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Magnetic properties of the itinerant metamagnetic system Co„S12xSex…2
under high magnetic fields and high pressure
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Faculty of Engineering, Tokyo Denki University, Kanda, Chiyoda-ku, Tokyo 101, Japan
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The magnetization of the Co(S12xSex)2 system with 0<x<0.2 has been measured under high magnetic
fields and high pressure. Ferromagnetic CoS2 exhibits a second-order transition atTc5122 K. Substitution of
10% Se for S in CoS2 reduces the Curie temperature toTc527 K and the transition to first order.
Co(S12xSex)2 with 0.12<x becomes an exchange-enhanced Pauli paramagnet. The itinerant metamagnetic
transition has been observed in the paramagnet. Co~S0.9Se0.1!2 also shows a transition just aboveTc . Using the
experimental data, the magnetic phase diagram of Co(S12xSex)2 is determined. With increasing pressure, the
Curie temperature of CoS2 decreases and the ferromagnetic transition changes to first order atP'0.4 GPa. In
the pressure regime of the first-order transitionP.0.4 GPa, the metamagnetic transition is observed just above
Tc . In Co~S0.9Se0.1!2, the ferromagnetism disappears at 0.25 GPa and paramagnetism appears. The observed
magnetic properties and the magnetic phase diagram of Co(S12xSex)2 can be qualitatively described with a
theory of the itinerant electron metamagnetism at finite temperatures.@S0163-1829~97!06045-1#
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I. INTRODUCTION

Since itinerant electron metamagnetism, that is, the fi
order field-induced transition from the paramagnetic to
ferromagnetic state in the itinerant electron system, was
dicted to occur in a paramagnetic metal with a suitable
ergy dependence of the density-of-states~DOS! curve around
the Fermi level,1 many theoretical2–5 and experimental6–11

studies have been made to elucidate it. Our group system
cally studied the magnetization processes of various
based pseudobinary compounds such as Y(Co12xAl x)2 ,12

Lu(Co12xAl x)2 ,13 Hf(Co12xFex)2 ,14 and Lu(Co12xGax)2

~Ref. 15! in magnetic fields up to 120 T and clearly observ
the itinerant metamagnetic transitions in these compou
On the other hand, Adachiet al. found the metamagneti
transitions in the paramagnetic Co(S12xSex)2 com-
pounds.16,17

We found that every metamagnetic compound has c
acteristics of a nearly ferromagnetic metal.11 The electronic
specific heat and magnetic susceptibility of the compou
are very large and the temperature dependence of the su
tibility is anomalous: the susceptibility increases and th
decreases through a maximum value. This indicates tha
anomalous behavior of the susceptibility also originates fr
the shape of the DOS curve. It should be noted that
observed metamagnetic transitions appear with low crit
fields in the above paramagnetic pseudobinary systems
are very close to their ferromagnetic instabilities and that
critical field increases as the composition of the systems g
away from the ferromagnetic region. This suggests that
mechanism of the appearance of the metamagnetic trans
is closely related to that of the ferromagnetic instability.

The Co(S12xSex)2 system has the pyrite structure.18 This
structure is cubic and can be considered as an NaCl-
560163-1829/97/56~21!/14019~10!/$10.00
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structure consisting of Co atoms and chalcogen atom pair
has been known from the electrical, magnetic, optical, a
x-ray photoemission spectroscopy experiments19–21 that the
3d electrons arising from the Co atoms are in the low-s
state. The 3d band is split intot2g and eg subbands by a
crystalline field. Thet2g band is completely filled with 3d
electrons. On the other hand, theeg band is partially filled
with one 3d electron per Co atom. Therefore, the 3d elec-
trons in theeg band are responsible for the magnetic prop
ties. Theeg states are hybridized with the antibondingp*
states arising from the chalcogen atom pairs.22 The hybrid-
ization between theeg and p* states in CoSe2 is stronger
than that in CoS2. In fact, recent band-structure calculatio
of CoS2 and CoSe2 indicate that the lattereg band is wider
than the former one and the structures of botheg bands are
very similar to each other.23 Therefore, the increase of the S
concentration in Co(S12xSex)2 makes the bandwidth wider
CoS2 is an itinerant ferromagnet with a Curie temperature
Tc5122 K.16,18 The Curie temperature is rapidly decreas
by the substitution of Se for S in CoS2.

16,18 The ferromag-
netic compound withx50.05 and 0.1 near the disappearan
of ferromagnetism seems to show a first-order transition
the Curie temperature.18 Co(S12xSex)2 with x>0.12 be-
comes an exchange-enhanced Pauli paramagnet in whic
metamagnetic transition is induced by the application of h
magnetic fields.16,17 These results indicate that th
Co(S12xSex)2 system is one of the most suitable systems
studying the relation between the ferromagnetic instabi
and the appearance of the metamagnetic transition obse
in the itinerant metamagnetic systems.

The application of high pressure can finely increase
bandwidth compared with the Se substitution. Thus, h
pressure is very useful for examining the detailed variatio
of the magnetic properties due to the increase of the ba
14 019 © 1997 The American Physical Society
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width. In this study, we have systematically studied the m
netization of the Co(S12xSex)2 system under high magneti
fields and high pressure. Moriya24 and Yamada25 developed
a theory of the itinerant electron metamagnetism at fin
temperatures based on the spin-fluctuation model. Our
perimental results are discussed with this theory.

II. EXPERIMENTAL PROCEDURE

Polycrystalline samples of CoS2, CoSe2, and their mixed
crystals have been prepared by a direct reaction of the
stituent elements in a vacuum at elevated temperature.18 We
also followed this method to prepare samples
Co(S12xSex)2 with 0<x<0.3. We know from previous ex
periments that the field and the temperature dependenc
the magnetization of a metamagnetic sample in the ra
0.1<x<0.2 are extremely sensitive to the local arrangem
of S and Se atoms around the Co atom.26,27 Since we aimed
to obtain the precise magnetization data of Co(S12xSex)2 to
compare quantitatively their transition temperatures a
critical fields with the theory, we needed to have very go
homogeneous samples. In several trials of sample prep
tion, we found a small amount of selenium segregation
condensations separately in an evacuated quartz tube w
the reaction temperature was high, above about 650 °C.
suggests a deficiency in Se or a possible precipitation
microcrystals of a Co-rich phase. On the other hand,
reaction at a temperature below about 650 °C resulted in
incomplete homogeneity of S and Se distribution, wh
gives extremely broad ferromagnetic and metamagnetic t
sitions. We prepared the samples used in this study with
following procedure. Cobalt metal of 99.91% purity in a
powdered form of about 50mm size, sulfur lump of 99.999%
purity and selenium in a shot form of 99.999% purity we
mixed in stoichiometric proportions for a desiredx value and
sealed in a quartz tube at a pressure less than 1024 Torr. The
total sample weight was about 4 g. As a preliminary reacti
the sealed tube was heated in an electric furnace for two d
at 400 °C, two days at 450 °C, two days at 500 °C, and t
days at 550 °C and cooled in the furnace. After removal fr
the tube, the sample was crushed into fine powder. The p
der was vacuum sealed again in a quartz tube and heate
two days at 700 °C, four days at 750 °C, three days
700 °C, three days at 600 °C, and three days at 500 °C
cooled. The samples prepared as above were powdere
magnetization measurements.

High magnetic fields up to 40 T were produced using
wire-wound pulse magnet with a rise time of about 5 m
The sample magnetizations in pulsed high magnetic fie
were measured using a conventional induction method in
temperature range between 4.2 and 200 K.

Magnetization measurements under high pressure
high magnetic fields are very rare in spite of their importan
for magnetic studies. Recently, we made a magnetomete
measuring precisely the magnetizations of weakly magn
materials under these conditions. We use an extrac
method with a nonmagnetic pressure clamp to detect sam
magnetizations in high magnetic fields up to 11 T produc
by a superconducting magnet. In order to reduce the ma
tization background from the clamp, a high-purity TiCu allo
including about 3 wt % Ti is employed as a material of t
-
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locking screws and the clamp cylinder. Because the pa
magnetic susceptibility of a small amount of Ti almost co
pensates the diamagnetic susceptibility of Cu, the susce
bility of this alloy is extremely small,1331029 emu/g at
room temperature and1531028 emu/g at 1.8 K. The in-
crease of the susceptibility at 1.8 K comes from some m
netic impurities. The strength of this material is nearly t
same as that of ordinary commercial BeCu containing fer
magnetic Co. The piston caps and pistons are made of h
purity zirconia which shows diamagnetism with a suscep
bility 21.731027 emu/g. The sample is compressed in
Teflon cell filled with a liquid pressure medium, Flourine
in the clamp cylinder. The produced pressure at low te
peratures is calibrated by means of the Meissner effect o
for which the pressure dependence of the superconduc
transition temperature is known to be highly accurate.28 The
high pressure clamp has been used for various magn
studies up to 1.3 GPa. In this pressure range, the pla
deformation inside the clamp is found to be negligibly sma
In this study, we measured the magnetizations of CoS2 and
Co~S0.9Se0.1!2 under high pressure up to 0.8 GPa and hi
magnetic field up to 9 T.

III. EXPERIMENTAL RESULTS

A. Magnetizations and susceptibilities

First we show in Fig. 1 the temperature dependence of
magnetization of CoS2 and Co~S0.9Se0.1!2 measured in a
magnetic field of 0.5 T. CoS2 is a ferromagnet with a Curie
temperatureTc5122 K. The magnetization decreases mo
rapidly in the vicinity of the Curie temperature than usu
ferromagnets, but the ferromagnetic transition is second
der. The magnetization does not depend on the cooling
cess of the sample. In the case of Co~S0.9Se0.1!2, however,
the magnetization exhibits hysteresis around the Curie t
perature of about 30 K. This indicates that the substitution
10% Se for S in CoS2 abruptly decreases the Curie tempe
ture from 122 K to about 30 K and changes the type of
ferromagnetic transition from the second order to the fir
order one. In the concentration regionx>0.12, the
Co(S12xSex)2 system becomes paramagnetic.16,18

The temperature dependence of the susceptibility
Co(S12xSex)2 with x50.1– 0.3 is shown in Fig. 2. The sus
ceptibility was measured in a magnetic field, 0.5 T. In t

FIG. 1. Temperature variations of the magnetizations of Co2

and Co~S0.9Se0.1!2 measured in a magnetic field 0.5 T.
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56 14 021MAGNETIC PROPERTIES OF THE ITINERANT . . .
low-temperature region below 50 K, however, the susce
bility is found to be increased by some ferromagnetic imp
rities included in the sample. In order to eliminate the eff
of impurities as much as possible, we have determined
susceptibility in this region from the slope of the magnetiz
tion curve after the magnetization of the impurities saturat
The inhomogeneous effect of the pseudobinary sample
increases the susceptibility at low temperatures, especial
the sample near the disappearance of ferromagnetism. Th
fore, the value of the susceptibility at low temperatures
less reliable than that at high temperatures,T.50 K. A
sharp upturn of the susceptibility observed forx50.1 origi-
nates from the appearance of the ferromagnetic state. Al
paramagnetic samples with more than 12% Se exhibit c
acteristics of nearly ferromagnetic metals: the susceptib
ties have a broad maximum around 80 K. The maximum
not been observed clearly in Co(S12xSex)2 .16,18The suscep-
tibility of ferromagnetic Co~S0.9Se0.1!2 seems to exhibit a
broad maximum just above the Curie temperature. Here
define Tmax as the temperature at which the susceptibi
becomes maximum. The susceptibility atTmax rapidly in-
creases with decreasing the concentrationx.

B. Magnetizations in pulsed high magnetic fields

In order to examine the magnetic properties of the grou
states of the Co(S12xSex)2 compounds, we measured th
magnetization curves for 4.2 K in pulsed high magne
fields up to 32 T. The results forx50 – 0.2 are shown in Fig
3. All the paramagnetic compounds withx>0.12 exhibit the
very sharp itinerant metamagnetic transitions to the fe
magnetic state compared with those observed by Ada
et al.17 This suggests that the quality of the present samp
are very high. The average critical field of the transitions
ascending and descending fields,Bc , increases linearly with
x. The saturation magnetization aboveBc decreases slightly

FIG. 2. Temperature variations of the susceptibilities of
Co(S12xSex)2 compounds with 0.1<x<0.3.
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with increasingx. This value is consistent with the saturatio
magnetizations of the ferromagnetic compounds withx50
and 0.1.

We also measured the magnetization curves of all
samples at various temperatures in pulsed high magn
fields up to 40 T. Figure 4 shows the magnetization curve
ferromagnetic Co~S0.9Se0.1!2 at several temperatures betwe
4.2 and 100 K. This compound, whose ferromagnetic tran
tion is first order, exhibits anomalous magnetic behavior
the paramagnetic temperature region. We can see the
tively sharp metamagnetic transition with hysteresis j
above the Curie temperature. With increasing temperat
the first-order transition becomes broad accompanied w
the increase of the critical field and finally disappears.
should be noted that CoS2 with the second-order ferromag
netic transition has no metamagnetic transition in the pa
magnetic temperature region.

Figure 5 shows the magnetization curves of paramagn
Co~S0.86Se0.14!2 and Co~S0.8Se0.2!2 in the temperature region
from 4.2 to 140 K. The observed metamagnetic transition
very sharp at low temperatures. With increasing temperat
however, the transition becomes broad with the increas
the critical field and finally disappears. This behavior is ve
similar to that of ferromagnetic Co~S0.9Se0.1!2 in the para-
magnetic temperature region.

The average critical fields of Co(S12xSex)2 with x
50.1– 0.2 are summarized in Fig. 6~a! as a function of the

FIG. 3. Magnetization curves of the Co(S12xSex)2 compounds
with 0<x<0.2 measured at 4.2 K in pulsed high magnetic fields
to 32 T.

FIG. 4. Magnetization curves of Co~S0.9Se0.1!2 at several tem-
peratures.
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square of temperature. The critical field shifts proportiona
to T2 and can be written in the low-temperature regionT
,70 K as

Bc~x,T!5Bc~x,0!1aT2. ~1!

HereBc(x,0) is the average critical field atT50 K anda is
constant. TheT2 dependence has already been found in pa
magnetic Co-based Laves phase compounds.11–13,29The fer-
romagnetic compound withx50.1 and the paramagneti
ones with x>0.12 have the same value ofa (.0). The
value ofBc(x,T) for ferromagnetic Co~S0.9Se0.1!2 should be-
come zero at the Curie temperature:Bc(0.1,Tc)50. From
this relation, we can correctly determine the equilibriu
value of Tc to be 27 K. Figure 6~b! shows the estimated
average critical field atT50 K as a function ofx. The criti-
cal field increases linearly withx. The critical concentration
xc at which the transition field becomes zero correspond
the disappearance of ferromagnetism. The critical concen
tion is estimated to bexc50.11.

The critical temperatureT0 for the disappearance of th
metamagnetic transition can be determined from the t
perature at which the hysteresis of the magnetization cu
disappears. As an example, Fig. 7 shows the difference
tween the critical fields in increasing and decreasing field
the sample withx50.14. The differenceDBc decreases
nearly linearly with temperature and becomes zero atT0 .

Using the observed values of the Curie and critical te
peraturesTc andT0 , we have determined the magnetic pha
diagram of Co(S12xSex)2 in the x-T plane, which is shown
in Fig. 8. The ferromagnetic transition is second order ax

FIG. 5. Magnetization curves of Co~S0.86Se0.14!2 and
Co~S0.80Se0.20!2 at several temperatures.
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50, but becomes first order atx55 and 10%.16 The value of
Tc on the first-order phase boundary abruptly decreases
increasingx. As described in discussion, the position ofTt
on theTc line where the type of the ferromagnetic transitio

FIG. 6. ~a! Average critical fields of the Co(S12xSex)2 com-
pounds with 0.1<x<0.2, Bc , as a function of the square of tem
perature. ~b! Estimated average critical fields atT50 K, Bc(0),
as a function of the concentrationx.

FIG. 7. Difference between the critical fieldsDBc of
Co~S0.86Se0.14!2 observed in increasing and decreasing fields. A
temperatureT0 , the metamagnetic transition disappears.
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56 14 023MAGNETIC PROPERTIES OF THE ITINERANT . . .
changes from the second order to the first-order one ca
determined from the critical concentrationxt at which
x(Tmax)

2150 is satisfied.25 The estimated critical concentra
tion is xt51%. Therefore, the second-order transition reg
exists only in the vicinity ofx50. In the concentration re
gion 1%,x,11%, however, the transition becomes fi
order. TheT0 line, on which the metamagnetic transitio
disappears, is expected to merge into theTc line at Tt .25

Between theTc and T0 lines, the metamagnetic transitio
appears as shown in Fig. 8. For comparison, the value
Tmax are also plotted in thex-T plane. The observed value o
Tmax is larger than that ofT0 at the same concentrationx.
The Tmax line is also expected to merge into theTc line at
Tt .25

C. Magnetizations under static high field and high pressure

We measured the magnetizations of ferromagnetic C2
and Co~S0.9Se0.1!2 under static high magnetic field and hig
pressure. Figure 9~a! shows the temperature dependence
the magnetization of CoS2 in a magnetic field of 0.5 T a
various pressures. The magnetization was measured wit
creasing temperature after zero-field cooling of the sam
In the low-temperature region, the pressure effect on
magnetization is small. In the vicinity of the Curie temper
ture, however, this effect is very large. In order to examine
detail the magnetic behavior of CoS2 under high pressure
around the Curie temperature, we measured again the m
netization in a magnetic field of 0.1 T at various pressur
Figure 9~b! shows the magnetization around the Curie te
perature. With increasing pressure, the magnetization
creases more abruptly at the Curie temperature. This i
cates that the second-order ferromagnetic transition
changed into the first-order one by the application of h
pressureP.0.4 GPa.

At ambient pressure, CoS2 has no metamagnetic transitio
above the Curie temperature. Under high pressure where

FIG. 8. Magnetic phase diagram of Co(S12xSex)2 in the x-T
plane. Below theTc line, ferromagnetism appears. With increasi
x, the type of the ferromagnetic transition is expected to chang
the pointTt on theTc line, which corresponds to a concentratio
x51%. Between theTc andT0 lines, the metamagnetic transitio
occurs. The values ofTmax are also plotted, at which the suscep
bility becomes maximum.
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ferromagnetic transition becomes first order, we have
served the metamagnetic transition just above the Curie t
perature. As a typical example, we show the tempera
dependence of the magnetization curve of CoS2 at 0.77 GPa
in Fig. 10. As shown in the inset, the magnetization curve
117 K clearly indicates the metamagnetic transition w
hysteresis. It should be noted that Co~S0.9Se0.1!2 with the

at

FIG. 9. ~a! Temperature dependence of the magnetization
CoS2 measured in a magnetic field of 0.5 T at several pr
sures. ~b! Magnetization of CoS2 around the Curie temperatur
measured in a magnetic field of 0.1 T.

FIG. 10. The magnetization curves of CoS2 for 0.77 GPa around
the Curie temperature. The inset shows the magnetization curve
a finer magnetic field scale.
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first-order ferromagnetic transition at ambient pressure a
exhibits the metamagnetic transition aboveTc ~see Fig. 4!.

Figure 11 shows the magnetic phase diagram of CoS2 in
the P-T plane. The Curie temperature has been determi
from the magnetization measurements in the pressure re
P<0.77 GPa and from the ac susceptibility measureme
above this region. The data of Yomo30 are also plotted for
comparison. It should be noted that the change ofTc around
0.4 GPa is anomalous:Tc decreases linearly with increas
ing pressure in the low-pressure region 0<P<0.41 GPa, but
above 0.41 GPa it deviates remarkably from this liner re
tion. Above 1 GPa,Tc decreases more rapidly. The values
T0 at P50.62 and 0.77 GPa are very close to that ofTc for
P50.41 GPa. We have observed the metamagnetic tra
tion in the narrow temperature region betweenT0 and Tc
lines.

Co~S0.9Se0.1!2 is a ferromagnet near the disappearance
ferromagnetism and its pressure effect is expected to be
large. In order to examine the change of the magnetic gro
state by the application of high pressure, we measured
magnetization curves for 4.2 K at several pressures. The
sults are shown in Fig. 12. With increasing pressure,
spontaneous magnetization abruptly decreases and the f
magnetic compound becomes paramagnetic under pres
higher than 0.21 GPa. In the paramagnetic pressure reg
the metamagnetic transition occurs. The magnetization a
the transition is nearly equal to the saturation magnetiza
at P50 GPa in the pressure region 0<P<0.77 GPa.

We measured the temperature dependence of the ma
tization curve of Co~S0.9Se0.1!2 at various pressures. Figur
13 shows the results forP50.21 and 0.77 GPa. The critica
field increases with increasing pressure and temperature.
metamagnetic transition becomes broad with increasing t
perature. Comparing these results with the temperature
pendencies of the magnetization curves of Co(S12xSex)2 for
various concentration, we conclude that the change of

FIG. 11. Magnetic phase diagram of CoS2 in theP-T plane. The
Curie temperatureTc above 1 GPa has been determined from the
susceptibility measurements. Yomo’s data~Ref. 30! of Tc are also
plotted for comparison. The ferromagnetic transition is second
der belowP'0.4 GPa and first order above this pressure. Betw
the Tc andT0 lines, the metamagnetic transition appears.
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magnetic properties by the application of high pressure
almost the same as that due to the Se substitution~see Figs.
4 and 5!.

The average critical fields of Co~S0.9Se0.1!2 at various
pressures are summarized in Fig. 14~a! as a function of the
square of temperature. The transition field under high pr
sure also shifts proportionally toT2 at low temperatures and
can be written by

Bc~P,T!5Bc~P,0!1aT2. ~2!

Here Bc(P,0) is the average critical field forP50 GPa. In
the pressure region 0<P<0.77 GPa,a (.0) is constant
and its value is equal to that ofa in Eq. ~1!. From both Eqs.
~1! and~2!, we consider that the value ofa for Co(S12xSex)2
does not change in the pressure and concentration reg

c

r-
n

FIG. 12. Pressure dependence of the magnetization curv
Co~S0.9Se0.1!2 at T54.2 K.

FIG. 13. Temperature dependence of the magnetization curv
Co~S0.9Se0.1!2 measured atP50.21 and 0.77 GPa.
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0<P<0.77 GPa and 0.1<x<0.2 @see Fig. 6~a!#. Figure
14~b! shows the estimated average critical field forT50 K,
Bc(P,0), as a function of pressure. The critical field i
creases linearly with pressure. The critical pressurePc at
which the transition field becomes zero is estimated to
Pc50.25 GPa. This pressure corresponds to the disapp
ance of ferromagnetism.

IV. DISCUSSION

A. Phase diagram and magnetic properties
in high magnetic fields

Moriya24 and Yamada25 have proposed a theory of th
itinerant metamagnetic transition at finite temperatures ba
on the spin-fluctuation model. Here, we abbreviate t
theory as the MY theory. In order to use this theory f
analyzing our experimental results, we briefly introduce
The equation of state for an itinerant electron system is w
ten in the ground state as

B5aM1bM31cM5, ~3!

whereB is magnetic field,M the uniform magnetization, an
a is the inverse susceptibility atT50 K, a5x(0)21. The
coefficientsa, b, andc are functions of the electronic den
sity of states and its derivatives at the Fermi level. HereM
and x are expressed in terms ofmB /Co (5mB /f.u.) and
mB /CoT, respectively. The coefficientsa, b, andc for ac-

FIG. 14. ~a! Average critical fields of Co~S0.9Se0.1!2, Bc , for
various pressures as a function of the square of temperature.~b!
Estimated average critical field forT50 K, Bc(0), as afunction of
pressure. The critical pressure for the disappearance of ferrom
netism is evaluated to bePc50.25 GPa.
e
ar-

ed
s
r
.
t-

tual materials can theoretically be evaluated using the fi
spin-moment method of band calculations.31 Hathaway and
Cullen32 have actually estimated these coefficients for YC2.
At a finite temperatureT, the coefficientsa, b, and c are
renormalized by thermal spin fluctuations and the equa
of state is rewritten as

B5A~T!M1B~T!M31C~T!M5, ~4!

where A(T) is the inverse susceptibility atT. The coeffi-
cientsA(T), B(T), andC(T) are functions ofa, b, c, and
the mean-square local amplitude of thermally fluctuating m
mentj(T),2 which is proportional toT2 at low temperatures
In the MY theory, the effects of zero-point spin fluctuatio
~quantum spin fluctuations! are completely neglected
Moriya24 has determined the magnetic phase diagram of
itinerant electron system witha.0, b,0, and c.0. The
negative value ofb suggests that the density of states cur
has a positive curvature near the Fermi level.1 In the case of
ac/b2. 3

16 , the ground state is paramagnetic. The condit
for the occurrence of the metamagnetic transition atT
50 K is given by

a.0, b,0, c.0, and
3

16
,

ac

b2,
9

20
. ~5!

For 0<ac/b2, 3
16 , the ground state becomes ferromagne

Although the Stoner condition (a,0) is not satisfied in this
case, ferromagnetism appears. The large positive curva
of the density of states curve near the Fermi level stabili
the ferromagnetism.

Figure 15 shows the theoretical phase diagram fora.0,
b,0, and c.0 in the vicinity of the disappearance o
ferromagnetism.24 Becausecj(T)2/ubu increases proportion
ally to T2 at low temperatures, the ordinate corresponds
the temperature axis of the magnetic phase diagram

g-

FIG. 15. Theoretical magnetic phase diagram fora.0, b,0,
andc.0. The ferromagnetic transition is second order on the so

Tc line (ac/b2,
5

28) and first order on the dottedTc line ( 5
28

,ac/b2,
3

16). Between theTc andT0 lines, the metamagnetic tran
sition occurs. In the narrow region528,ac/b2,

3
16, the transition

appears just above the first-orderTc line. TheT0 line merges into
the Tc line at the pointTt corresponding toac/b25

5
28.
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Co(S12xSex)2 indicated in Fig. 8. On the other hand,ac/b2

increases linearly withx in the narrow region ofx and there-
fore the abscissa is considered as thex axis. The phase tran
sition between the paramagnetic and ferromagnetic state
curs on the Tc line and the metamagnetic transitio
disappears on theT0 line. Between theT0 andTc lines, the
metamagnetic transition appears. With increasingac/b2, the
sign ofB(T) in Eq. ~4! changes from positive to negative o
the Tc line andB(T) becomes zero at the critical pointTt
whereac/b25 5

28 is satisfied. Thus, the ferromagnetic tran
tion is second order in the region 0<ac/b2, 5

28 and first
order in the narrow region5

28 ,ac/b2, 3
16 . The Tt point on

the Tc line is considered as the tricritical point where t
type of the ferromagnetic transition changes. Moreover,
metamagnetic transition appears just aboveTc in the narrow
region. TheT0 line merges into theTc line atTt . The Curie
temperatureTc abruptly decreases with increasingac/b2 in
the region 5

28 ,ac/b2, 3
16 . This phase diagram well repro

duces the experimental phase diagram of Co(S12xSex)2 in-
dicated in Fig. 8. CoS2 with the second-order ferromag
netic transition has no metamagnetic transition aboveTc .
However, we have found that Co~S0.9Se0.1!2 exhibits the
first-order ferromagnetic transition and the metamagn
transition appears aboveTc . This dramatic change of th
magnetic properties due to the substitution of only 10%
for S in CoS2 can be explained by considering that the va
of ac/b2 for CoS2 is slightly smaller than5

28 and increases to
a value between5

28 and 3
16 due to the Se substitution. Th

rapid decrease ofTc in Co(S12xSex)2 and the appearance o
the paramagnetic ground state with the metamagnetic tra
tion in magnetic fields can also be explained using the th
retical phase diagram.

According to the MY theory,25 the inverse susceptibility
is given by the relation

x21~T!5a1 5
3 bj~T!21 35

9 cj~T!4. ~6!

This relation indicates that the susceptibility fora.0, b
,0, and c.0, and 5

28 ,ac/b2, 9
20 increases and then de

creases through a maximum value with increas
temperature.25 Therefore, every paramagnetic system th
shows the metamagnetic transition has a broad maximu
a temperatureTmax in the temperature dependence of t
susceptibility. The itinerant system with the first-order ferr
magnetic transition also has a broad maximum in the p
magnetic temperature region. These theoretical results
consistent with the observed magnetic properties
Co(S12xSex)2 .

The inverse susceptibility atTmax is written as

x~Tmax!
215

b2

c S ac

b22
5

28D . ~7!

The temperatureTmax is always higher thanT0 .25 This is
consistent with the experimental results of Co(S12xSex)2 , as
shown in Fig. 8. It should be noted thatx(Tmax) becomes
infinite at ac/b25 5

28 , where the type of the ferromagnet
transition changes andTmax is equal to the Curie temperatur
Tc corresponding to the pointTt . ~The ferromagnetic region
is 0<ac/b2, 3

16 .! In order to compare the experimental da
of x(Tmax)

21 with the theoretical relation~7!, we have plot-
c-

e

ic

e

si-
o-

g
t
at

-
a-
re
f

ted the data as a function ofx in Fig. 16. These data can we
be described by a simple relation,

x~Tmax!
215~540x25! @T~mB/Co!21#. ~8!

This relation can be deduced from Eq.~7! and the assump
tion that the value ofa increases linearly withx and those of
b and c are nearly constant in the concentration region
<x<0.3. The susceptibilityx(Tmax) becomes infinite atx
50.01. This suggests that the type of the ferromagnetic tr
sition changes atx50.01. The Curie temperature forx
50.01 corresponds to the pointTt in the phase diagram o
Co(S12xSex)2 ~see Fig. 8!. Therefore, the Co(S12xSex)2 sys-
tem satisfiesac/b25 5

28 at x50.01.
On the other hand, the critical field of the metamagne

transition near the disappearance of ferromagnetism (ac/b2

> 3
16 ) is given by

Bc~T!5Bc~0!1 1
16Aubu/3cubuj~T!2, ~9!

Bc~0!5 3
4 Aubu/3c

b2

c Fac

b22
3

16G . ~10!

@Yamada’s expression forBc(0) includes an error.25# Since
the values ofb and c of Co(S12xSex)2 will be nearly con-
stant in the narrow concentration region 0.1<x<0.2, the lin-
ear increase ofBc(0) with x mainly comes from the increas
of a5x(0)21 @see Figs. 6~a!, 6~b!, and Eq.~1!#. The ob-
servedT2 dependence ofBc(T) originates from the therma
spin fluctuationj(T)2 that increases proportionally toT2 at
low temperatures. The fact thata in Eq. ~1! does not depend
on x indicates that the thermal spin fluctuation in the ferr
magnetic compound Co~S0.9Se0.1!2 aboveTc is equal to that
in the paramagnetic compound with 0.12<x<0.2.

As described above, the magnetic phase diagram
Co(S12xSex)2 , the susceptibilityx(Tmax) and the critical
field Bc(x,T) can qualitatively elucidated with the MY
theory. Next, we try to evaluate the parametersa, b, andc
and the thermal spin fluctuationsj(T)2. Since the ferromag-
netism of Co(S12xSex)2 disappears atx50.11, we have
ac/b25 3

16 for x50.11. We already obtainac/b25 5
28 for x

50.01 from Eq.~8!. Therefore, we get

ac

b2 58.9331022x10.1777. ~11!

FIG. 16. Inverse susceptibility of Co(S12xSex)2 at T5Tmax as a
function of the concentrationx.
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On the other hand, the concentration dependence of the
cal field of Co(S12xSex)2 for T50 K, which is shown in
Fig. 6~b!, is written as

Bc~x,0!5216x223.8 @T#. ~12!

Using the relations~7!, ~8!, ~10!, ~11!, and ~12!, we can
estimate the coefficientsa, b, andc within the framework of
the MY theory as

a51.07310315.43102x @T ~mB /Co!21#,

b527.13103 @T ~mB /Co!23#,

c58.33103 @T ~mB /Co!25#. ~13!

In the Co(S12xSex)2 system, the second term of Eq.~9! is
experimentally expressed asaT2 with a51.43
31023 @T/K2#. Using the values ofa, b, andc, we obtain
the thermal spin fluctuation in Co(S12xSex)2 as

j~T!256.131026T2 @~mB /Co!2#. ~14!

At T5100 K, the average local amplitude of the therma
fluctuating moment reaches about1

4 @mB /Co#.
The estimated values ofa, b, c, andj(T)2 can quantita-

tively explain the experimental values ofx(Tmax) and
Bc(x,T) and the phase boundaries atT50 K. However, we
have found that the value ofx(0) (5a21) is much smaller
than the experimental one. In the case of Co~S0.86Se0.14!2, for
example, the susceptibility forT50 K is given by x(0)
'x(Tmax)/16. As already described, the susceptibility me
sured at low temperatures is enlarged by the effects of m
netic impurities and sample inhomogeniety. The estimat
of the intrinsic value ofx(0) from the experimental data i
difficult. However, the experimental value ofx(0) in the
Co(S12xSex)2 system is obviously much larger than the c
culated one. This is because the effect of zero-point s
fluctuations are completely neglected in the MY theory. W
consider that the value ofx(0) obtained from Eq.~13! is
close to the one calculated from the density of state at
Fermi level and the Stoner enhancement factor. The sus
tibility of Co(S12xSex)2 at T50 K will be enhanced by this
effect. Recently, Takahashi and Sakai33 have proposed a new
model that the magnetization process of the itinerant elec
system exhibiting the metamagnetic transition is mai
dominated by zero-point spin fluctuations in the ground st

B. Magnetic properties under static high fields
and high pressure

As already described, CoS2 with the second-order ferro
magnetic transition has no metamagnetic transition ab
Tc , but the application of high pressureP.0.4 GPa changes
the ferromagnetic transition into the first-order one. We ha
observed the metamagnetic transition just above the C
temperature atP50.62 and 0.77 GPa. These experimen
results are summarized in theP-T phase diagram shown i
Fig. 11. The pressure dependence ofTc is anomalous above
0.4 GPa: the value ofTc decreases with increasing pressu
but is remarkably higher than that expected from the d
below 0.4 GPa. This anomalous change originates from
hysteresis of magnetization due to the first-order ferrom
iti-
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netic transition. In the high-pressure experiments, we
creased the temperature of CoS2 after zero-field cooling.
Thus, the Curie temperature in the pressure region of
first-order transition is observed to be higher than the eq
librium value ofTc , as seen in the temperature depende
of the magnetization of Co~S0.9Se0.1!2 indicated in Fig. 1. We
consider that the second-order transition of CoS2 turns into
the first-order one atP'0.4 GPa, where the Curie temper
ture corresponds to the tricritical pointTt . The position ofTc
for CoS2 at 0 GPa exists on the second-order phase boun
nearTt . This phase diagram can also be well reproduced
the theoretical one shown in Fig. 15. Because the applica
of high pressure increases the value ofac/b2 and shifts the
position of Tc to a point on the first-order phase bounda
the metamagnetic transition appears just aboveTc . These
facts indicate that CoS2 is a ferromagnet with a positive
value ofa5x(0)21, which does not satisfy the Stoner co
dition.

The magnetic properties of ferromagnetic Co~S0.9Se0.1!2
with the first-order transition are drastically changed by
application of high pressure. Although the Curie temperat
is Tc527 K at 0 GPa, the ferromagnetism disappears atPc
50.25 GPa and paramagnetism appears at 0.25 GPa. In
paramagnetic regionP.0.25 GPa, the metamagnetic trans
tion takes place even atT50 K. Using the values ofTc and
Pc , we can evaluate the pressure dependence ofTc to be
dTc /dP52108 K/GPa. This value is extremely large com
pared with other itinerant ferromagnets. For example,
value ofdTc /dP is 235 K/GPa for an Invar alloy Fe64Ni36
with a very large pressure effect ofTc .34 We can easily
understand such a large value ofdTc /dP using the theoret-
ical phase diagram. As shown in Fig. 15, the decrease oTc
on the first-order phase boundary with increasingac/b2 is
very large compared with that on the second-order ph
boundary. The critical field of Co~S0.9Se0.1!2 as a function of
temperature and pressure is given by Eq.~2!. The first term is
written as

Bc~P,0!54.25P21.06 @T#, ~15!

whereP is expressed in terms of GPa. Equation~15! is very
similar to Eq.~12! for the concentration dependence of t
critical field atT50 K. This also suggests that both the a
plication of high pressure and the substitution of Se prod
almost the same magnetic effects on CoS2. Comparing both
equations we know that 1% Se substitution corresponds
pressure of 0.51 GPa. Since the critical concentrationxc of
Co(S12xSex)2 is estimated to bexc50.11, the ferromag-
netism of CoS2 will disappear atPc55.6 GPa.

V. CONCLUSION

CoS2 is a ferromagnet with the second-order transition
Tc5122 K. The substitution of only 10% Se for S in CoS2
drastically reduces the Curie temperature toTc527 K and
the transition becomes first order. Co(S12xSex)2 with 0.12
<x becomes an exchange-enhanced Pauli paramagnet.
temperature dependence of the susceptibility of ferrom
netic Co~S0.9Se0.1!2 shows a broad maximum at a temper
ture Tmax in the paramagnetic temperature region, simila
to the paramagnets. We have measured the magnetizatio
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Co(S12xSex)2 with 0<x<0.2 in pulsed high magnetic field
up to 40 T. The itinerant metamagnetic transitions have b
observed in the paramagnets. Co~S0.9Se0.1!2 also exhibits the
transition aboveTc . The critical field of the transition in-
creases with increasing temperature asT2. Using the experi-
mental data ofTc and the critical temperatureT0 at which
the transition disappears, we have determined the magn
phase diagram in thex-T plane.

We have measured the magnetizations of ferromagn
CoS2 and Co~S0.9Se0.1!2 under static high magnetic fields an
high pressure. With increasing pressure, the Curie temp
ture of CoS2 decreases and the second-order ferromagn
transition changes into the first-order one atP'0.4 GPa. In
the pressure regime of the first-order transitionP
.0.4 GPa, we have observed the metamagnetic trans
just aboveTc . In the case of Co~S0.9Se0.1!2, The Curie tem-
perature is drastically decreased by the application of h
g

.
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tic

tic

a-
tic
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pressure and the ferromagnetism disappears at 0.25 GPa
the paramagnetic pressure region, the clear metamagn
transition occurs. We have found that the application of hi
pressure produces almost the same effects on the pre
system as the Se substitution.

We have analyzed the magnetization data using the M
theory. The observed magnetic properties and the determi
magnetic phase diagram of Co(S12xSex)2 can qualitatively
be elucidated with this theory. In order to explain these r
sults quantitatively, however, the effects of zero-point sp
fluctuations must be included in the theory.
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