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Abslrsci High-field magnetization and lw-temperature yeeific heal of Ihe 
nearly femmagnetic wmpounds Lu(Col-,Ga,)2 have been investigated. A sharp 
metamagnetic transition has been obsemed in these compounds 'The mitical field If. 
decreases with increasing z and becomes lower than 1 T a1 L. = 0.12. However, 
no spontaneous magnetization is confirmed even above z = 0.15. With increasing I, 
Ihe electronic specific heal coefficient q increases and reaches 36 aT K-* mol-' for 
L. = 0.12 in 0 ?: being 1.5 times as large as that of LuCoz. Such a mass enhancement is 
discussed in terms of Ihe spin fluctuation. The y value of the ferromagnetic slate for the 
specimen with z = 0.12 in a magnetic field of 14.6 T is reduced about 50% wmpared 
with that of the paramagnetic state in zero field. 'TXi means that the metamagnelic 
transition results in a drastic reduction of the spin fluctuation in Ihe compound. 

1. Introduction 

Recently, the mass enhancement of itinerant electrons due to spin Buctuations 
in 3d and 4f compounds has been studied intensively. &-based Laves-phase 
compounds such as YCo, and LuCo, have been regarded as strongly exchange- 
enhanced paramagnets (Lemaire 1966, Givord and Lemaire 1971). The electronic 
specific heat coefficient y and the magnetic susceptibility x of these compounds are 
several times as large as those of an unenhanced Pauli paramagnet YNI, (Bloch et af 
1971, Burzo and Laforest 1972). These properties in exchange-enhanced paramagnets 
have been discussed in terms of the spin fluctuation (Konno and Moriya 1987). 

LuCo, has been expected to exhibit an itinerant electron metamagnetic transition 
in a high magnetic field (Schinkel 1978, Yamada et af 1987). In fact, such 
a metamagnetic transition has been confumed in 74 T (Goto et al 1989, 1990, 
Sakakibara ef af 1990b). The magnetic moments have been estimated to be 0.15 
and 0.65 pg/Co in the paramagnetic and ferromagnetic states, respectively (Goto 
ef af 1990). By a partial replacement of CO by other elements such as AI, Sn 
and so on, the critical field of the metamagnetic transition is reduced. Eventually, 
ferromagnetism has been established beyond o = 0.10 for Lu(Co,-,Al,), (Shmogi 
ef af 1987, Sakakibara et a1 1987). The itinerant electron metamagnetic transition in 
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Lu(Co,-,AI,), has been investigated by several authors. The observed metamagnetic 
transition, however, is broad because of the magnetic heterogeneity of CO atoms 
(Shinogi er al1987, Sakakibara d a1 1987). On the other hand, recently, pseudo-binary 
"pounds Lu(CO,-,Ga,), and Lu(Co,_,Sn,), have been developed (Murata er a1 
1991). A clear metamagnetic transition in a relatively low field and a remarkable 
enhancement of exchange interaction have been confirmed in these compounds. 

The magnetic field effect on the spin fluctuation has been discussed by many 
authors (Brinkman and Engelsberg 1968, &I-Monod er a1 1968, Ueda 1976). It has 
been suggested that huge magnetic fields are required to reduce the electronic specific 
heat coefficient y, related to the spin fluctuation (Brinkman and Engelsberg 1968). 
Remarkable magnetic field effects are expected in two systems of Lu(Co,-,Ga,), 
and Lu(Co,-,Sn,), compounds, because they have a high y value and the former 
has a low metamagnetic transition field. Therefore, these two compounds are good 
candidates for investigations on the suppression of the spin fluctuation caused by high 
magnetic fields. In the present paper, we have measured low-temperature specific 
heats of Lu(Co,-,Ga,), and Lu(Co,-,Sn,), in magnetic fields up to 14.6 T and 
have discussed the metamagnetism and the suppression of the spin fluctuation. 

2. Experimental details 

The alloying was done by arc-melting in an argon gas atmosphere. The Lu content 
was kept slightly higher than stoichiometry because some loss occurs during alloying 
owing to vaporization and oxidization of IN. Lu(Co,-,Ga,), and Lu(Col-,Sn,), 
compounds were annealed at 1073 K for a week in a vacuum quartz tube for 
homogenization. The specimens were powdered with a particle size of less than 
50 p m  to eliminate the eddy current effect in pulsed high magnetic fields. High 
magnetic fields up to 42 T were generated with a pulse magnet. Ultra-high magnetic 
fields up to 105 T were generated by a fast capacitor discharge into a copper single- 
turn coil with a 100 !d capacitor bank (Nakao er ai 1985). The magnetization was 
measured by an induction method with well balanced pick-up coils. Details of the 
experimental procedure in high fields have already been described (Sakakibara er ai 
1993a). The low-temperature specific heat was measured by a conventional heat-pulse 
method using a mechanical heat switch. The button-shaped polycrystalline sample of 
about 2 g was attached to a copper addenda. The temperature was measured with a 
CGR resistance thermometer calibrated in magnetic fields of 0, 6, 10 and 14.6 'E 

3. Results and discussion 

Rgure 1 shows the magnetization curves of Lu(Co,-,Ga,), with x = 0.06, 0.09 and 
0.12 obtained at 4.2 K in pulsed fields up to 40 T A clear metamagnetic transition 
with a large hysteresis is observed in the compounds with z = 0.06 and 0.09, and 
the critical field H, decreases with increasing z, being accompanied by a remarkable 
increase in the initial susceptibility x,,. The values of H, obtained from the centre of 
the hysteresis are 36 T for x = 0.06 and 6 T for x = 0.09 at 4.2 K 

Figure 2 shows the concentration dependence of the critical field H, of 
Lu(Co,-,Gas),, together with that of Lu(Co,-,Sn,), (Murata er al 1991) and 
Lu(Co,-,Al,), (Sakakibara er al 1990b) for comparison. The value of H, for LuCo, 
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is 74 T at 8 K as reported previously (Goto er af 1990, Sakakibara er uf l W b ,  Murata 
et uf 1991). The partial replacement of Co by Ga is effective in reducing H ,  in this 
manner. The decrease of H.  has been explained on the basis of the increase of the 
density of states due to a lattice expansion, because the atomic size of Cia, Sn and Al 
is larger than that of Co. In general, the larger the lattice parameter, the narrower 
the 3d band width becomes, resulting in higher density of states. However, as shown 
in figure 2, the concentration dependence of H ,  for Lu(Co,-,M,), compounds 
depends on the kind of M. Namely, the value of H, decreases remarkably with 
increasing x and ferromagnetism is developed around 2 = 0.09 for M = Al. On the 
other hand, the value for M = Sn initially decreases and then remains mnstant about 
H = 40 T above x = 0.06 The Lu(Co,-,Ga,), compounds are considered to show 
an intermediate property, because the concentration dependence of H, decreases to 
below 1 T without the appearance of the spontaneous magnetization. In the latter 
two cases, the substitutional elements Sn and Ga have d electrons, being different 
from Al. It has k e n  pointed out that the hybridization effects between the 3d states 
of Co and 3p state of substitutional atoms are important in the high-mntent region 
(Aoki and Yamada 1990). Moreover, it has been experimentally confirmed that the 
delearon concentration influences the magnetic properties of M(Co,-,AI,), with 
M = Y and Lu, whose lattice parameter was kept constant (Gabelko er uf 1991). 
Therefore, the hybridization and delectron concentration effects are important to 
explain the magnetic properties of the present pseudo-binay compounds. 
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Figure I. High-field magnetization mrves of Figure 2 Concentration dependence of the miical 
Lu(Co,-,Ga,)Z measured at 4.2 Kin pulsed fields field He of h(Co,-,Ga,)z, together Hith that 
np to 40 T of Lu(Co,_,Al,)~ (Sakakibara d a f  199ob) and 

Lu(Col-,Sn,)z (Murata er a f  1991) at 4.2 K 

The Arrott plots for x = 0.12 at 4.2 K are shown in figure 3, because 
the magnetization process seems to be ferromagnetic The broken and chain 
lines in this figure represent extrapolations of the linear parts of the plots below 
H I M  = 100 Oe glemu and above H I M  = 2300 Oe @emu, respectively. The 
extrapolation to H I M  = 0 along the broken line gives a negative M a  at 4.2 K 
in 0 'I; showing no spontaneous magnetization. On the other hand, the M Z  value 
obtained along the chain l i e  shows a positive value, and a hysteresis takes place 
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ilbk 1. Experimental values of the electronic specific heat mefacient for YCo2 
(Muraoka U al 1977) and LucC2. together with the theoretical nlw ym calculated by 
tight-binding appmximation (Yamada U ol 1984, 1985). 

7- (d K-, mol-') 

LuCor 24.6 12.T 

yh (d K-f mo1-l) 

Yamada U al (1985). Muraoka d al (1977). Yamada a al (1984). 

between these two lines. Apparently, a metamagnetic transition occurs in the 
compound with I = 0.12. We have tried to replace Co by Ga up to I = 0.15; 
however, no spontaneous magnetization has been observed in a similar manner to 
that of Lu(Co,-,Sn,), (Murata ef al 1991), in contrast with that of Y(Co,-,AI,), 
(Yoshimura and Nakamura 1985) and Lu(Co,-,Al,), (Endo er al 1988). 

0 1o 15 
25 3o 35 4o Flgum 3. Arrott plots up to 5.5 T for 

Lu(cO0,,Gao,~~)~. The bmken and chain 
lines are explained in lhe text. HIM (10'0e glemu) 

The concentration dependence of electronic specific heat coefficient y in 0 T is 
shown in figure 4. The 7 value of LuCo, k 24.6 mJ K-, mol-', being comparable 
to previous data (Ikeda et al 1984). The y value increases with I and reaches 
37.9 mT K-, mol-' at I = 0.12, being about 1.5 times as large as that of LuCo,. 
Similar behaviour has been observed in other Co-based Laves-phase compounds such 
as Y(Co,-,AI,), p d a  et a2 199Oa) and Lu(Co,-,Al,), (Wada et al 199ob). The 
experimental a l u e s  of the electronic specific heat coefficient y, of YCo, (Muraoka 
et d 1979) and LuCo, are listed in table 1, together with the theoretical values 
ylb calcutated by the tight-binding approximation (Yamada et ai 1984, 1985) for 
comparison. The values of y& for both compounds are much lower than ye This 
means that the enhancement of the electronic specific heat coefficient due to x e  spin 
fluctuations is considerably large. The electronic specific heat coefficient y is given 
bY 

y = ;*2k;NAN(EF)(1 + a) (1) 
where N (  .EF) is the density of states at the Fermi level, leg the Boltzmann constant, 
N A  Avogadro's number and a the mass enhancement factor due to spin fluctuation, 
electron-phonon interaction and so on. The factor a is important to explain the 
large y value for the present compounds. 
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Low-temperature speciEc heat and magnetization measurements were also carried 
out on Lu(Co,-,Sn,), prepared by the Same method, for comparison. Figure 5 
shows the concentration dependence of the electronic specific heat coefficient y of 
Lu(Co,-,Sn,),, together with the initial susceptibility xu The y value increases 
with increasing I, reaches a maximum around I = 0.04 and subsequently decreases 
with a further increase. Such a maximum is also observed in Y(Co,-,AI,), and 
Lu(Co,-,Al,), at the critical concentration for the appearance of ferromagnetism 
(Wada d al 199Ob). However, the maximum is not due to the appearance of 
ferromagnetism in the present case, because no spontaneous magnetization has 
been confirmed (Murata et al 1991). The large value of y for Lu(Co,-,Sn,), 
is attributed to spin fluctuation, which is also reflected in the large value of the 
exchange enhancement factor. The initial susceptibility xu and the electronic specific 
heat coefficient y are related to the density of states of the 36 electrons at the 
Fermi level, N(E, ) .  At low Sn concentrations, the behaviours of Lu(Co,-,Sn,), 
and Lu(Co,-,Ga,), are considered to be the Same as that of Lu(Co,-,AJ,),. Since 
the width of d bands becomes narrower by addition of Sn or Ga owing to lattice 
expansion, the density of states at the Fermi level becomes higher at the beginning 
and this effect causes the decrease of H,. In the high Sn concentration regions, on 
the other hand, the concentration dependence of If, for Lu(Co,-,Sn,), is different 
€mm that for Lu(Co,-,Ga,), as shown in figure 2 As is well known, the d bands 
of Sn atoms exist at a lower energy level than that of Co atoms. The local density of 
states on CO atoms would move downward relative to the Fermi level by substituting 
Sn atoms, as predicted by the coherent potential approximation (Velicky el al 1%), 
and result in the decrease of the density of states, because the position of the Fermi 
level lies just above the sharp peak of d bands in LuCo, (Yamada d a1 1984). Such 
a consideration would also apply to the case of M = Cia. The d bands of Ga exist at 
a higher energy level than that of Sn, because Ga is a fourth periodic element, while 
Sn is a lifth one. Therefore, the decrease in the density of states is not remarkable 
compared with that in M = Sn. More noteworthy is that the H, value decreases 
monotonically for Lu(Co,-,Sn,), as shown in figure 2, although the y and x values 
become small above I = 0.06 as show in figure 6. A possible mechanism is considered 
as follows, although the reason for this behaviour is not clear at the present stage. The 
itinerant electron metamagnetism is characterized by a double-minimum structure in 
the freeenergy curve. If the double-minimum structure is enhanced, such a decrease 
of H, would be possible without increase of the y and x values. However, there 
is no conclusive evidence that the substitution of Sn enhances the double-minimum 
structure. Since this structure is considered to originate from a special density of 
states near the Fermi level with a positive sign of the second differential, detailed 
information on the band structure in Lu(Co,-,Sn,), compounds is necessary for 
further discussion. 

Figures 6 and 7 show the representative results on the heat capacity measurements 
at low temperatures for Lu(Co,-,Ga,), with I = 0.09 and z = 0.12 in different 
magnetic fields. As is well known, the low-temperature specific heat is given by the 
following expression: 

C/T = y + PT2 t 6(T)  (2) 

where the first, second and third terms are the electronic, lattice and magnetic 
contributions to the specific heat, respectively. The plots of C/T versus of 
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-re 4 Concenvation dependence of lhe Figure 5. Concenvation dependence of the 
elffvonic q ~ i 6 c  heat mefficient in zem Keld, y, electronic specific heat cueffidenl in zero Beld, y, 
of Lu(Co,-,Ga&. and initial susaeplibilily, XO, of Lu(Co,-,Sn,)Z. 

Lu(Co,-,Ga,), show a straight line except below 4 KZ and the slope of the lines 
in a magnetic field is nearly the same as that in zero field. An upturn in the C/T 
versus T2 curve is obtained at lower temperatures for the high Ga content samples. 
Such behaviour has often been observed in many other alloy systems around the 
critical concentration of the appearance of ferromagnetism (Konno and Moriya 1987, 
Wda er a1 199Oa), although no definitive explanation has been given. An analysis 
of the h-temperature specific heats has been carried out for Y(Co,-,AI,), (wada 
et uf 199Oa) in terms of the self-consistent renormalition ( s a )  theory (Konno 
and Moriya 1987). However, the estimated y value of bare density of states for 
Y(Coo,mAl,,12)2, 0.85 mJ K-Z mol-', is unreasonably small. These results suggest 
that the observed upturn in the C/T versus Tz curves of Y(Co,-,AI,), is not well 
described by a simple SCR theory in the critical concentration range for the appearance 
of ferromagnetism. For nearly ferromagnets, a contribution of a form 6(T)  = In T 
to the specific heat capacity is predicted by the paramagnon theory (Brinkman and 
Engelsberg 1968). The experimental results have been checked by considering this 
term, but the curves obtained are not well fitted. Recently, it has been pointed out 
that the paramagnon theoq is applicable only in extremely low-temperature regions 
and not suitable for quantitative comparison with the experimental results (Shioda et 
a1 1988). The conwntional C/T = y + j3p is considered to be a good expression 
above 5 K2 for the present results from the discussion mentioned above. Therefore, 
the y value is linearly extrapolated to 

The field dependence of the electronic specific heat coefficient y,, for 
Lu(Co,-,Ga,), is shown in figure 8. The y,, value in H = 14.6 T is significantly 
reduced compared with y in H = 0 T. The value of y for z = 0.12 is 
37.8 mJ K-Z mol-' and a remarkable reduction is caused above H = 6 T. In both 
ferromagnetic and paramagnetic states of Y O , ,  band calculations have been made by 
the tight-binding approximation (Yamada et al 1984). Considering that the change in 
the density of states at the Fermi level before and after the metamagnetic transition 

= 0, neglecting the upturn part. 
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Figure d Low-temperature specific heat of Lu(cO,,,,Gap,~)z plotted in the form of 
C/T m u s  Tz as a function of magnetic field. 

is relatively small, the large decrease of 7 value is attributed to the suppression of 
the spin fluctuations due to the metamagnetic transition. The y wlue for I = 0.09 
decreases with increasing magnetic field and no sharp reduction is observed in spite 
of the sharp transition as Seen €room figure 1. This is probably due to the difference 
in the form of specimens, that is, the specimens for the magnetization measurements 
are powders and those for the specific heat measuremens are bulk samples. It has 
been reported that the metamagnetic transition in Lu(Co,-,Al,), is accompanied 
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by a large magneto-volume effect (Iijma et a1 1989). This affects the magnetization 
process of the metamagnetism, that is, it would become hard for the transition in 
the bulk samples for low-temperature specific heat measurements to take place and 
fine powder samples for magnetization measurements are effective in releasing the 
stresses due to the magneto-volume effect. It is noteworthy that the y H  value after 
the metamagnetic transition is about 19 mJ K-, mol-', being comparable to the 
data on the ferromagnet Lu(Cou,,Alu,,,)z (Wada et a1 199Ob). The concentration 
dependence of the y value for Y(COl-,Al,)2 shows a broad maximum in the weakly 
ferromagnetic region, while the value for Lu(Co,-,AI,), sharply decreases above 
2 = 0.09 W d a  et a1 1990b). The spontaneous Co moment in Y(Col-,Al,)2 is 
0.15 pB and not so large, that is, the molecular field of these compounds is small 
and the spin fluctuations play a dominant role even in the weakly ferromagnetic 
region. On the other hand, both spontaneous CO moments in Lu(CO,-,Al,), and 
induced Co moments in Lu(CO,-,Ga,), are about 0.7 pB, k i n g  considerably larger 
than the spontaneous moment in Y(Co,-,AI,),, and hence a large molecular field 
sufficiently suppresses the spin fluctuation. However, the y value in the ferromagnetic 
state is still large, compared with that of many other ferromagnetic materials. This is 
consistent with the fact that the magnetization is not saturated easily after transition 
for Lu(Co,-,Ga,),, as shown in figure 1, being accompanied by a large high-field 
susceptibility. The Co moment in RCo, and (kYl -=)Coz  (R = Tb, Ho, Er, Nd, 
Gd, Tm, PI) system is induced by the magnetic R element (Beille d a1 1978, Steiner 
et a1 1978, Got0 et a1 1989) and is saturated to 1.0 pB/Co (Goto et a1 1989). 

As mentioned above, the large decrease in the value of 7 is found in 
Lu(Co,-,Ga,),. It is, therefore, interesting to investigate the y H  of Lu(Co,-,Sn,), 
compounds, which have a larger y and higher H ,  than those of Lu(Co,-,Ga,), 
compounds. Figure 9 shows the magnetic field dependence of the electronic specific 
heat coefficient for Lu(CoU,,,Sn,,),, together with that of LuCo, (Ikeda et 01 1984) 
for comparison. The reduction ratio in 10 T, (y - ylu)/y, of Lu(Co,,,Sn,,), is 
1.5% and smaller than that of LuCo,, although its y value is comparable with that 
of Lu(Co,-,Ga,),. These data are summarized in fable 2 The reduction ratio 
between Lu(Co,_,Ga,), and Lu(Co,-,Sn,), will correspond to the difference of 
the critical field, that is, the values of these samples are about 46 T and 0.2 T 
for Lu(Co,,,Snu,,), and Lu(Co,,,,Ga,,,),, respectively. Therefore, the main 
suppression of the spin fluctuation is not correlated with the high y value but with 
the occurrence of the metamagnetic transition. 

Thbk 2 The electmnic speci6c heat melBcienU in zem Beld, 7, and in 10 T -flo, ils 
reduction ratio in 10 T (y  - 710)/7, and the critical Beld H. for Lu(Coo,91Gao.m)~, 
Lu(Co0,88Ga~.12)2 and Lu(Coo,,Sno.M)2, together with those for LuCo2 (Ikeda U al 
1984). 

a Ikeda U al (1984). 
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4. Conclusions 

lb study the magnetic field effect on the spin fluctuation of itinerant electron 
metamagnets, the magnetization and low-temperature specific heat of the psendo- 
binary Laves-phase compounds Lu(Co,-,Ga,), and Lu(Co,-,Sn,), have been 
investigated in high magnetic fields. The main results are summarized as follows: 

(i) A sharp metamagnetic transition is observed and the critical field H ,  decreases 
with increasing I. 

(ii) The critical field H ,  of Ln(CO,-,Ga,), compounds decreases with increasing 
I and becomes below 1 T at I = 0.12, whereas that of Lu(Co,-,Sn,), remains 
about 40 T No ferromagnetic state is established in zero field for both compounds. 

(iii) Since the mass enhancement due to the spin fluctuation becomes remarkable 
by substitution of Ga and Sn for CO, the electronic specific heat coefficient increases 
with x and reaches about 35 mJ K-' mol-'. 

(iv) The 7 value of Lu(Co,-,Ga,), compounds in a magnetic field is drastically 
decreased above the critical field of the metamagnetic transition, reflecting a drastic 
reduction of the spin fluctuation. 

(v) The 7 value of Lu(Cou,,,Gau,,,), after the transition is comparable to 
the reported value of the ferromagnet Lu(COu~~uAlo~lu)~, suggesting that the large 
molecular field due to the induced CO moments sufficiently suppresses the spin 
fluctuation. 
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