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Abstract

The appearance of ferromagnetism ind &€& 15)C0o, Laves phase synthesized under high pressure of 6 GPawas confirmed. A magnetically
homogeneous state was achieved by applying pressure of 6 GPain 1373 K for 48 h. This is the first study that confirmed a stable ferromagnetic
state in exchange-enhanced Pauli paramagnetSo@&xed compound system. The quantities of pregsanel magnetizatio dependence of
the Curie temperaturg;, dinTc/dP and (dInTc/dP)/(dIn M/dP) = dIn Tc/dIn M for (S gsCa 15)C0o, are smaller than those for Lu(€o,Al )
compounds, and accordingly the magnetic moment ofs&= 15)C0, is stiffer against pressure. The ratio of the spin wave stiffness constant
Dsto T, De/Tc, in (SG gsCa.15)C0o; is smaller than that of Lu(Ga Al ,),, implying that the spin wave in (9gsC& .15)C0, spread over wider
wavevector space.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction [11]. It has been pointed out that the partial substitution of
Alin YCo2 leads to smoothing of the sharp peak of the DOS
C-15 type RCeo Laves phase compounds with R (rare [12], fading the characteristics of band magnetism.
earth and transition metal element) for IlIB group metals  The shift of Fermi level with respect to the substitution
such as Sc, Y and Lu exhibit an exchange enhanced Pauliof the R element in RCohas been theoretically discussed
paramagnetismil—4]. From the band calculations for these [5,13]. When the R-site is replaced by Ti, the d-electron
compounds, it has been pointed out that a sharp density ofnumber increases and the Fermi leyg shifts toward a
states (DOS) peak lies just below the Fermi lefidl By higher energy side far from main peak of DOS, resulting
applying high magnetic field, a metamagnetic transition in a paramagnetic TiGo[13]. On the other hand;g shifts
from the paramagnetic to the ferromagnetic state occursto lower energy side by replacing R by Ca, afd is
at 69T for YCe and 74T for LuCe [6,7]. Moreover, a located at just on the main peak of DQE3], stabilizing
ferromagnetic state is induced by a slight change of the elec-the ferromagnetic state in Cag¢l4]. For the systems
tronic structure, that is, a ferromagnetic state is establishedsubstituted the R-site in CagoScCe and TiCe, a rigid
by partial substitution of Co for Al or Ga in LuGd8,9]. band like concept is valid. In order to confirm the band
A weak ferromagnetic state with a low Curie temperature magnetism expected in the theoretical discussion, the partial
Tc ~ 20K also appears by partial substitution of Co for Al or substitution of Sc for Ca in ScGdas been examined in the
Gain YCa [10]. However, no clear evidence for appearance present study. Since the existence of C-15 type (ScGa)Co
of the ferromagnetic state in Scg&system has been reported has not been confirmed yet, we have synthesized (ScGa)Co
by applying high-pressure of 6 GPa. The magnetic properties
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2. Experimental

Before synthesizing (ScCa)g,aScCo was prepared by
arc melting in an Ar gas atmosphere and Ca®as prepared
by a high-pressure synthesis method under 6 GPa in 1173 K
for 2h. Both compounds ScGand CaCe¢ were crashed
into powders with about 100m. These powders were mixed
in the ratio of 85:15. (SgssCay.15)Cop; was synthesized
under 6 GPain 1373 K for several different times. The crystal
structure was identified by X-ray powder diffraction using
Ka spectrum of Cu with wavelength=1.5416 nm. The
magnetization measurement was carried out with a SQUID
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magnetometer. The pressure up to 0.9 GPa was applied to

the specimen by using a Cu-3wt.% Ti alloy nonmagnetic
pressure clamp cell. The Daphne oil 7373 was used as th
transmit medium of pressure. The applied hydrostatic exter-
nal pressure at low-temperature were calibrated by measurin
the shift of the superconducting transition temperature of Pb.

3. Results and discussion

The X-ray diffraction patterns of (3¢sCa.15)Co syn-
thesized by several different conditions are showRig 1
The diffraction peaks with underlines indices come from
a C-15 type CaGCpstructure with the lattice constant of
7.45A for the specimen synthesized in 1173K for 2h. The

netization curves at 4.2 K for (§gsCay.15)C0, synthesized
in 1373 K for three different times are shownhig. 2 With

small. The magnetic momeM per Co-atom is calculated
to be about 0.4kg. The Arrott plots in the vicinity of the
Curie temperaturdc for (S .gsCa.15Cop with synthe-

sizing time of 96 h are shown iRig. 3. Straight lines are
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Fig. 1. Powder X-ray diffraction patterns of (§g&Ca.15)Co, Laves phase
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Fig. 2. Magnetization curves at 4.2K for (%Ca.15)C0o, synthesized

eunder applying pressure of 6 GPa in 1373 K for three different times.

%btained at each temperature, supporting an excellent mag-

netic homogeneity in the specimen and the Curie temperature
Tc is decided to be 206 K. It should be pointed out that
ScCq is paramagnetic and@c of ferromagnetic CaCois
about 530 K[14]. Accordingly, a markedly different mag-
netic state is observed by a small amount substitution of Ca
in ScC@. Note that similar straight lines of the Arrott plots
are also obtained for the specimen synthesized in 1373K

for 48 h.

For ferromagnets with the second-order magnetic
=y g ] transition, T¢ is one of the measures of stability of the
peaks become sharp with increasing synthesis temperaturgq .omagnetic state. To discuss more clearly the stability
and time, proving the proceed of homogenization. The mag- of band ferromagnetism in (56:Ca.15)C0, the magne-
tization M measurements under hydrostatic pressure have
) i - i Y. & been carried out. The thermomagnetization curves up to
increasing synthesizing time, the magnetization increases.q g gpa for (Ses:C 19C0p synthesized at 1373K for
As seen in the figure, the saturation magnetic field is about ggp, gre shown- irFig.' 4. Both Tc and M decrease with
0.5T and the high magnetic field susceptibility is relatively increasing pressure. The pressure dependencg: cind
M at 4.2K is given inFig. 5. From the slopes,T&/dP and
dM/dP are decided to be-16 K/GPa and—0.03us/GPa,
respectively. The values offc, dinTc/dpP, dinM/dpP
at 42K and (diifc/dP)/(dinM/dP)=dInTc/dinM of
(S®.g5Ca.15)C0op are given inTable 1, together with those of
Lu(Cog.gsAlg.15)2 and Lu(C®.goAlg.20)2 Laves compounds
which show the second-order magnetic phase transition from
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compound synthesized applying 6 GPa under different conditions. The wave- Fig. 3. Arrott plots in the vicinity of the Curie temperatufe =206 K for
(S .g5Cap.15)Cop synthesized under 6 GPa in 1373 K for 96 h.

length of X-ray is. =0.15416 nm.
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Fig. 4. Thermomagnetization curves measured by applying pressure up to
0.9 GPa for (SgssCap.15)C0o, synthesized under 6 GPa in 1373 K for 96 h.
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Fig. 5. Pressure dependence of the Curie temper@wisnd the magnetic
momentV at 4.2 K for (Sg gsCap.15)C0, synthesized under 6 GPain 1373 K
for 96 h. di'c/dP is —16 K/IGPa and #/dP is —0.03.5/GPa.

the ferromagnetic to the paramagnetic sfafen addition,

the compounds withk=0.15-0.16 exhibit the highedic
130-150K in Lu(Ca_,Al,)2 system[9,15]. It should be
pointed out that the present compound exhibits the highest
among the ScCp YCo, and LuCe based quasi-binary com-
pound systems. The values a¥/diP for (S gsCap.15Co

is the same in magnitude as that for Lu(geAlo.15)2,
implying that the stiffness of the amplitude of local magnetic
moment(Mﬁ)C) against external pressure in the ground state
is comparable. On the other hand, the value offifdP of
(S@.85Ca.15)Cop is smaller than those of Lu(Go,Aly)2
Laves phase compounds, namely, the ratio of7gidin A7

is small. It has been reported that the thermal variation of
(M%C) due to thermal spin fluctuations, which is significant
in Lu(Cop — ;Al,)2 [9]. In the system, which exhibits a sig-
nificant increase of thermal spin fluctuatiorig, decreases

Table 1
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drastically on applying pressufg6], becauséc is strongly
related with the renormalization effect of spin fluctuations
in the magnetic free energy in the finite temperatyies.

It has been pointed out that the positive curvature of the
DOS at the Fermi levelr remains up to around=0.15 in
Lu(Coz — 4Al,)2, and hence a negative mode—mode coupling
among spin fluctuations leads to large values of TP
and dinTc/dinM [9,16]. Therefore, it is expected that the
difference between the shape of DOS aroBpthrings about
the difference in the stiffness cQM,%C) against pressure in
(S®.8sCap.15)Co and in Lu(C@.gsAl0.15)2.

The thermal variation characteristics of local magnetic
moment appears in the spin wave dispersion relation. In the
itinerant-electron systems, the spin wave excitation occurs as
well as the localized magnetic moment systems. In the spin
wave dispersion theory, the relation between the spin wave
energyw, and the wavevectay is given byhw, = Dsg. The
spin wave stiffness constank is obtained fromM versus
7372 at low temperatures. The values Bf and D¢/T¢ for
(S®.g5Ca.15)C0o, are given inTable 1, together with those
for Lu(Coy — 4Al,)2 compounds. The quantity @s closely
relates with the feature of the imaginary part of dynamical
susceptibility Imy(q,w). Here, the integration of Im(g,w)
characterizes the thermal properties spin fluctuafibrp In
the weak itinerant-electron systems, f,») shows a strong
q dependence, that is, in a smahegion it extends up to high
w [17]. On the contrary, Iny(q,w) exhibits a wealg depen-
denceinlocalized magnetic moment systéh7$. Therefore,
the ratio ofD¢/T¢ is the implicit measure of the spread of spin
fluctuations in the space. A small value db¢/Tc implicates
awide spread of spin fluctuations in #hspace. Note that the
ratio of Dg/T¢ in a weak itinerant-electron ferromagnegNi
is very large, close to 2 mei2 K1 [18]. The ratio ofDs/Tc
for (So.gsCap.15C0op is about 0.4 and it is much smaller
than that of the isostructure Lu(¢€o.Al,)2. Comparing the
ratio of Ds/Tc, it is considered that the excitations of spin
wave spread wider in thespace in (SggsCa.15Cop than in
Lu(Coz — 4Al)2 system. In both systems, the ferromagnetic
state appears by a partial substitution in exchange-enhanced
Pauli paramagnets. However, the mechanism of the onset of
ferromagnetism in the former R-site substitution system is
different from the latter Co-site substituted system. It has
been pointed out that the smoothing of DOS peaks occurs due
to alloying effect of Co-band when Co is partially substituted
by Al in YCo; and a slight increase of DOS at the Fermi
level Er brings about appearance of ferromagnetidra.

In Lu(Co; — 4Al,)2 systems, the onset of ferromagnetism

The Curie temperaturgc, quantities of pressure effect dig/dP, dinM/dP at 4.2 K and dirf'c/dIn M, spin wave stiffness constabt and the ratio oDs/T¢
for (Sa.85Cap.15)C0p, LU(Cap.gsAl0.15)2 and Lu(Ca goAl 0.20)2 Laves compounds

Te (K) din Te/dP (GPal) dinM/dP (GPa'l) dinTe/dinM Ds (meVA2) D¢/Tc (meVA2K-1)
(St.85Ca0.15)C02 206 -0.08 -0.08 1.0 81 0.39
Lu(Caop gsAl0.15)2 131 -0.23 -0.07 3.2 146 1.11
Lu(Cap.g0Al 0.20)2 103 -0.17 -0.15 1.1 106 1.03
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