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The static magnetic properties near the Curie temperature in CoS, have been thor-
oughly studied by using various experimental techniques from high quality single crys-
tals, which were grown by the chemical transport technique. A very small anisotropy
in magnetization confirms that CoS, is the best system to apply the Heisenberg Hamil-
tonian. The critical indices obey the static scaling hypothesis, which indicates negligi-
ble effect of the temperature-induced local moment on the ferromagnetic transition.
However, the static critical properties suggest that the magnetic transition is close to
the tricritical point, although the magnetic transition in CoS, is continuous.

[ single crystal CoS,, critical indices, scaling law, tricritical point, critical neutron

scattering

§1. Introduction

CoS, of the pyrite structure is a metallic
ferromagnet whose Curie temperature, 7. is
about 120 K. The atomic moment is 0.84 ug
per Co atom.? The Co atoms form a face-cen-
tered cubic (fcc) structure and sit on the center
of the sulfur octahedron. The strong cubic
crystalline field splits d-bands to the lower 7,
and upper ¢, and the Fermi level lies in the
middle of the upper e, band. Due to the fact of
the cubic structure and the nearly half filled
band, the magnetic Hamiltonian must be
isotropic. Indeed the anisotropy of the mag-
netic properties is quite small.>* Therefore
one can imagine that the experimental results
of the magnetic properties can well be fitted to
the simple model Hamiltonian, which is not
true.

The magnetic susceptibility of CoS; in the
paramagnetic region is temperature dependent
but the linearity of x ~! in temperature breaks
at around 350 K above which the effective mo-
ment seems to saturate at 1 ug.”? Moriya inter-
preted this anomalous thermal behavior in the
context of the self-consistent renormalization
(SCR) theory that the local magnetic moment
does change thermally by the effect of the
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renormalized spin fluctuations.” The major in-
terest in the present study on the spin correla-
tions in CoS; is whether the effect of the renor-
malized spin fluctuations influences the critical
behavior near T.. The anomalous behavior of
the specific heat near the Curie temperature
was the issue whether the result is comprehensi-
ble in the context of the SCR theory. The SCR
theory claims that the critical divergence for
the weak itinerant ferromagnets must be sup-
pressed from the mean field value in the
specific heat in particular due to the effect of
mode-mode coupling between the low energy
spin fluctuations.® The mean field theory for
the Heisenberg ferromagnet predicts the
logarithmic divergence of the specific heat; the
critical index o should be 0. On the other hand
the real experimental value of o (T>T¢) or o’
(T< T.) reported for CoS, was 0.3 or 0.8.”
In this respect, we are very much interested
in the fact that the rapid change in the mag-
netic properties when Se is substituted to S in
CoS,. T. drops substantially through the sub-
stitution and vanishes at Co(Seo.11So.80)2.?
Another characteristic feature in the mixed
system of Co(Se,S;-,) is the fact that the fer-
romagnetic transition seems to be discontinu-
ous. It is well established that the thermal be-
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havior at the tricritical point quite differs from
that of the second order phase change and also
the critical indices of the second order transi-
tion are largely influenced when the second
order critical line approaches to the tricritical
point.” Therefore it is very important at this
status that thermal behavior must be reexam-
ined by using the high quality single crystal.
Then we will test all the critical indices again
whether they fill the scaling hypothesis, since
the scaling hypothesis is set up in the system
that well defined saturated magnetic moments
interact with each other, which is treated by
the model Hamiltonian.

We do expect the different dynamical behav-
ior of the critical scattering spectra, if the local
induced moment plays a dominant role by the
effect of the renormalized spin fluctuatiuons as
claimed by the SCR theory. However we don’t
know the scaling hypothesis can be satisfied
without any condition. Prior to the dynamical
studies, we have performed all the static mea-
surements near 7, and tested the scaling
hypothesis from the high quality single crys-
tals which were prepared by the technique of
the chemical transport.!?

The format of the paper is the following.
The experiments will be described by the sam-
ple preparation followed by the experimental
procedure and results, magnetization, specific
heat and neutron scattering. The §4 is devoted
to the discussion of the present results with the
concluding remarks.

§2. Sample Preparation’®

Polycrystals of CoS, were made of cobalt
(99.9%) and sulfur (99.999%) raw material
powder. The nominal mixtures of CoS were
sealed in silica tubes under the pressure of
1072 torr and then the mixtures were kept at
700°C for 3 days. After quenched into water
they were ground and other powder of sulfur
was added so as to be the nominal mixtures of
CoS,. The materials were sealed again with ex-
cess sulfur and reacted for 7 days under the
same condition. The X-ray powder diffraction
revealed that the specimen contains only a sin-
gle phase of pyrite structure.

We grew single crystals by the method of
chemical vapour deposition, which we
describe here in detail. The grown condition is
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rather difficult to be determined but the follow-
ing condition was found to be appropriate. Sil-
ica tubes of 1 cm diameter and about 15 cm
long were used. The powder of CoS, with the
weight of 0.5~ 1 g was sealed into the tubes
with 0.4 atm of Cl, gas. We have found a
proper condition to grow a reasonable size of
the crystal; 780°C at the hot zone and 720°C
at the cool zone, growing period is about 2
weeks. The single crystals show metallic lustre
and often exhibited high symmetric cleavage
surfaces. The typical mosaicness of 0.30°
~0.35° is determined by a locking curve from
neutron scattering.

§3. Experimental Procedures Near 7. and
Results

3.1 Magnetic anisotropy

The magnetic anisotropy of CoS, has been
measured preliminarily by using a conven-
tional vibrating sample magnetometer (VSM).
The sample used here was shaped into a sphere
with the diameter of 2.7 mm. We measured
the M-H curves along the [111] and [100] crys-
tal directions at both 4.2K and 77.4 K. The
M-H curves were corrected by taking into
account the observed demagnetization factor
(0.335), and the corrected data are shown in
Fig. 1. The easy axis in magnetization is [111]
and magnetic anisotropy was found to be very
small, which is represented by the cubic
anisotropy constants K; of —1.7x107* and
—0.3%x10"“ergcc™! at 4.2K and 77.4K, re-
spectively. This result coincides with those
obtained from torque measurements® and
FMR experiments.®

3.2 Magnetization measurements

The isothermal magnetization curves were
obtained in the vicinity of 7. by using the
VSM. A single crystal was shaped into a
sphere with the diameter of 3.5 mm. Due to
the small magnetic anisotropy, we decided
that it is not necessary to measure at a fixed
crystal axis. A calibrated chromel-constantan
thermocouple (CRC) was attached on the sam-
ple as the thermometer. The isothermal mag-
netization was measured near T in varying the
magnetic field up to 12 kOe. The temperature
stability during one scan was A7T< +0.03 K.

Magnetization M at 7., spontaneous mag-
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Fig. 1. Field dependence of magnetization of a single

crystal CoS, in [111] and [100] crystal axes at (a)
4.2K and (b) 77.4K.

netization M; and zero field susceptibility Yo
near T, obey power laws:!?

M (T.— T)ﬁ <7, 1)
XoC (T_ Tc)_y T> Tca (2)
Mo H? T=T.. (3)

We analyzed the data of the isothermal mag-
neatization with the expression proposed by
Arrot and Noakes:'?

T—T.
a(H/IM)"=g.+e; M'F; g.=

“4

c

where both ¢; and ¢, are numerical constants
and H, the effective magnetic field. The linear
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Fig. 2. A plot of isothermal magnetization data using
eq. (4) with $=0.23 and y=1.25.

relation between M '# and (H/M)"" holds
for CoS; as is shown in Fig. 2, from which M,
and yxo are deduced through extrapolations to
the ordinate and abscissa respectively. Three
critical indices as well as 7. were determined
by this analysis over the reduced temperature
range of 2%X1073<lel<6%x107% B=
0.23£0.02, y=1.25+0.05, §=6.4%+0.2 and
T.=121.13+0.04 K.

3.3 Specific heat measurements

The zero field specific heat of CoS, has been
measured near 7. by using an ac calorimetric
technique. A single crystal shaped into a disk
with the diameter of 2 mm and the thickness
0.2 mm was used for the present experiments.
The temperature was monitored with a
calibrated CRC thermocouple junction at-
tached on a surface of the specimen, while an
opposite surface was heated up periodically by
a heat -pulse of a halogen light source. Data
were taken continuously as the temperature
was increased.

A preliminary measurement was done over
the temperature region from 10K to 200 K.
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Fig. 3. Specific heat of a single crystal CoS, as a func-

tion of temperature. The solid curve is computed for
lattice and electron contributions using 3Cp (6p/7T)
+yT, where Cp, 6, and y are Debye specific heat
function, Debye temperature and coefficient of elec-
tronic specific heat, respectively; 6p,=542K and
y=25.8mJ K2 mol ™.

The experimental result is presented in Fig. 3,
in which our data were normalized to absolute
values at 7=200 K utilizing the data of Ogawa
and Yamadaya.” The contribution from the
lattice and electronic terms was derived from
the data taken at a low tempetrature side with
0p=542K and y=25.8mJ K 2mol™!, where
Op and y are the Debye temperature and the
coefficient of electronic specific heat respec-
tively. The reasonable agreement between the
experiment and calculation using these two
parameters is seen at both ends higher or
sufficiently lower than T.. In order to deduce
the magnetic part of specific heat, we fixed
such a solid curve in Fig. 3 that is assumed to
be the background for magnetic specific heat
in the following analysis.

We ran the specific heat measurements three
times near 7. and separated the magnetic con-
tribution, Ch,,, using above mentioned correc-
tion of both electronic and lattice parts. Then,
the results were analyzed with the following
asymptotic form;

Craz=ATe *+B"
=A"lel“+B~
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Fig. 4. (a) Specific heat of a single crystal CoS, near

T.. The smooth curves are drawn through eq. (5) and
(6), using seven parameters obtained from least-
square fits. (b) A conventional replot of the specific
heat as a function of reduced temperature with
T.=121.10K. The C,,, is deduced through the correc-
tion of lattice and electronic contributions. For the
first run, B* and B~ were 0.20 and 1.24 J K™ ' mol ™",
respectively. The straight lines are drawn with the
mentioned values of « and «’.

Using T., o, a’, A*, A-, B* and B~ as
seven parameters of a least-squares means,
each run was fitted to the above equations.
One example of this analysis is given in Fig. 4.
A fairly good agreement between the experi-
ment and calculation could be seen over the
reduced temperature range of 1073<
le.l <1071, Three independent scans show
the identical results. Two critical indices as
well as 7., are summarized as follows;
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T.=121.13+0.07K, «=0.44+0.06 and

a’=0.6610.03.

3.4 Neutron scattering above T.

We briefly summarize the theoretical aspects
of the neutron magnetic scattering which are
relevant to our measurements.'® The differen-
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tial cross section for the scattering of unpola-
rized neutrons from an initial state k; to a final
state k;, with momentum transfer ZQ=
h(ki—k:) and energy loss hawo=h(ki—k{)/
2m,, by a system of N localized spins on a
Bravais lattice is customarily written in the
form;

d?c _
dQdw

where f(Q) is the atomic magnetic form factor and S(Q, w), the so-called scattering law, is the
spatial and temporal Fourier transform of the spin correlation function; i.e.,

yez zkf Aan o
h<mec2> T (@F 2 (1-0)5%(Q, w), @)

N 0
§$(Q, =5 2 y_ exp (i[Q-R—wt]) {S5(0) Sk (?)> dt. ®

The Sz (¢) is one cartesian component of the spin operator at site R and time ¢. Above T, where
the spontaneous magnetization is zero and no distinction can be made among crystal orienta-
tions, the term (1—Q2) must be avaraged to 2/3 and all components of S(Q, w) contribute
equally to the scattering.

Through the application of linear response theory, S(Q, w) is described in terms of a spectral
weight function, F(Q, w), and a wave-vector-dependent susceptibility, x (Q),

NS(S+1) ho/ksT x(Q)
3h l1—exp(—hw/ksT) xo

where yo=(gus)>S(S+1)/3ksT is the susceptibility for an isolated ion and F(Q, w) is normal-
ized

S(Q’ w)=SBragg(Q’ CO=O)+ F(Q’ (0), (9)

X F(Q, w)dw=1. (10

The first term in (9) is proportional to the square of magnetization and arises from the mag-
netic Bragg scattering. The second term gives diffuse scattering from spin fluctuations which
becomes critical scattering near 7. The x (Q) is defined such that x (Q =0) is just the macroscopic
isothermal susceptibility obtained by bulk measurements. By combining (7) with (9), we arrive at
a convenient expression for the critical scattering above T,

d’c 2 ( ye? ho/ke T x(Q)

An expression for x(q) valid for small g=—(Q+2n1) (2n7 is a reciprocal lattice vector) is

found to have the familiar Ornstein-Zernike form;

_ 2 ke
dQdw 3 mecz>Filf(Q)IZS(S+1)l—exp(—ha)/kBT) Xo F(Q, w). 11

A
x(q)_ A4 -
Xo Kk°t+q
where the parameter x is an inverse correlation length. Through the integration over w in (11),
do_2 . (re’y x(q)g“’ ke holksT
—:—N 2 +1 o F , d . 13
e 3 (mec2> IS @FSE+D X0 - ki 1—exp(—hw/ksT) (¢, @) do a3

As the temperature approaches to 7., F (g, @) behaves like a d-function with the centre of
»=0. In this case, the static approximation is attained so that
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ki=k; and hw<ksT. (14)
Then,
do 2 ye? \2 x(q)
—=—N 28(S+1)—xT . 15
TR (mecz) F@PS(S+1)= Ze T () 1)

This (da/d Q) corresponds to the scattering in-
tensity measured with a triple-axis spectrome-
ter operated in the double-axis mode. We see
that it is proportional to the wave-vector-
dependent susceptibility x(q).

The magnetic critical scattering experiments
were carried out on the TUNS spectrometer in-
stalled at the Tokai establishment JRR2 reac-
tor in the JAERI. All measurements were per-
formed with the triple-axis spectrometer in the
double-axis configuration. The monochroma-
tized neutron beam was obtained by using a
pyrolytic graphite monochromator. We em-
ployed neutron energies of 55 meV (A=1.22
A) and 30 meV (A=1.65 A) to satisfy static ap-
proximation. The arrangement of horizontal
collimations was with a customary notation
[blank (60")-20’-20'1, as is shown in Fig. 5(a).
Boronic masks were placed before and after
the sample to reduce the background.

The sample used here was a polyhedral
as-grown single crystal with the volume of
7 %5 x4 mm?®. It was mounted inside a hollow
alminum can and packed in with helium gas.
The temperature was monitored with a Pt-Co
resistance thermometer which was attached to
the bottom of the sample can.

A magnetic reflection around the (1 1 1)
reciprocal point was chosen on this study,
where the magnetic scattering cross section
was relatively large compared to the nuclear
reflection. Because of the small magnetic
anisotropy of CoS,, it is equivalent in the
reciprocal space to scan along any directions.
Taking into account the anisotropy of ex-
perimental momentum resolution in the
reciprocal space, the critical scattering was
measured along the [2 1 1] direction as shown
in Fig. 5(b).

The measured profiles are presented in Fig.
6. We can see the development of critical scat-
tering as the temperature approaches to T..
The Ornstein-Zernike form described before
was employed for x(g)/xo to analyze our ex-

perimental results. It was convoluted with the
instrumental resolution function, plus the
background determined at 0.17.. Two
parameters of 4 and x were obtained by the
least-squares meathod for each temperature.
Critical indices v and y are defined as
o« T— Tc>“

annK TC ’
=0 T—T\77?
x(q )Oc( )
Xo T

(16)

)
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Fig. 5. Scattering diagrams in the double-axis configu-

ration in (a) real and (b) reciproccal space.
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Fig. 6. Critical scattering around (I 1 1) reciprocal
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intensity of (1 11) is subtracted. The background is
shown as a broken line.

where a,, is the nearest-neighbour distance
(3.908 A for CoS,). The temperature depen-
dences of both anx and x(g=0)/y, are
shown in log-log plots in Fig. 7. The best fits
to the straight lines over the reduced tempera-
ture range between 1073 and 107! resulted in
T.=121.0%£0.1K, y=1.16£0.10 and v=
0.54+0.04.

§4. Discussion and Conclusion Remarks

The experimental data of the critical indices
for CoS, combined with the present and previ-
ous experiments are summarized in Table I
together with the theoretical results for the 3d-
Heisenberg system and those at the tricritical
point. The best known experimental data of
the critical indices for EuO and Ni which are
either the typical insulating ferromagnet of the
classical spin system or the itinerant ferromag-
net are also included in the table. It must be
remarked that y values concerning the critical
divergence of the magnetic susceptibility are
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Fig. 7. Reduced temperature dependences, using
T.=121.0K, of (a) the inverse spin correlation range
and (b) the susceptibility of CoS,. The straight lines
are drawn with the mentioned values of v and y.

slightly different between in the magnetization
measurement and in the neutron scattering ex-
periment, although the experimental error in
the neutron scattering data is slightly bigger.
One possible reason to reconcile two different
values in y is the fact that the neutron scatter-
ing is integrated over the finite frequency
region by covering thermal neutrons, while the
magnetization is really the static measurement
at exactly g=0 and w=0.

Another remark in the present experiment is
the fact that the specific heat measurement
presented here may be more accurate than the
previous measurement, and the difference in a
below and above T is much less.

Since the anisotropy in magnetization is
pretty weak in CoS, as shown in Fig. 1, it is
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Table I. Summary of static critical indices of CoS, derived from the present studies (surrounded by rectangles),
together with those obtained by others, other Heisenberg ferromagnets and theoretical predictions.
Experiments
Cos Theory
Index i 3d- M Tricritical’
Bulk Specific Neutron EuO Ni Heisenberg index
magnetization heat scattering
B 0.25+0.01% 0.24+0.029 0.3620.019  0.390%0.004” 0.3645=0.0025 0.25
0.25+0.02% 0.368+0.005" 0.378+0.004"
y 1.28+0.07? 1.16+0.10 1.3874£0.036° 1.32+0.02Y 1.3860.004 1.0
1.35+0.05% 1.29+0.017  1.34+0.01°
[6.4%02]
o 6.4+0.32 4.46+0.17  4.58+0.05" 4.802 5.0
6.4+0.3Y
o 0.8+0.29 —0.09+£0.01° —0.10£0.03" —0.115+0.009 0.5
[0.6620.03]
o’ 0.3%£0.19 —0.09+0.012 —0.100.03" —0.115 0.5
v 0.681+0.0179 - 0.705 +0.003 0.5
Ref. 14. ORef. 19.
PRef. 15. DRef. 20.
9IRef. 7. DRef. 21.
DRef. 16. DRef. 22.
Ref. 17. YRef. 23. § and o’ are estimated from scaling laws =(8+y)/8 and o’ =a, respectively.
DRef. 18. DRef. 9. o’ is from scaling law o’ =c.

quite proper to test the observed critical in-
dices based on the 3d-Heisenberg ferromag-
netic model. However the experimental values
of CoS; are far different from the estimate for
the 3d-Heisenberg ferromagnet, which gives a
good fit to the EuO data. The difference be-
tween the theoretical calculation and the ex-
perimental values for Ni is much smaller. On
the other hand, the experimental values in
CoS, can reasonably be fitted to the critical in-
dices for the tricritical values.

It must be very important whether the static
scaling law is established. The scaling hypothe-
sis is valid for the mean field calculation, while
there is no rigorous theory on the critical
phenomena for the weak itinerant ferromag-
net in which the local moment is induced ther-
mally. If we consider a picture that the temper-
ature induced local magnetic moment plays an
important role for ferromagnetic order, we
may expect the break down of the scaling
hypothesis. In fact the SCR theory predicts
the reduction in the sharpness in the specific
heat of which « is 0 in the mean field theory,

although no quantitative estimation was
given. The result testing the scaling hypothesis
for the CoS, experiment is given in the Table
II, which shows that this hypothesis holds ex-
cept the equation in the first line. Another
result showing the validity of the static scaling
law is the fact that the scaling field H by
| T— T, is well represented by the scaled
magnetization M by |T-T.|%, H/
| T—T.|#°=f.(M/ | T—T.|#), which is shown
in Fig. 8. It tells us that we can’t find a
dominant effect of renormalized spin fluctua-
tions on the ferromagnetic transition, since
the observed magnetic transition is quite nor-
mal concerning the stable order parameter.
Then we look for another mechanism to in-
terpret the specific values of the critical in-
dices, in particular large « values. In fact these
values are close to the critical indices of the
tricritical point. The theoretical values in the
table are the mean field estimate for the
Gintzburg-Landau theory taking higher ord-
ers. Not only the large « values which are close
to 0.5 of the mean field value at the tricritical
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Table II. The result of testing the static scaling law
with three dimensional system of d=3.

Scaling law Experimental results

a—a’'=—0.22%£0.09

a=a’

at2f+y=2 a+2(f—1)+yy=0.66+0.20
a+2(f—1)+yy=0.15£0.15

a+f(1+06)=2 a+pf(1+0)—2=0.14%£0.26

dv=2—a dv+a—2=0.06%0.18

B+y=Bo B(1—6)+yy=—0.08+0.24
B(1—=08)+yy=0.01%£0.19

p(6+1) pn(0+1D)—Q2—a)(d—1)=0.13+1.14

=Q—a)(d—1) pu(d+1)—Q2—a)(d—1)=0.81£0.75
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Fig. 8. Scaling law for CoS, with $=0.23, f6=1.472

and 7,=121.13 K. The temperature range of the data
points displayed is between 4x 10™* and 5% 1072 in
reduced temperature scale.

point but the fact that the experimental values
hold the scaling hypothesis is favorable for the
scenario that the ferromagnetic transition in
CoS; is continuous but it is close to the tricriti-
cal point. The present scenario is most likely
due to the fact that the substitution of Se to S
makes the transition discontinuous. Another
fact to support is the pressure dependence on
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the transition. Under the external pressure the
temperature derivative of the magnetization
near 7. becomes small,” which indicates
larger § than the ambient £. So far the good
example of the tricritical phenomena is the or-
der-disorder transition of [NH4]* orientation
in NH,ClI crystal.” The o’ values for NH,Cl
and ND,CI are 0.57%0.07 and 0.50%+0.07 re-
spectively, which are close to the present result
for CoS,. Although further experiments either
with Co(Se,S;-x). or under the applied pres-
sure for CoS, are necessary, this new consider-
ation that the ferromagnetic transition of
CoS; is near the tricritical point does not include
any inconsistency. If it is correct, CoS, pro-
vides the first real Heisenberg ferromagnet to
show tricritical transition. There are several
real systems showing the tricritical behavior
such as CsCoCl;-2D,0* and FeClL,*” which
are all the canted magnets.

Finally we do not exclude the possibility of
the existence of the temperature-induced local
moment from the present experiment but we
argue that the ferromagnetic transition is not
influenced by the induced moment. The effect
of the induced moment which is renormalized
through spin fluctuations, must be dynamical
in particular lower energy part. It is very im-
portant to investigate the dynamical behavior
in CoS, not only in the critical region but in
the paramagnetic region up to 400 K. We con-
sider such scans to study on spin dynamics.
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