canting extends over
the matrix in an anisotropic system whose Hamil-
tonian is

HzﬁzAi(;B_s’i:S*j’ a,B=x,y,z . (A1)
ij

Let us assume a collinear ground state with the
spins lying in the z direction. As in the ground
state the spins are parallel to the molecular field
and the following relations hold:

ASi=3 AZS?, (A2)
i
0= A4S} (a=x,y). (A3)
j

We now give the spin deviations §; from the
ground-state configuration. The conservation of the
spin modulus implies

28%7+31=0, (A4)
and with (A1) to (A4) the energy is found to be

E=—-3 AP P+ )»js}’2, a,B=x,,z .

ij Ja
(A5)

The equilibrium equations have the following form:

kis,f’—zBA,?g sf=0, (A6)
b

which traduces the propagation of the canting in
the matrix once the CLS have been given.

Equation (10) in Villain’s article Vs (r)=0 may
be easily recovered from (A6) and (A2) in the case
of an isotropic ferromagnetic if the spin deviations
are treated as a continuous field.
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