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Itinerant-electron metamagnetism of the Laves-phase compounds (o, _,Ga,),
under high pressures with high magnetic fields
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Magnetic properties of the Laves phase compounds Ly({®a), (0.10=x=0.22) have been investigated
under the duplicate conditions, i.e., high magnetic fields with high pressures. The pressure effect on the Curie
temperaturd ¢ is extremely large in the vicinity af=0.10, which is close to the critical concentration for the
onset of ferromagnetism. The spontaneous magnetizMigraroundx=0.10 is drastically decreased and a
paramagnetic state is induced by applying pressure. The paramagnetic state is changed into a ferromagnetic
state by applying magnetic field, accompanied by a metamagnetic transition. The Landau coefficients up to the
sixth-order terms of the magnetization for0.10 were estimated from the experimental data. The pressure
dependence of the critical transition fiektl. for x=0.10 is consistent with the results calculated from the
obtained coefficients. For the compounds wits 0.15, the pressure coefficient of the spontaneous magneti-
zation,d In Mg/dP, is much larger than the pressure coefficient of the Curie temperatlrd&./JP, implying
that there is a peak of the density of state just below the Fermi energy. The variatidn Bf/dIn Mg as a
function ofx near the critical concentration of the onset of ferromagnetism can be explained by the theory for
itinerant ferromagnets having a negative coefficienof the fourth-order term in the Landau expansion.
[S0163-182609)02413-3

[. INTRODUCTION the pressure because the application of pressure results in an
increase of the bandwidth, reducing the DO&at Pressure

Laves phase compound®Co, (R=Y and Lu) are en- dependences of these values have been discussed by taking
hanced Pauli paramagnets which exhibit a broad maximurinto account the effect of spin fluctuations on the magnetic
in the temperature dependence of susceptibffijue to their ~ free energy given by the Landau expansion, revealing that
characteristic sharp peak in the density of stdB©9) just ~ Tc andHc are significantly influenced by pressufe??
below the Fermi energfe.>* In connection with such a  In the present study, we have measured the magnetic
shape of the DOS in these compounds, the metamagnetRfOPerties of Lu(Ce_,Ga,), compounds under the duplicate
transition (MT) from the paramagnetic to the ferromagnetic conditions, i.e., high pressures with high magnetic fields. The

state has been expected to occur by applying high magnet@(perimental results of the pressure dependenceb! of )
fields>® The critical fieldHc of MT has been demonstrated Tc, andHc are analyzed in terms of the Landau expansion

A ; i 19-22
to be about 69 for YCg and 74 T for LuCg.® By replacing by considering spin fluctuationS-2*Moreover, the effect of

Co with Al, a significant reduction it and the onset of replacing Co with Ga on their band structures will be dis-

. . cussed.
weak ferromagnetism have been observed in

Y(Co;_,Al,),,% * consistent with a band calculatidfhFor
LuCo,, H: also decreases and a ferromagnetic state becomes
stable by the replacement of Co with fMRefs. 11, 13, and The alloying of Lu, Co, and Ga was carried out by arc
14) or Ga'>'® A characteristic behavior of Lu(Go,M,),  melting in an argon gas atmosphere. The Lu composition
(M=Al and Gg systems is a sharp transition in relatively was adjusted slightly higher than the stoichiometric compo-
low magnetic fields without a remarkable change in the magsition as Luy,(Co,_,Ga,)gs to avoid any other ferromagnetic
nitude  of magnetizatiok;*® in  contrast to precipitates such as LuGoThe ingots were melted several
Y(Co,_,Al),.7"* Moreover, the spontaneous magnetiza-times, followed by annealing at 1223 K for a week in an
tion Mg and the Curie temperatufie. of Lu(Co, _,M,), are  evacuated quartz tube for homogenization, and subsequently
several times as large as those of Y(C@\I,),.}*"*®These quenched into water. The oxidized surface of the annealed
results suggest that the shape of the DOS for Ly(Ghl,),  specimen was mechanically removed. X-ray powder-
differs from that of Y(Cq_,Al,),. However, the effects of diffraction analyses identified the specimens as a single
replacing Co withM on their band structures have not beenC15-type Laves phase.
discussed yet. Magnetization measurements at ambient pressure were
Magnetic properties of itinerant-electron systems stronglycarried out upd 9 T with an extraction-type magnetometer.
depend on the band structure. Therefore the valudd f  Magnetization measurements under high pressures were car-
T, andH¢ for this system are expected to be sensitive toried out with an extraction-type magnetometer equipped with

II. EXPERIMENTAL
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0 2 4 6 FIG. 2. Temperature dependence of magnetization at various
H(T) pressures for Lu(Ca ,Ga,), compounds witlk=0.11 and 0.22 in

a magnetic field of 0.5 T.
FIG. 1. Magnetization curves at 4.2 K for Lu(€qGa,), com-
S?:Snsdusr: the concentration range fram 0.10 to 0.22 at ambient romagnetic state is unstable due to the concentration near the
onset of ferromagnetism.
_ ) For the compounds near the onset of ferromagnetism, it is
a nonmagnetic pressure clamp made of a Cu-3 wt. % Ti allojifficult to determine the Curie temperatufie. from the
in magnetic fields up to 9 ¥ The susceptibility of the clamp \_T curves. In the present study, the following method has
is extremely small, that is, 10 ®emu/g at 1.8 K*Hydro-  peen adopted. Figure 3 shows the magnetization curves for
static pressures were applied up to 1.00 GPa in a Teflon cell— 10 just aboveT. at ambient pressure. Each curve
filled with a Fluorinert in the clamp cylinder, and calibrated shows a inflection point, suggesting the occurrence of the
by measuring the shift of the superconducting transition temyT |t has been reported that the critical transition field of
perature of Pb. Forced-volume magnetostriction was meane MT H. for itinerant-electron metamagnetic systems such
sured up® 5 T by acapacitance method. as Lu(Cq_,Ga), (Refs. 15 and 16and Co(S_,Se),
(Ref. 23 increases in proportion to the square of temperature
T2. Using this relation, the temperature =0, namely,
lll. RESULTS AND DISCUSSION Tc, is obtainable. The temperature dependended ofersus

The magnetic properties of the Laves phaseT2 plot for x=0.10 is displayed in Fig. 4. The value bffc
Lu(Co, M), (M=Al and Ga systems are very sensitive was determined as the peak of differential susceptibility. The
—X X

to annealing condition. Our previous studies revealed that

insufficient homogenization of the composition results in a 0.8 — T T 7
concentration gradient of Al or Ga in the crystal graifit®

On the other hand, the spontaneous magnetizaignin-
creases significantly in a limited narrow concentration
range'*® Therefore it should be emphasized that insuffi-
cient homogenization leads to a strange magnetization curve
around the critical concentration of the onset of ferromag-
netism associated with the coexistence MT due to inhomo-
geneity as Lu(Cgp_,Al,), compounds3 In order to confirm
homogeneity in the Lu(Ca,Ga),, the magnetization
curves at 4.2 K at ambient pressure were measured in the
concentration range from=0.10 to 0.22. All of the samples
exhibit a characteristic ferromagnetic magnetization curve as
shown in Fig. 1 even near the critical concentration without
any strange magnetization curves. Therefore, it is considered
that the samples are excellent in homogeneity.

Shown in Fig. 2 is the temperature dependence of magne-
tization M at various pressures for=0.11 and 0.22 in a
magnetic field of 0.5 T. The magnetizations of both com- H(T)
pounds clearly show a negative pressure dependence. How-
ever, the magnetization of=0.11 strongly depends on the FIG. 3. Magnetization curves for (G0, ofGay 10, at ambient
pressure compared to thatxf 0.22, indicating that the fer- pressure just above the Curie temperaflige

M ( up/Co atom )
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FIG. 4. Temperature dependence of the critical fiettis for FIG. 6. Concentration dependence of the pressure derivative of

Lu(Coy ¢d3a.10> in the form of H¢ versusT?. The inset shows the  the Curie temperatureT./dP, for Lu(Co,_,Ga,), compounds.
temperature dependence of the temperature derivative of magneti-
zation,dM/JT, for x=0.10 at ambient pressure in a magnetic field cregses rapidly and becomes sluggish with increasing Ga
of 05T. concentration. It should be noted that the magnitude of
dTc1dP is extremely large in the vicinity ok=0.10, close
plot shows a good linear relationship aﬂ'@ given by a to the critical concentration of the onset of ferromagnetism.
linear extrapolation tdHc=0 is estimated to be 1370%K To explain the present results mentioned above, the effect
(Tc=37K). The inset shows the temperature dependence aff spin fluctuations should be taken into account because
the temperature derivative of magnetizatioh/oT, for x magnetic properties of itinerant-electron systems at finite
=0.10 at ambient pressure in field of 0.5 T. As indicated bytemperatures are strongly influenced by spin fluctuations.
the arrow, the curve takes a minimum Bt 39K, practi- The magnetic free enerdy of itinerant-electron systems is
cally in accord withT. obtained by theHc-T? relation. — expressed by,
Shown in Fig. 5 is the pressure dependencé&otietermined
from the minimum point for Lu(Cp_,Ga),. In all of the _ E 2 E 4 1 6
J2r X F=-aM*+ —-bM*+ -cM°®, (1)
compoundsT decreases significantly with increasing pres- 2 4 6
Sléraer's ';?]ré(Thoe'1Oa;nrgao'nlelt'iCtr;?a,tgrgrgzggg'cejt?e ad'S?Fi);\‘Nhere the coefficients, b, andc are determined from the
P ne p 9 clop y apply ﬁgape of the density of statd30S) around the Fermi energy
pressure. Figure 6 shows the concentration dependence RL 2425 1, v s 3
T : S e conditions ofa>0, b<0, andc>0 with 3
the pressure derivative of the Curie temperatWg /P, Jp2< 2 for th . .
for Lu(Co,_,Ga),. The magnitude ofiTe/P first de- <ac§G <zo are necessary for the metamagnetic transition
B 2 ¢ MT.“® A negativeb is related to a positive curvature of the
DOS atEg (Ref. 29 as well as negative mode-mode cou-

20— 7711 plings among spin fluctuatiorf$.At finite temperatures, the
Lu(CoyxGayy | coefficients in Eq.(1) are renormalized by thermal spin
100 i fluctuations® According to the spin-fluctuation theory, the
x = 018 pressure dependence B for ferromagnets under the con-
T ditions ofa>0, b<<0, andc>0 can be discussed by consid-
80 ering the pressure effect of the mean-square amplitude of
spin fluctuations af ¢, gp(TC)z, which is given by the fol-
9 lowing expressiorf°
- 60
o 3/b| \ﬁ 5 (a+2kCpP)cC
= 2P T2 mv
§(Te)™ =74 (1+2 5 V28 b2 ’
40 )
where k and C,,,, are the compressibility and the magneto-
20 ' volume coupling constant, respectively. HeW@“g(TC)Z/aP
; ' ] at P=0 is expressed &%
s | N | . | N i N 1 N —
%0 02 04 06 05 10 12 9p(Te)? 3"Cmv( 5 ac| ¥ 3
. - 2
P (GPa) P J7|b| 128 b

FIG. 5. Pressure dependence the Curie temperafgror  The value ofd£,(Tc)?/dP is proportional todTE/JP, since
Lu(Co,_,Ga,), compounds. gp(Tc)2 is proportional toTé at low temperatureS. Equa-
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FIG. 9. Pressure dependence of the experimental critical transi-
tion field He at 4.2 K of LUCOy oG& 10, (@), together with the
H (T) calculatedH¢ at 0 K (O).

FIG. 7. Pressure and magnetic field dependences of the magne-
tization for LUCqy gdGay 102 at 4.2 K. pendences of the magnetization for0.10 and 0.11 at 4.2

K, respectively. With increasing pressure, the ferromagnetic
tion (3) indicates that a significantly large value &fc/op  State disappears and the paramagnetic state appears. It is
with a negative sign is observed near the critical concentra?otéworthy that the MT from the paramagnetic state induced
tion of the onset of ferromagnetism because the condition foPY Pressure to the ferromagnetic state occurs by applying
ac/b?=2% is very close to the paramagnetic ststeThe external magnetic field in the both compounds. The MT ob-
band calculations for Invar-type alloys such asMieand served in the both compounds is first order because a clear
FeyPt which exhibit a larg@T /P lead to the conditions of hysteresis occurs in the magnetization curves. A first-order
a>0, b<0, andc>0 with ac/b?~ % .28 Consequently, the MT is also observed fox=0.12 at 4.2 K at 1.00 GPa as

1 L] 28+ il . . . . oy
present result can be explained by the same conditions of tHaOWn in the inset in Fig. 8. Therefore, it is clear that the
coefficientb for x=0.12 is negative, implying a positive cur-

Landau coefficients.
In order to prove the negative sign bffor the present Vature of the DOS akr due to the sharp peak of the DOS
The observed MT is relatively broad. It has

compounds, we have measured the magnetization procel§t DEIOWEE . , _
under pressures because the negative necessary for the been pomte_:d out that the coexistence pf the magnetic and
MT. Shown in Figs. 7 and 8 are the pressure and field dePonmagnetic Co atoms aroultt; results in a broad MT in
Co(S_4Sg), (Ref. 30 and Lu(Cq_,Al,), (Ref. 30 sys-
tems. Therefore the relatively broad transition in the present
0.8 —T T T T compounds could be explained by the same reason.
The pressure dependenceltof at 4.2 K forx=0.10 is
/ 1 given by the solid circle in Fig. 9. The field dflc was
ReBn=e defined as the average of the lower and higher critical fields
determined respectively at the peaks of the differential sus-
ceptibility in increasing and decreasing fields. The value of
Hc increases linearly with the pressure as seen from the
figure. The critical pressurB, at which the transition field
becomes zero is estimated to be 0.13 GPa by a linear ex-
trapolation toH-=0, and the value 0fH /P is obtained
as 12 T/GPa fox=0.10. The values oP, for x=0.11 and
0.12 are also obtained as 0.71 and about 1 GPa, respectively.
The pressure dependence of the width of hyster®bis for
x=0.10 is shown in Fig. 10. The value &fH. determined
as the average of the lower and higher magnetizatidaat
decreases linearly with pressure. The critical pressyrat
which the first-order MT disappears is estimated to be 1.3
GPa by the linear extrapolation, being smaller by about one
order of magnitude that of the estimated value for Lu€o
This difference would come from the difference between the
FIG. 8. Pressure and magnetic field dependences of the magnbandau coefficients of both compounds since the value,of

tization for LUC0y G819, at 4.2 K. The inset shows the magne- Strongly depends on these coefficiefit$?
tization curve for LUCoy gfGay 1), at 4.2 K at 1.00 GPa. Using the present experimental results, the Landau coef-

M ( pp/Co atom )

H(T)
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1.2 T T T T T T T TABLE I. Estimated values of the Landau coefficieats, and
——— g ¢ for Lu(Coy gfGa 102, together with those for LuGo(Ref. 29.
101 ] a (10 b (1072 c(10°°
03 cn/emu) crlerg) cmd/erg)
= LU(COp odG 102 7.1 —7.7 13
o 06 05x107 10x107] LuCo, (Ref. 22 269 —242 65
= M? (ug/Co )’
<
0.4 I three times of the fractional change in lengith/L, was
x = 0.10 P, measured at parallel to the applied magnetic field because the
02- T_-42K N volume magnetostriction of the similar Laves phase com-
pounds Y(Cg_,Al,), is almost isotropi¢>>* A linear rela-
0.0 L ' L L . L tionship between» andM? gives the value 0kC,, as 6.9
00 02 04 06 08 10 12 14 X 10 3u52(=5.0<10 8 cnmlerg). The estimated values of
P (GPa) the Landau coefficienta, b, andc for x=0.10 are listed in

Table |, together with those of LuGG? for comparison. The
Eoefficients of LUCOy ofGa 10, are much smaller than those
of LuCo,, associated with a very largdc of 74 T8 The
paramagnetic susceptibilityy at 0 K (=a ') for
Lu(Co,_,Ga,), increases with increasing®® accompanied

ficients forx=0.10 can be estimated. Effects of spin fluctua-PY @n increase of the DOS &g . The hégher the DOS at
tions on the free energy are neglected because the presént the smaller the Landau coefficiertts; CO”S'Stez”t quali-
measurement temperaturd£4.2K) of the magnetization tatively with the present results. Moreoveat/b™ for x
curves is low enough to ignore the thermal spin fluctuations=0-10 is estimated to be 0.16, very _closse%ounde_r the
When the values ofc/b? are 2 and 3, Hc becomes zero condition of the onset of ferromagnetlﬁ%ﬁ To elucidate
and the first-order MT disappea®%® Because the term of the validity of the estimated coefficients,c for x=0.10 is
2xC,,P is added to the coefficierst under pressure® the  calculated using these coefficients. The valueHefis cal-

observed values oP, and P, are given by the following culated as the magnetic field at which two minima Fof
equations, respectively: given by the following equation, are equal each other:

FIG. 10. Pressure dependence of the width of hysteresis of th
critical field AH for Lu(Caoy ofGay.19)»- The forced-volume magne-
tostriction w versusM? plot for Lu(Cay oGay o9, in the paramag-
netic state is given in the inset.

1 1 1
(at+2«CmPy)c _ 3 F=5(a+2xkCmP)M2+ 7bM*+ ZcM°~MH.  (6)

T o 16 43
and The resultant values are plotted against pressure in Fig. 9 by
the open circle. As seen from the figure, the calculated values
(a+2«kCPo)c 9 of H¢ versus pressure are in agreement with the experimen-
b 20 (4b)  tal values, although the former values are slightly smaller

than the latter values. Consequently, the experimental coef-
From Eq.(1), the pressure effect a3 at T=0 is associated ficients forx=0.10 are reasonable.

with the following equation: It has been reported that an itinerant-electron ferromagnet
Co(Sp 96S& 102 Shows the MT under pressuféThe value of
, |b] \/ 4(a+2kCpP)c dHc/IP is 4.25 TIGP&S being about one-third of that of
Ms= 2 1 Tz (5 Lu(CaygfGa 102 This difference would mainly come from

the different value okC,,, because a largeC,,, leads to a
The measured at T=4.2K andP=0 GPa for the com- very sensitive pressure dependencedef. The spontaneous
pound with x=0.10 is 0.3@3(=4.67x10*emi/cm®).  volume magnetostriction for Co$ extremely smalf® com-
From Eqs.(4a), (4b), and(5), the values of, b, andc can be  pared with that of ferromagnetic K80y oAl 9 102, > suggest-
determined if the value ofxC,, is available. For ing that«C,, for Co(S; 0510, is much smaller than that
Lu(Co,_,Ga), system, the MT from the paramagnetic to of Lu(Cay odGa .10
the ferromagnetic state reduce€,,, due to the change of The pressure dependenceM§ obtained from the Arrott
the spin fluctuation spectrufd. Furthermore,P;<P, as plots for Lu(Cq_,Ga,), atT=4.2K is given in Fig. 11. The
given in Figs. 9 and 10. Therefore the valuexd,, for x ~ value of Mg for the compounds witkk=0.12 begins to de-
=0.10 should be obtained in the paramagnetic state. In therease drastically at relatively low pressures, which is closely
present paper, we assume that the value is equal to that of tieerrelated with the negativb. For the compounds witk
paramagnetic compound D0, 9/G&, g9)> Which is near the =0.15,Mg shows a linear decrease with pressure up to 1.00
concentration ok=0.10. In order to determineC,,,, the  GPa. The data of the compound wxh-0.13 slightly deviate
magnetization curve and the forced-volume magnetostrictiofrom the straight line at high pressures, suggesting a marked
w for Lu(Coy ofGay gg)2 With He of 12.7 T atT=5K in the = decrease inMg under much higher pressures. Figure 12
paramagnetic state were measured. The results are plotteslows the concentration dependence of the pressure coeffi-
againstM? in the inset in Fig. 10. The value of, defined as  cient, dIn Mg/dP, for Lu(Co,_,Ga,),, together with that of
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FIG. 11. Pressure dependence of the spontaneous magnetization Concentration dependence of the ratio adh T¢/dP to
Mg for Lu(Co; -,Ga,), compounds. dInMgldP, i.e., dInTc/dIln Mg for Lu(Co, _,Ga),, is plot-

) ted in Fig. 13. The value of InTc/dIn Mg is much larger
Tc. The value ofdIn Ms/dP for x=0.10 is not shown be-  han unity in the vicinity ofx=0.10, and approaches unity
cause it is difficult to determinéMs/JdP due to the vicinity  with increasingx. In the case of a weak ferromagnet with
of the critical concentration of the onset of ferromagnetisma <0, b>0, andc=0, 9 In Tc/dIn Mg s unity for the Stoner-
It should be noted that the magnitudedih Tc/dP is larger  wohlfarth theory® and 3 for the spin fluctuation theor’.
than dIn Ms/dP up to aroundx=0.15, showing a rapid de- Therefore a significant difference between the both magni-
crease infc compared with that ol s and the negative for  tudes around the onset of ferromagnetism would come from
the compounds witlk=0.15. In other words, the positive the conditions ofa>0, b<0, andc>0. Using Egs(2) and
curvature of the DOS & remains up to around=0.15.  (5), gIn £(To)ldIn Mg, which is equal tod In Te/dIn Mg, is
For the compounds witk=0.18, there is no significant dif- given by
ference between both the magnitudes, in contrast to the re-
sults forx=0.12. The present results suggest that there is a \ﬁ( \/1 ac) \/1 ac
sharp peak of the DOS just belo&: up to aroundx 142/ ——— .
=0.15, and the peak would become broader with increasing 1IN &,(Tc) 5 4 b? 4 b?
X. The band calculations reveal that the sharp peak of the JInMg ( \/? 5 ac) \/5 ac
1+2 =

DOS just belowEg for YCo, is broadened by a partial re-

placement of Co with Al? consistent with the present re- 28 p? 28 b2
sults. (7)
257 — T T T T T T ] Remarkable is tha® In §,(Tc)/dInMg is only determined
' i T La(Cor G 1 from the coefficients, i.e., the band structure arokipd The
] 2ok u(Cor-Gay, ] value of g In £,(T¢)/dIn Mg versusac/b? is shown in the in-
- T set. With increasingic/b?, the ferromagnetic state becomes
E‘g i ] unstable, resulting in a divergent large value nearb?
D 15 ® /My OP ] =55 which is close to the onset of ferromagnetism. Conse-
E O Ty oP ] quently, the concentration _d_ependence?dﬁTd&ln Mg for
| i (:) ] Lu(Co,_,Ga), near the critical concentration of the onset
ar L0 \ 7] of ferromagnetism can be explained by the conditions of
C i ] >0, b<0, andc>0.
> [ Q ]
s 05 o .
~ ~ ] IV. SUMMARY
O e )
(? .\._,-._—./07‘. C _ )
0.3 08 — L2 — L1 The magnetic properties of the Laves phase
: : 0.16 0.20 0.24 Lu(Co,_,Ga), system have been investigated in high pres-
X sures with high magnetic fields. Effect of pressure on the

FIG. 12. Concentration dependence of the pressure coefficierfeUrie temperaturd ¢, the spontaneous magnetizatibhs,
of the spontaneous magnetizationin Mg/dP (@), together with ~ and the critical transition fielddc were measured. These
the pressure coefficient of the Curie temperaturi Tc/P (O), results were analyzed under the conditions of the coefficients
for Lu(Co,_,Ga,),. a>0, b<0, andc>0 for the Landau coefficients. The effect
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of replacing Co with Ga on the shape of the density of stategpontaneous magnetizatiof|n Mg/dP, for the compounds
around the Fermi energlr has been also discussed. Thewith x=0.15 due to a negative sign of the coefficieruf the
main results are summarized as follows: fourth-order term in the Landau expansion, implying that
(@ For the compounds witk=0.12, the spontaneous there is the peak of the DOS just beld¢ up to aroundx
magnetizatiorM g shows a drastic decrease at relatively low =0.15.
pressures. In the paramagnetic state induced by pressure, a(e) Concentration dependence of the ratio of the pressure
first-order metamagnetic transition is caused by applyingoefficients, 9In Tc/dIn Mg, near the onset of ferromag-
magnetic fields. netism can be explained by taking into account the negative
(b) The observed value oH. versus pressuré for sign of the coefficienb.
Lu(Cay gfGan.102 is consistent with the results calculated
from the Landau coefficients. ACKNOWLEDGMENTS
(c) The pressure derivative of the Curie temperature,
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