PHYSICAL REVIEW B, VOLUME 64, 134401

Magnetic phase diagrams of itinerant-electron metamagnetic LGCo;_,M,)»
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Detailed magnetization measurements of Lu{CM,), (M=Al and Ga Laves-phase compounds with a
high quality of homogeneity in composition have been carried out. A first-order ferromagnetic transition at the
Curie temperatur@ s, has been confirmed in Lu(Go,Al,), with x=0.094 and 0.095. For these compounds,
in addition, a metamagnetic transition from the paramagnetic to the ferromagnetic stateTgpawvénduced
by applying external magnetic field. The critical temperafliggrom the first- to the second-order metamag-
netic transition was estimated to be 42 K for(Day oAl 0952 The concentration dependence Tf of
Lu(Co,_,Aly), is not so remarkable. In the higher concentratiorx,ofhe ferromagnetic transition is of the
second-order-type. The magnetic transitions in Lu(G&al), are quite similar to those in Lu(Go,Aly),.
In contrast with previous experimental results, the established magnetic phase diagrams in the vicinity of the
onset of ferromagnetism for Lu(@o,M,), are in good agreement with the theoretical phase diagram.
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[. INTRODUCTION Landau-type free energy expansion by considering the renor-
malization effect of spin fluctuations on the expansion
RCo, (R=Y and Lu Laves-phase compounds are en-coefficients?® For the onset of the itinerant-electron meta-
hanced Pauli paramagnets, which exhibit a broad maximurmagnetic transition, the fourth-order coefficient of the Lan-
in the temperature dependence of magnetic susceptitfility dau expansion should be negative because a double mini-
due to the characteristic sharp peak in the density of statesum structure in the magnetic-free energy as a function of
(DOS) just below the Fermi energfr.>* In connection magnetization is necessary in the paramagnetic and the fer-
with such a shape of the DOS in these compounds, the metamagnetic state€. Under such a condition, it is expected
magnetic transitiofMT) from the paramagnetic to the fer- that the compounds in the vicinity of the onset of ferromag-
romagnetic state has been expected to be induced by applgetism give rise to a first-order ferromagnetic transition at
ing high magnetic field3® The critical transition field of ~ the Curie temperature.
the MT has been confirmed to be about 69 T for ¥Cand Lu(Co,_,M,), (M=AIl and Ga below x=0.090 are
74 T for LuCo,.® By replacing Co with Al, a significant paramagnetic in the ground state and exhibit a metamagnetic
reduction ofB¢ and the onset of weak ferromagnetism havetransition from the paramagnetic to the ferromagnetic state
been observed in Y(Ga,Al,),,%>** consistent with the by applying external magnetic field. On the other hand, the
band calculatiot? For LuCa, Bc is also decreased and a compounds with a higher concentration ofire ferromag-
ferromagnetic state is caused by the replacement of Co withetic in the ground stafé=° It should be emphasized that
Al L1814 o Gal®16 A characteristic  behavior of the magnetic properties of these compounds are very sensi-
Lu(Co;_4M,), (M=Al and Ga systems is a sharp meta- tive to homogeneity in compositioff.Consequently, detailed
magnetic transition without a remarkable change in magnibehavior in the vicinity of the onset of ferromagnetism has
tude of the field-induced moment even in the low critical not been discussed yet. Recently, we have revealed that the
field region!*~1%in contrast to that of Y(Cp_,Al,),.>™  sign of the fourth-order coefficient of the Landau expansion
This implies that the shape of the DOS for Lu¢CqoM,),is  for Lu(Co,_4M,), (M=Al and Ga with x=0.100 is
different from that for Y(Cg_,Al,),. Although no informa-  negative'® This result implies that the magnetic free energy
tion on the band structure of Lu(€o,M,), is available, our has a double minimum structure in the paramagnetic and the
recent studies have revealed that a metamagnetic transitionfisrromagnetic states. In connection with the characteristic of
caused by applying external magnetic field under high presthe magnetic free energy, it is strongly expected to exhibit a
sures for Lu(CggoMo.1002 [M =Ga(Ref. 17 and Al (Refs.  first-order ferromagnetic transition at the Curie temperature
18 and 19], implying a characteristic sharp peak in the DOSin the concentration near the onset of ferromagnetism.
just below the Fermi levelE, . In the present study, the magnetic properties have been
The itinerant-electron metamagnetic transition at finiteinvestigated for well homogenized Lu(€gM,), (M=Al
temperatures has been discussed in terms of the Ginzburgnd Ga with the composition in the vicinity of the onset of
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ferromagnetism. Further, the first-order magnetic transition 0.3 . - . .
behavior at the Curie temperature has been examined. From

these results, the magnetic phase diagrams have been estab-
lished. These results are discussed in terms of the Mdriya Te
and Yamad# theories based on the Ginzburg-Landau-type .
free energy expansion by taking spin fluctuations into con- 02 AN 1
sideration. :

Para.

Ferro.

Cp(T)%|b]
/
/

Il. EXPERIMENT 01 | | |
Alloying was carried out by arc-melting in an argon gas Meta.

atmosphere. The composition of Lu was kept slightly higher 528 " 3/16

than the stoichiometric composition as JL.{Co; ,M,)gs

(M=Al and Ga in order to avoid any other ferromagnetic l l

precipitates such as Lugbecause of the loss of Lu during 0.0 ' ;

arc-melting. The appropriate heat-treatment conditions were 0.16 0.17 0.18 0.19 0.20 0.21

already investigated in detdi:!® Therefore, the specimens ac/b?

were annealed at 1273 K for 240 h in evacuated quartz tubes

for homogenization, followed by quenching into water. The FIG. 1. Theoretical magnetic phase diagram under the condi-

surface oxidation of the bulk Specimens was mechanica”yons ofa>0, b<0, andc>0 for the Landau expansion coefficients

eliminated. The crystal structure was identified by x-rayby considering spin fluctuationi&ef. 26.

powder diffraction using CK« radiation as a C15-type

Laves phase without any other phases. Magnetizations were A(T)=a+ $ bép(T)2+ 2 céa(T)4

measured by an extraction-type magnetometer PRM&Nn-

tum Design in magnetic fields up to 9 T. The temperature

dependence of magnetizatic_)n was measureq with a SQUID B(T)=b+ ¥ c&p(T)2 (3)

magnetometer. The compositions of the specimens are given

by the nominal value ok throughout the present paper.

C(T)=c.

Il RESULTS AND DISCUSSION The conditions ofa>0, b<0, andc>0 with 3/16.<.ac/b2
<9/20 are essential for the metamagnetic transition. On the
Moriya®® and Yamad® have proposed theories for the other hand, the ground state becomes ferromagnetic under
itinerant-electron metamagnetic transition at finite temperathe condition of Gsac/b?=3/16. The theoretical magnetic
tures by taking spin fluctuations into account because maghase diagram under the condition @0, b<0, andc
netic properties of itinerant-electron systems at finite tem-=>0 in the vicinity of the onset of ferromagnetism is shown
peratures are strongly influenced by spin fluctuations. Inn Fig. 12° The ordinate corresponds to the temperature axis
order to discuss the present experimental results, we give decausecép(T)?/|b| also varies in proportion td? at low
outline of the theories mentioned above. In the ground stateemperatures. The abscissa is a measure of the concentration
the magnetic free enerdy(M) of itinerant-electron systems x, becauseac/b? depends ornx.?’ The phase transition be-
is expressed by tween the paramagnetic and the ferromagnetic states occurs
on theT¢ line and the first-order phase transition between
the paramagnetic and the ferromagnetic states takes place on
the T¢, line. The first-order metamagnetic transition disap-
pears on th&; line. Therefore, the first-order metamagnetic
whereM is the uniform magnetization. The coefficiersb,  transition takes place between tfig and T, lines. In the
andc are the Landau expansion coefficients. The value of figure, the ferromagnetic transition changes from the second
corresponds to the inverse susceptibilityTat 0 K. The co-  order in the region &ac/b?=5/28 to the first-order in the
efficientsa, b, andc at finite temperatures are renormalized narrow region 5/2& ac/b?<3/16. Moreover, the metamag-
by thermal spin fluctuations and the magnetic free energyetic transition occurs just above the Curie temperatie

F(M)=}aM?+ 2 bM*+ L cM®, (1)

F(M) is given by?° in the narrow region, andl.; steeply increases with decreas-
ing ac/b? in the region 5/2& ac/b?<3/16.
F(M)=3A(T)M2+ : B(T)M*+ £ C(T)MS. 2) Figure 2 shows the magnetization curves at 4.2 K for

Lu(Co; _,Aly), in the very narrow concentration range from
The coefficient(T), B(T), andC(T) are functions of, b, = x=0.085 to 0.100. The magnetization curves are very sensi-
andc, and the mean-square amplitude of spin fluctuationstive to the concentration ofx.}*!° The curves of
£p(T)?, which is proportional toT? at low temperature®  Lu(Co,_,Al,), with x=0.085 and 0.090 exhibit a clear
These coefficients are given as metamagnetic transition from the paramagnetic to the ferro-
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FIG. 2. Magnetization curves at 4.2 K for Lu(€gAl,), in the FIG. 4. Magnetization curves as a function of temperature for
concentration range from=0.085 to 0.100. Lu(Coy.91Al 9.0902-

magnetic state, accompanied by an apparent hysteresis. #0.085 and 0.090 was respectively determined to be 36 and
should be noted that the critical transition fiel¢ of the 38 K, practically independent of It has been reported that
metamagnetic transition decreases with increasingind  the hysteresis of the metamagnetic transition in
hence LCo,_,Al,), with x=0.095 and 0.100 become fer- Lu(Cayo4Al o0, disappears at around 602K much higher
romagnetic in the ground state with almost the same magnthan that of the present specimen witk 0.085. This differ-
tude of magnetization. From the figure=0.095 is very ence would come from the different annealing condition re-
close to the critical concentration for the onset of ferromag-sponsible for homogeneity in composition, because the mag-
netism. The magnetization curves as a function of temperanetic properties are very sensitive to homogen#ity.
ture are shown in Figs. 3 and 4 for the paramagnetic Lu(Co;_,Al,), with x=0.095 and 0.100 are ferromag-
Lu(Co;_,Al,)» with x=0.085 and 0.090, respectively. The netic in the ground state as shown in Fig. 2. In order to
hysteresis in the curves becomes narrower with increasingonfirm the type of the ferromagnetic transition at the Curie
temperature and eventually disappears in the temperatutemperature, the temperature dependence of magnetization
range between 30 and 40 K. By magnetization measurementgas measured. Figured@ shows the thermomagnetization
from 30 to 40 K, the critical temperatuiig, from the first-to  curves in a magnetic field of 0.5 T for the ferromagnetic
the second-order transitiéh?® for Lu(Co,_,Al,), with x  Lu(Co,_,Al,), with x=0.095, 0.098, and 0.100. The com-
pounds withx=0.098 and 0.100 are ferromagnetic and the
0.8 . . . T Curie temperaturd ¢ is determined to be 55 and 64 K, re-
spectively, from the minimum point ofM/JT in the ther-
Lu(Coq,915Alq 085, momagnetization curtéin a magnetic field of 10 mT. The
/ thermomagnetization curves exhibit no hysteresis, indicating
that the second-order ferromagnetic transition. On the other
hand, the curve of LICaq, gosAl 099> €xhibits a hysteresis
around the Curie temperatuiig;; =28 K, and the magneti-
zation in the vicinity of the Curie temperature decreases
more rapidly than that withk=0.098, reflecting the first-
order ferromagnetic transition. Therefore, it is concluded that
the first-order ferromagnetic transition occurs in
Lu(Cay goAl 0992 The first-order ferromagnetic transition
is also observed in the thermomagnetization curve for
Lu(Co; _,Ga), with x=0.098 as shown in Fig.(b). On the
other hand, no hysteresis is confirmed in the curve xfor
0.0 02t =0.100. The latter behavior will be discussed in connection
0 2 4 6 8 10 with Fig. 9. o
B(T) The magnetization curves for Qg go4Al 9.095)2 at sev-
eral temperatures betwe& K and 80 K are shown in Fig. 6.
FIG. 3. Magnetization curves as a function of temperature forThe magnetization curve at 5 K exhibits a characteristic fer-
Lu(Coy g1Al 0.0892- romagnetic behavior and a metamagnetic transition takes

0.6
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@ T FIG. 6. Magnetization curves as a function of temperature for
0.7 : : Lu(Cay g0l 0.099)2-
0.6 1 Lu(Co, Ga), higher than that for the compounds with 0.085 and 0.090.
This first-order ferromagnetic transition is similar to that ob-
05| B=05T served in C6S, 405810, Pyrite’’ and LaFe, geSig 15, With a
: T NaZnstype structuré®=>° which have a ferromagnetic
= ground state and exhibit an itinerant-electron metamagnetic
S 04r y transition abovel ¢, by applying external magnetic fields.
> It has been theoretically discussed that the itinerant-
‘E" 03} 4 electron metamagnetic transition is closely concerned with a
double minimum structure in the paramagnefi¢-€0) and
02 L ] the ferromagneticNl #0) states in the magnetic-free energy
' 0.098 as a function of magnetizatidn(M). When the minimum in
the ferromagnetic state is lower than that in the paramagnetic
0.1 ] state at 0 K, the system becomes ferromagnetic in the ground
state. However, the thermal activation makes the ferromag-
0.0 netic energy minimum higher than the paramagnetic one,
0 50 100 150

(b) T (K)

FIG. 5. (a) Heating and cooling thermomagnetization curves of
Lu(Co,;_,Aly), with x=0.095, 0.098, and 0.100 in a magnetic field
of 0.5 T. (b) Heating and cooling thermomagnetization curves of
Lu(Co;_,Ga), with x=0.098 and 0.100 in a magnetic field
of 0.5 T.

place just abovd -;=28K, accompanied by hystereses as
seen from the curves at 30 K. The magnetization curves of
LU(Cay 905 9992 are similar  to those of
Lu(Cay goAlp.0992- In order to elucidate such behaviors, the
magnetization curves were measured gverK just above

Tc1 In magnetic fields up to 3 T for Loy ggAl g g992- The
first-order metamagnetic transition becomes broad with in-
creasing temperature, resulting in the increaseBgfand
finally disappears in the temperature range between 40 and
42 K as presented in Fig. 7. Such magnetic curves just above
Ty are also observed in the paramagnetid@Qq _,Al,),

M (u/Co)

0.7

Lu(Coq.005Al5 005)2

B(T)

with x=0.085 and 0.090 as given in Figs. 3 and 4. The value FIG. 7. Magnetization curves for Gy gosAl o go9) jUSt above
of Ty for Lu(Cay goAl 9,099 IS estimated to be 42 K, slightly the Curie temperatur&c, in magnetic fields up to 3 T.
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FIG. 8. Magnetization curves as a function of temperature for FIG. 9. Magnetization curves as a function of temperature for
Lu(C 0,009 Lu(Cap.9065.1002-
00.90A 0.009)2-

resulting in the paramagnetic state. On applying magneti€he Landau expansioB(T) should be negative, giving a
field, the ferromagnetic energy minimum again become@_e_gat'Ve slope of the Arrott_ plot. In_(_)rder to discuss the con-
lower than the paramagnetic one and the first-order metgdition for the metamagnetic transition, the Arrott plots for
magnetic transition from the paramagnetic to the ferromaghu(Cor-xAly)2 with x=0.095, 0.098, and 0.100 just above
netic state is induced. Therefore, the metamagnetic transitiohc are presented in Fig. 10. A negative slope is confirmed in
in the paramagnetic temperature region just abﬁg@ for the pIOtS fOI’X=0.095, |nd|Cat|ng that the fourth-order term
Lu(C0y g0sAl 0,0992 is attributed to the double minimum struc- Of the Landau expansioB(T) is negative. The plots fox
ture of the magnetic-free energy as a function of magnetiza= 0.098 and 0.100 do not show a negative slope but an in-
tion F(M). flection which is also explained by the negative fourth-order
Figure 8 shows the magnetization curves as a function oferm of the Landau expansion coefficieT). Our previ-
temperature for LICOy g0Alg 992 having a second-order 0us study of the pressure effects for(Qay golo.1002 re-
ferromagnetic transition. In the paramagnetic temperatur¥€aled that the metamagnetic transition from the paramag-
range, abov@ =55 K, as shown in the figure, there are no netic state induc_ed by pressure to the ferromagnetic state is
hysteresis characterized as the metamagnetic transitiofaused by applying external magnetic fieldoreover, the
showing anSshape with a slight curvature. This means thatArrott-plots near the onset of ferromagnetism ab@yg in-
Lu(Cay goAlp.0g92 €xhibits a second-order-type metamag-

netic transition in the paramagnetic temperature region by 0.5 : : , , , ,
applying external magnetic field. Figure 9 shows the magne-

tization curves as a function of temperature for x=0.095 35K

Lu(Coy god3a 1002 With Tc1=37 K. It is expected that this 04 |

compound also exhibits the metamagnetic transition in the
paramagnetic region on applying external magnetic field.

However, the magnetization curves aboVg; exhibit a ~ 031} .
slight Sshape-like curvature without any hysteresis. This is S

becausel -, is very close toT,. Note that the thermomag- E l

netization curve aroundls; given in Fig. §b) also exhibits = 02+ .

no hysteresis due to the same reason. On the other hand,
recently, the volume change in (@o, ,Ga), at various

temperatures has been confirmed by x-ray diffraction. In a 0.1}
temperature range from 20 to 40 K, a paramagnetic cubic
phase and a ferromagnetic tetragonal phase coexist in

Lu(Co l-xAlx) A

tl_r:(rlcsﬁ?gﬁwo'w&z, indicating the first-order ferromagnetic 0-00 5 . p p 0 12 14
The itinerant-electron metamagnetism has been discussed M ((u/Co)’)

in terms of Yamada and Moriya theories based on the

Ginzburg-Landau-type free energy expansidff For the FIG. 10. Arrott plots for Lu(Ce_,Al),. At 35 K for x

onset of the metamagnetic transition, the fourth-order term 0£0.095, at 62 K forx=0.098, and at 70 K fok=0.100.
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FIG. 13. Magnetic phase diagram of Lu(qAl,), system in
FIG. 11. The critical transition fiel® against the square of the vicinity of the critical concentration.
temperaturél® for Lu(Co,_,Al,), in the concentration range from

x=0.085 to 0.098. square of temperatur® at low temperatures. Furthermore,

the observed? dependence dB. was elucidated from the
dicate a negative sloop for K80y 9038 1002 Therefore, mean-square amplitude of spin fluctuatiogs(T)?, which
it is considered that(M) of Lu(Co,_xMy), (M=Al and increases a3? at low temperature? In order to determine
Ga) systems have a double minimum up to the compositionr ., | B.. as a function off? for Lu(Cay g0l 0,099 is Shown
in the vicinity of the onset of ferromagnetism. in Fig. 11, together with the data of [Qo; ,Al,), with x
For the compounds in the vicinity of the onset of ferro- _q 0g5, 0.088, 0.090, and 0.098 for comparison. The value

magnetism, it is difficult to determine the Curie temperature B. was defined as the average of the lower and higher

fromtth(fa gl]\/?/r(';n_lf) magn'(iuz?u%ln cur\ées, be(t:suse the,?'{;"muf@ritical transition fields determined at the peaks of the differ-
point o sensitively depends on theé magnitude ot g ;| susceptibility in increasing and decreasing fields, re-

applying magnetic fields. In the present study, therefore, the . , . : 2
following method has been adopted. It has been pointed o ectively. '_” the figureBe IS proportional toT= and the
erromagnetic compound witlk=0.095 and the paramag-

that B¢ for iti t-elect t ti t h . .
&' Bc Tor [Inerant e1ection metamagnetic systams suc anetlc compounds withkx=0.085, 0.088, and 0.090 have the

: ,16
E%Eegiaggt;c pyrkgglggr?]ggandsl_?;/ e;rgggft]é;onal tzmtjhe same slope at low temperatures. As discussed above, the ob-
servedT? dependence . originates from the thermal spin
fluctuationsép(T)? proportional toT? at low temperatures.
The slope hardly depends o implying that the thermal
spin fluctuation in the ferromagnetic compound with
=0.095 abovél ¢, is equal to that in the paramagnetic com-
pounds. The value ofB. for the ferromagnet withx
=0.095 should become zero B¢, . From this relationT ¢4
is estimated to be 26 K, practically in agreement witky
obtained by the thermomagnetization curves given in Fig.
5(a). In order to determine the critical concentratirg of
J the onset of ferromagnetism, the concentration dependence
of B¢ at 0 K isshown in Fig. 12, together with the data of
Lu(Co; _,Ga),. Here B¢ at 0 K is estimated by a linear
0 . + extrapolation tor =0 in Fig. 11. As shown in the figur&c
f linearly decreases with increasig The critical concentra-
N tion x¢ at whichB becomes zero corresponds to the onset
. . . ! of ferromagnetism. From this relation, the critical concentra-
0.05 0.06 0.07 0.08 0.09 0.10 tion x¢ for Lu(Co; _,Al,), and Lqu_xG@)z i; e;timated
X to be 0.092 and 0.096, respectively, indicating that
=0.095 for LUCo;_,Al,), and 0.100 for L(Co,_,Ga),
FIG. 12. Concentration dependence of the critical transition fieldare very close to the critical concentration for the onset of
B¢ at 0 K for Lu(Cg _,M,), (M=Al and Ga. ferromagnetism.

40 T T T T

Lu(Co, M),
30

20

Bc (D)

10
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in Fig. 6 and LUCoy g9 Aly0.0992 in Fig. 8 is explained on
the basis of the proposed magnetic phase diagram shown in

Fig. 1. Furthermore, in accordance with the results given in

Fig. 9, the value off ¢; for Lu(Coy god5a 100 almost meets

the T line as seen from Fig. 14.

Para. Recently, it has been pointed out that the region of the

60 |- . first-order ferromagnetic transition @, becomes wider by

considering the magnetovolume coupling enéfgyThe

present compound systems exhibit pronounced magnetovol-

ume effects such as large pressure effects on the magnetiza-

tion and the Curie temperatut&;1®33and a remarkable ther-
mal expansion anomafy’? By considering the

20 ¢ .

Met magnetovolume coupling energy, the Landau expansion co-
eta. ! . . ~ ~

! Te efficients should be replaced bg=a+2«C,, P, b=b
—2xC2 , and©=c.3* The first-order ferromagnetic transi-

tion occurs under the following conditioi:

80 - .

T (K)
(s ol

Jik =B = B
T, Ferro.

0.08 0.09 0.10 0.11 0.12
X 5 ac 3 ] 2 )
—_— 7]<~—2<— with n=-——_ KCmV' (4)
FIG. 14. Magnetic phase diagram of Lu(qGa,), system in 28 b> 16 7|b

the vicinity of the critical concentration. Accordingly, the magnetovolume coupling energy widens

) . the region of the first-order ferromagnetic transitiontay .
Using the observed values of the Curie temperatufes, The type of ferromagnetic transition changes to the second-
andTc,, and the critical temperatuil, the magnetic phase 4o nqer the condition of 9a¢/b2=5/28— ». The val-

diagrams in th-T plane in the vicinity of the critical con- o~
centration between metamagnetism and ferromagnetism f&feS 0f@, b, €, and«Cyp,, for Lu(CopgeodVo1002 have been
Lu(Co,_M,), (M=Al and G3 systems were obtained as determined by using magnetic behaviors under presddre.

shown in Figs. 13 and 14, respectively. The valueTef The values ofp and 5/28# are given in Table |, together

steeply increases near the onset of ferromagnetism with ifith these determined values. The value %@t/b* for
creasingx, whereasT, is not so sensitive to the concentra- LU(C0y gocAlo 100> is estimated to be 0.14, slightly smaller
tion of x. The experimental phase diagrams in the vicinity ofthan 5/28- ». This means that the ferromagnetic transition is
the onset of ferromagnetism fdM =Al and Ga systems Of the second order. The experimental phase diagram given
reproduce the theoretical phase diagram as seen from Fig. i Fig. 13 is consistent with the present value. Furthermore,
Note that the increase of corresponds to the decrease of the value ofd/b? for Lu(Coy 9058 1002 iS €Stimated to be
ac/b? shown Fig. 1. That is to say, Figs. 13 and 14 are0.16, very close to 5/28  under the condition between the
equivalent to the view of the reverse side of Fig. 1. Thefirst- and the second-order ferromagnetic transition. The ob-
ordinate in the theoretical phase diagram corresponds to thained value is in good agreement with the experimental
magnitude of the mean-square amplitude of spin fluctuationphase diagram given in Fig. 14. Therefore, it is concluded
¢p(T)? at the Curie temperature as shown in Fig. 1. Therethat the present phase diagrams in the vicinity of the onset of
fore, the rapid increase in the Curie temperature offerromagnetism for L(Co;_,M,), (M=Al and G3a are well
Lu(Co,_4M,), with increasingx indicates the increase of explained by the theoretical phase diagram.

ép(T)? at the Curie temperature. Moreover, the onset of fer- The present results are in contrast with previous experi-
romagnetism in the ground state and the metamagnetic tramental data. That is, the phase diagram obtained from the
sition aboveTc; by applying magnetic fields is also ex- present results for Lo, _,Al,), is very different from that
plained by the theoretical phase diagram based on thproposed by lijimaet al?* Furthermore, the magnetic transi-
conditions ofa>0, b<0 andc>0. What has to be noted is tion from a weakly ferromagnetic to strongly ferromagnetic
that the first-order ferromagnetic transition occurs in verystaté>°was not ascertained in the present study. It should
narrow concentration ranges. Accordingly, the striking differ-be concluded that these differences are closely associated
ence between the magnetic properties of@ay 0Al0 0992  With homogeneity in composition because the magnetic

TABLE I. The values ofy and 5/28-%, together with the Landau expansion coefficigtd, ¢, and the
magnetoelastic coupling constaat,,,, for Lu(Coy gV o 1002 Laves-phase compoundsEAl and Ga).

a b [+ «Chy
(12 cmfemu (10 2 cmlerg  (107° cmflergd) (10 3ug?) 7 5/2849

Lu(C.90A 0 1002 6.9 -7.8 1.2 6.6 0.011 0.17
Lu(C.0058.1002 7.6 -8.3 1.4 7.4 0.014 0.16
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properties of LUCo,_,M,), (M=Al and Ga exhibit a pre- (b) The critical transition fieldB. of the metamagnetic
cipitous concentration dependerice. transition at 0 K linearly decreases with increasipgndi-
cating that the critical concentration: is estimated to be
IV. CONCLUSION 0.094 for LUCo; _,Al,), and 0.096 for LUCo,_,Ga),.

(c) In the ground state, ferromagnetic ((G0y 9057l 095>

By USing SampleS with a hlgh quallty of ComDOSitional and LL(COO.9026\|O.0992 exhibit a hysteresis aroun’ﬂc:l, in-
homogeneity, the magnetization curves at various temperaticating a first-order ferromagnetic transition.
tures and thermomagnetization curves of(Coy_xM,), (d) Just aboveTs;, a metamagnetic transition from the
(M=Al and Ga Laves-phase compounds have been meaparamagnetic to the ferromagnetic state takes place in
sured. The type of the transition at the Curie temperature i y(Coy gosAl g 999> and LUCGy oAl g g99)>-
the vicinity of the critical concentration of the onset of fer-  (g) The magnetic phase diagrams of(D@,_M,), (M
romagnetism has been investigated. From the observed Curiea| and Ga in the vicinity of the onset of ferromagnetism

temperaturesTc and Ty, and the critical temperatur€,  are well explained by the Moriya and Yamada theories in

between the first- and the second-order transition, the magontrast with the previous experimental phase diagram.
netic phase diagrams for these systems have been estab-

lished. The main results are summarized as follows.
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