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a b s t r a c t

Successive changes from ferromagnetic, re-entrant mixed, to spin-glass regime have been manifestly

found with increasing Ti-composition x in the quaternary spinel-type CuðCr1�xTixÞ2S4 system. The Curie

temperature Tc decreases steeply with increasing x and this transition becomes ill-defined around

x ¼ 0:47. Two distinct transitions appear below Tc over the range x ¼ 0:4020:47. Coexistence of the

ferromagnetism and spin-glass order would be observed below the Gabay and Toulouse transition (TGT),

owing to freezing of the transverse-spin components without changing of the ferromagnetic order

parameter. Finally, at a yet lower temperature de Almeida–Thouless transition (TAT), the longitudinal-

spin component freezes randomly at which an irreversibility arises between zero-field-cooled (ZFC) and

field-cooled (FC) magnetizations. Over the range of 0:47pxp0:85, a cusp of the ZFC magnetization is

seen at Tg like conventional spin-glass. Specimens with xX0:90 remain paramagnetic down to 2.0 K.

A magnetic phase diagram between T versus x has been obtained experimentally. The values of the

multicritical point in 100 Oe is detected to be x ¼ 0:47 and T ¼ 7:40 K. The low-field magnetization and

the phase diagram are satisfactorily explained by the theory of Gabay and Toulouse on the basis of

Heisenberg isotropic vector spin model rather than the Ising spin model.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

A spinel CuCr2S4 is a metallic ferromagnet with a Curie
temperature Tc ’ 380 K [1–26]. The formula unit has a net
magnetic moment close to 5:0mB. The CuCr2S4 has the mixed
valence as CuþCr3þCr4þS2�

4 , here Cr3þ ion with 3mB and Cr4þ ion
with 2mB, and a Cuþ ion has the closed shell, where all the Cr ions
align parallel each other, as a results the formula unit of CuCr2S4

has a net magnetic moment of 5mB. The metallic conduction and
the ferromagnetism have been attributed to double exchange
between Cr3þ and Cr4þ ions [2,3,10,19,22].

On the other hand, CuTi2S4 has also the spinel structure and
shows metallic properties without any magnetic anomaly [27–32].
Considerable studies of the mixed spinel CuðCr1�xTixÞ2S4 have been
also made by the many researchers [33–39]. These previous results
of CuðCr1�xTixÞ2S4, however, have less rich data to understand the
physics of magnetism. A systematic and the dedicated experimental
work has been now carried out for the quaternary CuðCr1�xTixÞ2S4

in order to understand the magnetic state.
High-purity specimens of CuðCr1�xTixÞ2S4 have been success-

fully prepared. The atoms of Cr and Ti are distributed randomly in
the octahedral B-site [40]. Present study is motivated by the
preceding works for the mixed spinel CuCrZrS4 [41–43]. The
ll rights reserved.

(S. Nagata).
common feature of this families of the mixed spinel compounds
CuðCr1�xMxÞ2S4 (where M ¼ Ti, Zr, Hf) is that the substitution of M

element for Cr atom in the B-sites yields richness of the re-entrant
spin-glass phase.

Temperature dependence of the low-field magnetization has
been studied systematically down to 2.0 K in the present work.
The increase in Ti-composition x leads to a successive change of
the magnetic state, from a dominant ferromagnetic, a re-entrant
mixed, a typical spin-glass, and finally to a pure paramagnetic
state. The random distribution of Ti atom in B-sites can cause
magnetic competing interactions.

The present experimental results can be explained reasonably
by the theory of Gabay and Toulouse (G–T) [44] on the basis of
Heisenberg model, which is different from the conclusions from
the Ising model [45,46]. The Heisenberg model calculation on the
basis of this G–T theory predicts that there should be two distinct
changes of behavior below Tc [44]. The system passes from
paramagnetic to ferromagnetic at Tc, then at a lower temperature
G–T transition (TGT), the transverse-moment components of each
spin begin to freeze and coexist with the ferromagnetic state
without changing of the ferromagnetic order parameter, and
at a yet lower temperature de Almeida–Thouless (A–T) transition
(TAT) [47], the longitudinal-spin component freezes randomly
(TAToTGToTc). At TAT, a crossover from weakly irreversible to
strongly irreversible behavior takes place, where an irreversible
effect between zero-field-cooled (ZFC) and field-cooled (FC)
magnetization appears [48].

www.sciencedirect.com/science/journal/yjssc
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Fig. 1. X-ray powder diffraction profiles for x ¼ 0:25, 0.50, 0.75, and 1.00 at room

temperature.
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The study of spin-glass has been of great theoretical and
experimental interest since last 36 years [49–53]. The magnetic
phase diagram, between magnetic state and the concentration of
magnetic element, however, has been less extensively studied for
the spin-glass system. Several magnetic phase diagrams of spin-
glass system have been available [54–58]. To the best our
knowledge the magnetic phase diagram concerned with the G–T
transition has not been reported so far, the experimental evidence
for the G–T transition is not given either, only an exception is the
observation of hyperfine field anomaly in the Mössbauer mea-
surement for AuFe specimen [59]. Any other experiments involved
with the magnetic phase diagram have not yet been applied
directly to the G–T theory of the spin-glass, so we can point out
the possibility of a connection.

The interplay between theoretical and experimental studies
depends on reliable specimens. An essential advantage of this
system is to provide a restricted stage for the performance on the
spin frustration. The precise control of the exact Cr:Ti ratio x can be
made on the B-site sublattice of the spinel structure. Consequently,
the fairly accurate results of composition dependence of the
competing interactions is promising and guaranteed. On the other
hand, it is rather hard to eliminate the inhomogeneity for the
system of metallic alloy specimen in the some past workers.

The aim of this paper is to present a magnetic phase diagram
between T versus Ti composition x for CuðCr1�xTixÞ2S4. We will
discuss new results of the coexistence of the ferromagnetic and
spin-glass state. The substituted quaternary spinel system
CuðCr1�xTixÞ2S4 is able to exemplify a systematic investigation of
the G–T and the A–T transitions. The present study is mainly
concerned with the experimental finding from the dc magnetiza-
tion measurements, while the dynamical magnetic property,
thermal, and electrical properties are not given. The detailed
microscopic magnetic interactions will not be discussed in this
paper because of lack of information from the microscopic results.
2. Experimental methods

The polycrystalline specimens were prepared by a solid-state
reaction. Mixtures of high-purity fine powders of Cu (purity 99.99%,
melting point 1356 K), Cr (99.99%, 2148 K), Ti (99.9%, 1941 K), and S
(99.999%, 392 K) with nominal stoichiometry were heated in sealed
quartz ampoules to 1223 K and kept at this temperature for 5 days.
Samples were annealed at 673 K for 4 h. The prepared specimens
with grayish black in color were found to be stable under air after
the synthesis. The identification of the crystal structure and the
determination of the lattice constants were carried out by X-ray
powder diffraction using CuKa radiation at room temperature.

The dc magnetization measurements of powder specimens
were performed with a quantum design superconducting quan-
tum interference device (rf-SQUID) magnetometer over the
temperature range 2.0–350 K. For many specimens, the experi-
mental results showed the appearance the irreversible effect
between the ZFC (initial susceptibility, after cooling the sample to
the lowest temperature in zero field, a field was applied and the
data were taken with increasing temperature) and the FC
magnetizations [48]. The demagnetizing field corrections have
not been applied to any of our magnetic data.
3. Results and discussion

3.1. Lattice constant

X-ray powder diffraction patterns at room temperature
give evidence that CuðCr1�xTixÞ2S4 has the spinel-type structure.
The X-ray data have been analyzed assuming a cubic spinel
structure with the space group Fd3̄m (No. 227). Samples with
xo0:15 were not phase pure. The study of the lower value of
x than 0.15 has a disadvantage that the preparation of single phase
samples is more difficult. Representative diffraction profiles are
shown in Fig. 1. The X-ray diffraction study verifies that the
reliability factor gives minimum only for a random distribution
of Cr and Ti atoms in the B-site [40]. The lattice constant, a,
obtained by the least square method, varies as shown in Fig. 2 at
room temperature. The lattice constant increases linearly with
increasing Ti substitution x and obeys Vegard’s law. The unit cell
size is reported to be a ¼ 9:814 Å for CuCr2S4 [4] and a ¼ 10:000 Å

for CuTi2S4 [31], respectively.
3.2. Temperature dependences of magnetization in a field of 100 Oe

Figs. 3–6 display the temperature dependences of the
magnetization in a constant field of 100 Oe down to 2.0 K for
CuðCr1�xTixÞ2S4. The magnetization as a function of temperature
demonstrates the spin-glass characteristics with changing the
value of x. The experimental results do not yield a simple diluted
ferromagnetism with increasing Ti substitution, but the variation
of the magnetic state is fairly complex and reflects the subtlety of
magnetic interaction. On beginning from a predominant ferro-
magnetic state, a re-entrant mixed, a typical spin-glass, and to a
paramagnetic state, the sequence of events seems to be fairly
natural. The evolutional change of the magnetic state has been
found in Figs. 3–6, as discussed below.
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Fig. 2. The lattice constant a as a function of Ti composition x at room

temperature.

Fig. 3. Temperature dependences of magnetization for CuðCr1�xTixÞ2S4 in a

constant magnetic field of 100 Oe for 0:15pxp0:42. The difference between

field-cooled (FC) and zero-field cooled (ZFC) magnetizations are indicated. It is

important to notice that the magnetization is not saturated at 100 Oe, but is under

the influence of displacement of multidomain in the predominant ferromagnetic

state, in particular for 0:15pxp0:25.

Fig. 4. Magnetization as a function of temperature for x ¼ 0:42 in a constant field

of 100 Oe. The ferromagnetic transition is estimated to be 55 K as listed in Table 2.

Below TGT ¼ 13:0 K of the peak temperature, the coexistence of the ferromagnetic

and spin-glass phases would be realized. At a yet lower temperature TAT ¼ 6:6 K,

an irreversible effect between a zero-field-cooled (ZFC) and a field-cooled (FC)

magnetization appears. Two different regions of SGI and SGII are detected, see text.

Fig. 5. Temperature dependences of magnetization for CuðCr1�xTixÞ2S4 in a

constant field of 100 Oe for 0:45pxp0:55.

F. Kariya et al. / Journal of Solid State Chemistry 182 (2009) 608–616610
3.3. The Curie–Weiss law

The high temperature susceptibility can be fitted to a modified
Curie–Weiss law; w ¼ C=ðT � yÞ þ w0, where w0 is the tempe-
rature independent term, C the Curie constant, and y the Weiss
temperature. Fig. 7 shows the temperature dependences of the
inverse susceptibility w�1 ¼ ðM=HÞ�1 for x ¼ 0:50 and 0.55, where
the low values of y are 1.12 and 4.38 K, respectively. Fig. 8 presents
the inverse susceptibilities for 0:45pxp0:75. The summary
of the magnetic properties from the Curie–Weiss law is listed in
Table 1. The value of effective magnetic moment peff Cr-atom�1 is
extracted, assuming that only Cr atoms possess a localized
magnetic moment, while Cu, Ti, and S atoms have no magnetic
moment. As can be seen in Table 1, this evaluation can lead
a conclusion that Cr3þ ion octahedrally surrounded by S ions
yields a half-filled t2g triplet with spin only value of S ¼ 3

2. The
asymptotic Weiss temperature y has small value for x ¼ 0:47;0:50,
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Fig. 6. Temperature dependences of magnetization for CuðCr1�xTixÞ2S4 in a

constant field of 100 Oe for 0:60pxp0:95.

Fig. 7. Inverse magnetic susceptibilities w�1 ¼ ðM=HÞ�1 for the specimens with

x ¼ 0:50 and 0.55.

Fig. 8. Temperature dependences of the inverse magnetic susceptibility w�1 ¼

ðM=HÞ�1 for 0:45pxp0:75 in a constant field of 100 Oe.

F. Kariya et al. / Journal of Solid State Chemistry 182 (2009) 608–616 611
and 0:55, reflecting the nature of competing interactions between
ferro- and antiferromagnetic exchange interactions in the typical
spin-glass. Fig. 9 displays the composition dependence of the
magnitude of y. The predominant ferromagnetic state is attained
for 0:00pxp0:35. The composition dependence of y shows a
round peak around x ¼ 0:75, nevertheless the value of peff Cr-
atom�1 is approximately constant and close to the expected spin
only value of 3:87mB per Cr3þ over all the composition range.
It should be noted that the results of Fig. 9 does not vary in
the monotonic way with x. As indicated in Fig. 8, w�1 cannot be
fit to a single straight line over the wide temperature range
for 0:45pxp0:75, then we have taken the value of y from the
higher temperature region as the asymptotic Weiss temperature.
Therefore, the value of y for 0:45pxp0:75 in Fig. 9 has still
uncertainty. The discussion along with this behavior is involved in
the later section.
3.4. Variation of the ferromagnetism

Fig. 3 shows the temperature dependences of the magnetiza-
tion in a constant field of 100 Oe for 0:15pxp0:42. The
magnetization increases abruptly, showing the ferromagnetic
order with decreasing temperature. The specimens with xp0:35
exhibit predominant ferromagnetism. The result of x ¼ 0:35 is not
shown in Fig. 3 for avoiding overlap of the data in the lower
temperature region. The difference between the ZFC and the FC
magnetizations is seen, which is mainly the traces of the influence
of domain-wall blocking in the multidomain structure. The low
magnetic field of 100 Oe cannot make saturate the magnetization.
Irreversible domain boundary displacement is caused through
the different magnetic treatments of the ZFC and the FC for the
specimens.

A broad hump of the magnetization arises from x ¼ 0:15 and
0.25 below around 50 K. The origin of this hump is still unclear at
present, whereas this unusual hump might be inferred from
an inherent property of these specimens related to frustration
effect on the domain-wall blocking. It is essentially different from
another Cr spinel Cu1�xZnxCr2Se4 [60], despite an apparently
similarity of the hump of this sample. The origin of the broad
hump at low temperatures was attributed to a non-trivial
magnetic structure of Cr moments such as the conical spin
structure in Cu1�xZnxCr2Se4. This explanation is not justified and
is likely to be ruled out for the present system, CuðCr1�xTixÞ2S4,
from judging that the occupation of Cr magnetic moment on the
B-site is diluted by non-magnetic Ti substitution. When the
composition x becomes higher, the hump would change appar-
ently from the hump anomaly to the re-entrant anomaly. These
humps indicate a sign and precursor of re-entrant spin-glass state,
where random fields survive into lower temperatures and cause
this anomaly.

Fig. 10, as a representative result, indicates the temperature
dependence of the magnetization and the inverse susceptibility
for x ¼ 0:40 in a constant field of 100 Oe. Here, the susceptibility is
defined as w ¼ M=H. As seen in Fig. 10 the magnetization as a
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Table 1

Summary of the magnetic properties of CuðCr1�xTixÞ2S4.

x C ðemu K mol-f :u:�1Þ y (K) peff ðf :u:
�1Þ peff ðCr-atom�1Þ w0 ðemu mol�1

Þ Temperature (K)

0.20 2.09 273 4.09 3.23 �1:39� 10�3 315–350

0.35 2.05 166 4.05 3.55 �4:94� 10�4 200–350

0.40 1.58 144 3.56 3.25 þ6:22� 10�4 190–300

0.42 2.03 55.8 4.03 3.74 �4:00� 10�4 140–300

0.45 2.00 27.0 4.00 3.82 �9:19� 10�4 90–300

0.47 1.97 0.57 3.97 3.86 �5:49� 10�4 160–300

0.50 2.13 1.12 4.13 4.13 �9:73� 10�4 50–300

0.55 2.00 4.38 4.00 4.22 �1:35� 10�3 20–300

0.60 1.55 26.7 3.52 3.93 �3:83� 10�4 100–300

0.75 0.95 37.6 2.75 3.89 �2:71� 10�4 120–300

0.85 0.57 29.8 2.13 3.90 �1:92� 10�4 100–300

0.90 0.38 20.4 1.75 3.92 �4:49� 10�5 120–300

0.95 0.21 12.4 1.30 4.11 �1:59� 10�5 20–300

These numerical values are extracted from the modified Curie–Weiss law. The value of w0 includes appreciable experimental errors. The effective number of magnetic

moment Cr-atom�1 indicates that only Cr atoms posses a localized moment.

Fig. 9. Composition dependence of the asymptotic Weiss temperature y.

Fig. 10. Magnetization and the inverse magnetic susceptibility w�1 ¼ ðM=HÞ�1 as a

function of temperature in a constant field of 100 Oe for x ¼ 0:40. The temperature

derivative ð1=MÞdM=dT is presented in the inset.
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function of temperature is rather slender below 153 K due to the
diluted magnetic concentration with x ¼ 0:40 than that of
standard ferromagnets.

An analysis of derivative of M with respect to T was employed
to determine the Curie point Tc. Here, the value of the derivative is
normalized by the magnitude of the magnetization M. The inset in
Fig. 10 shows a temperature derivative ð1=MÞdM=dT curve as a
function of temperature for x ¼ 0:40. The temperature at the
negative peak of ð1=MÞdM=dT curve is given to be approximately
153 K. This inflection point can correspond to the Curie point of
ferromagnetic order, above which the spontaneous magnetization
disappears. The high temperature susceptibility can be fitted to
the modified Curie–Weiss law. The asymptotic Curie temperature
y is 144 K and peff Cr-atom�1 is 3.25 Cr-atom�1. The value of y with
x ¼ 0:40 is somewhat less than that of the inflection points of
ð1=MÞdM=dT . The values of composition dependence of the
negative peak of ð1=MÞdM=dT are listed in Table 2.

Fig. 11 demonstrates the temperature dependences of the
ð1=MÞdM=dT for x ¼ 0:42 and 0.40. This analysis allows us to
determine an estimate of the ferromagnetic transition point Tc. A
characteristic feature of these results of Figs. 3–5 is the re-entrant
phenomena, that is, the high-temperature ferromagnetism giving
way to the spin-glass behavior at low temperatures. The
ferromagnetic state becomes unstable with respect to a creation
of random field at low temperatures.

Fig. 12 shows M2H curves for x ¼ 0:40 at several temperatures
up to H ¼ 10 kOe. Fig. 13 indicates expanded plots in low field
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Table 2
The temperature indicating the phase magnetic boundary.

x Temperature of the negative peak for

dM=dT (mere calculations) (K)

Tc, temperature of peak for

ð1=MÞðdM=dTÞ (K)

TGT (K) TAT ðTg for x\0:47Þ ðKÞ

0.15 279 285

0.20 249 257

0.25 218 233

0.35 129 163

0.40 93 153 15.0 6.0

0.42 31 55 13.0 6.6

0.45 15 20 10.4 6.8

0.47 9.3 9.3 7.4 7.4

0.50 7.0

0.55 6.2

0.60 5.8

0.75 4.0

0.85 3.2

0.90

0.95

The value of ð1=MÞðdM=dTÞ shows the temperature derivative which is normalized by the magnitude of M. We adopt the sharp negative peak temperature of ð1=MÞðdM=dTÞ

as Tc, see text.

Fig. 11. The temperature dependence of ð1=MÞdM=dT for (a) x ¼ 0:42 and (b)

x ¼ 0:45, which indicate negative peaks at 55 K and 20 K, respectively. We adopt

these values as Tc for the weakened ferromagnets.

Fig. 12. Magnetization as a function of applied field up to 10.00 kOe for x ¼ 0:40 at

several temperatures in the ZFC process.

Fig. 13. An enlargement of data of Fig. 12 in low field part up to 200 Oe for x ¼ 0:40

at several temperatures in the ZFC process.

F. Kariya et al. / Journal of Solid State Chemistry 182 (2009) 608–616 613
region up to 200 Oe. A slight indication of the hysteresis with
small coercive force is seen at 5.0 and 25 K. Since the Curie–Weiss
law is well applicable to the data in TXTc, the Cr atoms have a
spin with a formal Cr3þ valence state, then, the saturated moment
is expected to be 3:60nB f :u:�1 for x ¼ 0:40. Here the value of the
magnetic moment, nB is defined to be nB ¼ gS in units of mB, where
g is the Landefs g-factor.

The values of the magnetization at 10 kOe for x ¼ 0:40
are listed in Table 3. The last column indicates the percent of nB

Cr-atom�1 on nB ¼ 3:0 for the saturated value of Cr3þ. The value
per formula unit is given as follow, the experimental values
of the magnetic moment at 10 kOe are 1:92nB f :u:�1 at 5 K.
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Table 3
The numerical value of magnetic moment nB ¼ gS ¼ 2S for x ¼ 0:40 of

CuðCr1�xTixÞ2S4, where g is Lande’s g-factor.

T (K) nB ðmB f :u:�1Þ nB ðmB Cr-atom�1Þ Percent (%)

5 1.92 1.60 53.2

25 1.80 1.50 50.1

100 0.72 0.60 19.9

170 0.10 0.09 2.84

These results are obtained at H ¼ 10:00 kOe at several temperatures. The last

column indicates the percent of nB Cr-atom�1 on nB ¼ 3:00 for the saturated value

of Cr3þ .

F. Kariya et al. / Journal of Solid State Chemistry 182 (2009) 608–616614
The value of magnetization for x ¼ 0:40 is given to be 1:10�
104 emu mol-f :u:�1 at H ¼ 10 kOe. This magnitude leads to the
magnetic moment nB Cr-atom�1 in dimensionless numerical value.
Here nB Cr-atom�1 ¼ gS ¼ M=ð1:20� NA � mBÞ ¼ 1:60 Cr-atom�1

for the case of x ¼ 0:40, where M is the moment of f :u:-mol�1, and
NA is Avogadro’s number.

The magnitude of nB Cr-atom�1 is only 53% the value of
S ¼ 3=2. The magnetic order is not collinear spin alignment and
the moment is not saturated at 10 kOe at 5.0 K. The magnetic
frustration occurs at low temperatures with the competition
between ferro- and antiferromagnetic interactions. These numer-
ical values in the re-entrant regime at low temperatures indicates
that the conventional domain-wall blocking like in standard
ferromagnets does not occur, but the mechanism originated from
the local frustration influenced the M2H curves with small values
of coercive force Hc.
3.5. Spin-glass and the G–T model

The gradual variation of the magnetization implies that Ti
substitution for Cr can cause the competing interaction between
ferromagnetic and antiferromagnetic interactions, as can be seen
in Figs. 3–6. The predominant ferromagnetic state appears in the
range of xp0:35. The ferromagnetic state disappears at the critical
composition xc ¼ 0:47. The re-entrant transition is characterizes
by a drop of the magnetization at lower temperature for the
specimens of 0:40pxp0:47. Figs. 4 and 5 display the spin-glass
characteristics with the irreversibility between the ZFC and the FC
magnetizations. The interaction between nearest-neighbor (n.n.)
Cr–S–Cr is ferromagnetic because of 901 superexchange interac-
tion and the interactions between next nearest neighbor (n.n.n.)
would be antiferromagnetic. These ferro- and antiferromagnetic-
competing interactions lead to the spin frustration. Since the
n.n.n. antiferromagnetic interactions are not enough strong
to compete the n.n. ferromagnetic one, it is expected that the
substitution of Ti weaken gradually the strength of the inherent
n.n. ferromagnetic interaction with increasing the value of x.
Consequently in spin-glass composition region with higher value
of x, the antiferromagnetic bonds are sufficient to destroy the
long-range ferromagnetic order.

A striking feature emerges, that is, two characteristic tempera-
tures exist below Tc in an intermediate composition region x ¼ 0:42
in Fig. 4 and x ¼ 0:45 in Fig. 5. One is the temperature at which the
magnetization shows the peak, while the other is that the
irreversibility arises between the ZFC and the FC magnetization
decreasing temperature. These results are interpreted satisfactorily
by the G–T theory [44]. Let TGT be the temperature defined as that
at which the magnetization reaches a maximum. Furthermore, we
take and define the TAT as the splitting temperature between the
ZFC and the FC magnetization with decreasing temperature [47].
The G–T theory is performed on the basis of Heisenberg isotopic
vector spin model and therefore it provides more realistic model
than other theories concerned with Ising spin model [45,46].
The G–T theory predicts the mixed phases below TGT, where
ferromagnetism and spin-glass orders coexist, due to freezing of the
transverse components of the spins to the spontaneous magnetiza-
tion direction in the absence of external magnetic field.

In the actual experimental situation in the presence magnetic
field, the transverse x- and y-components of the spins indicate the
inside plane perpendicular to the applied field. The microscopic
direct evidence of the freezing of the transverse-spin components
is not given because the only macroscopic magnetization
measurements have been obtained. This mixed coexistence phase
is labeled here as SGI (spin-glass I) phase. It is noted that the
coexistence takes place everywhere in the specimen, which is
nothing to do with a spatially segregated coexistence. The TAT is
the temperature with strong irreversibility between the ZFC and
the FC magnetization, labeled here as SGII (spin-glass II) phase.
Strictly speaking, de Almeida and Thouless have considered the
Ising spin model, nevertheless the SGII phase of G–T theory
corresponds exactly to that of instability line of spontaneous
breaking of the replica symmetry in A–T theory [44,47].

For xX0:47, the temperatures TGT coincides with TAT, hereafter
labeled as Tg. The typical spin-glass temperature dependence is
seen for x ¼ 0:47 and 0.50 in Fig. 5, such as the plateau for the FC
magnetization as a function of temperature below Tg. The values
of the asymptotic Weiss temperature y are extremely low for x ¼

0:47 and 0.50.
The spin-glass like behavior is found for the composition over

0:55pxp0:85 as shown in Fig. 6. The temperature dependences of
M is more complicated, even though the behavior looks like a
diluted spin-glass. The FC magnetization is not a plateau but
depends on temperature below Tg. It is important to note that the
splitting between the ZFC and the FC curves begins around at Tg,
independent of the composition.

The maximum value of magnetization does not vary mono-
tonically over the range of 0:47pxp0:85 in spin-glass regime, as
seen in Figs. 5 and 6. That is, this maximum height increases from
x ¼ 0:47 to 0.60, then, from x ¼ 0:60 to 0.85 that decreases.
The clear interpretation for this non-monotonic variation cannot
be given at present. Presumably, a main origin comes from the
change of the valence state of Cr ions on an assumption that the
formal valence state of Ti ions is 4þ with non-magnetic state.
The formal valence of Cr ions changes at x ¼ 0:50 from Cr3þ=Cr4þ

for xp0:50 to Cr2þ=Cr3þ for 0:50pxp0:75. Furthermore,
it changes at x ¼ 0:75 from Cr2þ=Cr3þ to Crþ=Cr2þ for
0:75pxp0:83. For xX0:83, the formal valence state does not
make sense any more because of the no valence. The spin values of
Cr ions are S ¼ 1; 3

2, 2, and 5
2, for Cr4þ, Cr3þ, Cr2þ, and Crþ,

respectively, with different moments. Possibility of the formation
of the spin clusters may become larger due to this valence changes
in the diluted spin-glass regime. The evaluation of the non-
monotonic variation of M over the range of 0:47pxp0:85 is in a
hard situation and runs into difficulty.

Specimens with xX0:90 remain paramagnetic down to 2.0 K
and display no overt trace of spin-glass. The decrease in magnetic
concentration gives rise to the reduction of interaction.
3.6. Magnetic phase diagram

Now we are going to construct a magnetic phase diagram of
CuðCr1�xTixÞ2S4. The magnetic phase diagram between tempera-
ture T versus Ti-composition x has been obtained experimentally
as illustrated in Fig. 14. Fig. 15 displays an enlargement of the
data over the composition range of 0:40pxp0:70. The ferromag-
netic transition temperature decreases abruptly from Tc ’ 380 K
ðx ¼ 0:00Þ to the less than 10 K ðx ¼ 0:47Þ. The pure ferromagnetic
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Fig. 14. Magnetic phase diagram for CuðCr1�xTixÞ2S4 at a constant field of 100 Oe.

The solid curves give a guide to the eye: para, paramagnetic; ferro, ferromagnetic;

SGI, spin-glass I (G–T phase); and SGII, spin-glass II (A–T phase).
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Fig. 15. An enlargement of data of Fig. 14. The magnetic phase diagram for

CuðCr1�xTixÞ2S4 at a constant field of 100 Oe is mapped over the range

0:40pxp0:70. The lines are a visual guide. Three characteristic temperatures of

Tc ; TGT, and TAT merge into 7.40 K at x ¼ 0:47 in H ¼ 100 Oe. This is a multicritical

point.
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state is perturbed gradually by Ti substitution. The clear
predominant ferromagnetic transition is seen for only xp0:35.

For the composition range of 0:40pxp0:47, one can see, with
decreasing temperature, first a transition at the Tc from a
paramagnetic to a ferromagnetic state, a second transition at the
TGT from the ferromagnetic to an SGI phase where the ferromag-
netism and spin-glass coexist due to freezing of the transverse-
spin components of Heisenberg model, then finally a third
transition at the TAT from the SGI phase to a SGII phase where
the x-, y-, and z-components of spin freeze, indicating the strong
irreversibility between the ZFC and the FC magnetizations [44,47].

Three characteristic temperatures of Tc, TGT, and TAT merge
into 7.40 K at x ¼ 0:47 in H ¼ 100 Oe. This is a multicritical point
as illustrated in Figs. 14 and 15. A basic issue is to observe the
variations of the G–T and the A–T lines as a function of applied
field and detect any field effect on these lines, however, we have
not yet measured the field dependence of the G–T and A–T lines.
As seen in Fig. 14, as decreasing the composition x from x ¼ 0:40 to
lower one, the G–T and the A–T lines becomes ill defined. The G–T
and A–T lines vanish asymptotically with a crossover behavior
when the system approaches, from the coexistence phases
between the ferromagnetic and the spin-glass phases, to the
predominant ferromagnetic phase with decreasing x. This beha-
vior is consistent with the prediction by the theories [44,47]. The
region of 0:40pxp0:47 has served the characteristic information
on the problem of the G–T and A–T transitions.

The problem of the coexistence of the ferromagnetic and the
spin-glass phases has been less extensively investigated so far, in
particular experimental point of view. The global aspects of our
experimental results has been well explained in terms of G–T
and A–T theories [44,47,61]. Overall features of the magnetic
phase diagram is understood. Here we would like to express our
speculation along with some of present results, concerned with
the ac susceptibility, wac . The out-of-phase susceptibility (imagin-
ary part) referred to an absorption, w00, may rise at around Tc, with
decreasing temperature. Further w00 exhibits two character-
istic temperatures, corresponding the TGT and the TAT in the
restricted composition range over 0:40pxp0:47. These behaviors
will indicate manifestly to the freezing of transverse x- and
y-components of the isotropic Heisenberg spin at G–T line, and
finally to the z-component at A–T line.

The typical spin-glass behavior is observed such as the
existence of plateau for FC magnetization as a function of
temperature below Tg for x ¼ 0:47 and 0.50. The high temperature
asymptotic Weiss temperature y is the extremely low value, as
seen in Fig. 7 and Table 1.

Over a wide composition range of 0:55pxp0:85, the spin-glass
like behavior is observed, which is called here a diluted spin-glass.
The FC curves below Tg was not a plateau. In higher composition
xX0:50, the magnetic concentration of Cr moment is lowered,
therefore, isolated clusters of spin remain. Inside the clusters, the
spin correlated strongly. For different x, the cluster sizes and the
evolution of short-range order become complicated on changing
temperature. As the temperature is lowered, larger clusters
are firstly blocked, then smaller clusters freeze, which are
large enough to be frozen at that temperature. These coalesce of
clusters causes the departure from the typical spin-glass behavior
in the temperature dependence of M. Presumably the behavior
below Tg without the plateau of the FC magnetization might
attributed to the influence of the spin clusters. The strange
composition dependence of the Weiss temperature y as seen in
Fig. 9 and the deviation from the Curie–Weiss law comes from the
same origin of the spin clusters, as illustrated in Figs. 8 and 9. For
xX0:90, the cusp as spin-glass is never found and the difference
between the ZFC and the FC is not seen down to 2.0 K.

4. Summary

(1) It is generally believed that a simple diluted ferromagnet-
ism appears as increasing the non-magnetic composition. The
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system of CuðCr1�xTixÞ2S4, on the contrary, leads to a completely
different behavior. It reflects the richness and subtleties of the
magnetic interaction even though the non-magnetic Ti substitu-
tion for Cr atoms is executed. (2) A magnetic phase diagram of the
system CuðCr1�xTixÞ2S4 between temperature versus Ti composi-
tion x has been established experimentally. This diagram is in
general agreement with the theoretical prediction by Gabay and
Toulouse [44]. The interpretation of the results is primitive,
without consistent microscopic picture. (3) It is turned out that
the Ti substitution can cause the magnetic frustration originated
from the competition between ferromagnetic and antiferromag-
netic interactions. (4) The G–T line has been identified experi-
mentally, at which the maximum magnetization is observed in
the intermediate composition region. This G–T line corresponds
to the freezing of the transverse degree of freedom based on the
Heisenberg isotropic vector spin model below which the re-
entrant mixed phases exist. (5) The A–T line is referred to the
temperature of the splitting due to an irreversibility between
the ZFC and the FC magnetizations. (6) The multicritical point
is proved to be x ¼ 0:47 and T ¼ 7:40 K in 100 Oe, at which
the ferromagnetic, the spin-glass, and the paramagnetic states
become unstable. (7) Systematic measurements of thermal and
electrical properties are expected. An ac susceptibility wac

measurement is an important tool to study the dynamical
properties of the disordered system. We are currently carrying
out these studies and will publish elsewhere. A microscopic
elucidation is also required.
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