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Itinerant-electron metamagnetism of MnSi at high pressure

H. Yamadd and K. Terao
Department of Physics, Faculty of Science, Shinshu University, Matsumoto 390-8621, Japan
(Received 16 March 1998

Metamagnetic behaviors observed recently for MnSi at high pressure are discussed by using the electronic
structures calculated in a self-consistent linear muffin-tin orbital method within the atomic-sphere approxima-
tion. It is shown that the ferromagnetic state with the moment larger than abgug 0M is stable at large
lattice constants, while the paramagnetic state becomes stable at smaller lattice constants. By the fixed-spin-
moment method the differendeE(M) between the total energies of the ferromagnetic and paramagnetic states
is calculated as a function of magnetic mombhhear the critical lattice constant. The calculatei(M) is
fitted to a form of the power series M2 up to the term oM *°. Pressure dependences of the magnetization
and susceptibility observed for MnSi are compared with the calculated results. Temperature dependences of the
metamagnetic transition and susceptibility are also discussed by taking into account the effects of spin fluc-
tuations and by using the expansion coefficients in the calculsE(d). Metamagnetic behaviors observed
for MnSi at high pressure are shown to be described very well by the present f&@l$3-18209)02510-3

[. INTRODUCTION the Landau-Ginzburg free energy expanded up to the six
power of magnetizatiorM.’® When the magnetic energy
The cubic B20-type intermetallic compound MnSi is AE(M) is written as
known as a helimagnet with a long-wavelen¢ti80 A) spin
stru_cturel. The helical spir_1 state was observed to changg into AE(M)= EaM2+ EbM“Jr ECMG, (1.1
an induced ferromagnetic one by external magnetic fields. 2 4 6

The induced ferromagnetic moment is abouty4Mn at . .
6.2 kOe and increases rather strongly with increasing fieltiv rlglwiig’ gsos,ta%rl]g Cf;gé;/g;i ;%ré)migreg;:zgs:t:tsb\évas
even at 150 kO&.These experimental facts, together with ~3/16 the magnetic transition & is of the first-order,

the neutron-scattering measuremeéntnd  nuclear Spin- while it is of the second-order faac/b%<5/28%" For 3/16

lattice relaxation time measuremefitshow that this com- —ac/b2<9/20 the metamaanetic transition tak I ¢
pound is a typical weak itinerant-electron magnet. On thq ac € metamagnetic transition takes place a

other hand, these magnetic properties have been discuss&d’ 'Femperfaturé./t;r;esegézignignetlc Susceﬁ)t'b'“ty shov¥§ a
theoretically on the self-consistent renormalization theory fofmaximum _or'iac to th 'b esc(ja anomafou'\j gOpfrr'fSh
spin fluctuations. Calculations of the electronic structure 3¢ veré gs'm'ar. 0 fthe observed ones of Mnsi at hig

have also been carried dut.The density-of-state€OS) at pressuré:” The aim of the present paper is to study the mag-

the Fermi level was shown to be high and the observed d etic properties of MnSi on the spin-fluctuation model with
the calculated electronic structures.

Haas—van Alphen frequencies were found to be well de- .
Calculated results of the electronic structure and local mo-

scribed by the calculated band structures. . . . )
Recent experimental results, however, show that MnSi ignents of MnSi are given as a function of the lattice constant
' ' Sec. Il. By a fixed-spin-moment method the difference

not a simple itinerant-electron magnet at high pressure. Th : . .
P 9 gn p E(M) for given values oM is calculated in Sec. Ill. The

magnetic phase transition at the critical temperaiigés of . . .
the second-order at ambient pressure. With increasing pre btained resu_lt of EZ(M) is found to be f(')tted to a form of
the power series d¥1- up to the term oM *". In Sec. IV, the

sure it changes to the first-order transition and, subsequently, - : .
9 9 pin-fluctuation model for IEMMREef. 16 is extended to the

Tc collapses to zero at higher pressure than 14.6 kbdre ; AE(M). Calculated it q
paramagnetic susceptibility shows a maximum at about 10 {P'€Sent case oAE(M). Calculated results are comparec
with observed ones in Sec. V. Our conclusion and discussion

in its temperature dependence at higher presslifdie mea- . )
surements of the induced moment by the magnetic field wer@'® 9iven in Sec. VI.

also performed at higher pressures and a metamagnetic tran-

sition from the nonmagnetic to ferromagnetic state has been Il. ELECTRONIC STRUCTURE
observed at low temperatutélhese phenomena of the sus-
ceptipili.ty maximum and_ _metamagnetic transition are Cr,‘ar'consistent linear muffin-tin orbital method and the atomic-
actensucig 1 of the itinerant-electron metamagneusmsphere approximatiofASA) with the exchange-correlation
(IEMM).*>** They have also been observed for the CUb'CpotentiaI by von Barth and Hed#. MnSi with the B20-

Laves phase compounds Y£and LuCg, pysrite compound e gtructure contains four Mn and four Si atoms
Co(S,Se) and others at ambient pressdfeé? Recently, the : Loyl Cutaylo L

metamagnetic transition has been observed for,aggler &l (W), GHu.z—u,—u), (-uz+uz-u), (z-u,
the high pressur&!® —u,3+u) in a cubic unit cell, wherai,,=0.137 andug;

The spin-fluctuation model for IEMM was proposed on =0.845° Radii of atomic spheres for Mn and Si used in the

The electronic structure of MnSi is calculated by a self-
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FIG. 1. Calculated local DOS in the paramagnetic state at the FIG. 2. Total energies in the paramagnetic and ferromagnetic

observed lattice constarfE: denotes the Fermi level. states(upper paneland local magnetic momenttower pane) cal-
culated as a function of the lattice constant.
ASA are taken to be the same as each other, as the total

energy was confirmed to become almost minimum for themSPin-moment methotf. By this method the total energy is
In the present calculation the spin-orbit interaction was nobtained for given momeri, i.e., by fixing the numbers of
included, although the calculations are scalar relativistic, in€léctrons with up and down spins. In this case, the Fermi
cluding mass velocity and Darwin terms. Self-consistent call€Vels in the up and down spin bands are not equal to each
culations are carried out at 176 points in the irreducible Other because the equilibrium condition is not satisfied for
1/24 Brillouin zone. The convergence in charge density wag@rbitraryM. At the equilibriumM two Fermi levels coincide
achieved so that the root-mean square of moments of th&ith each other. The total magnetic energy becomes mini-
occupied partial density of states becomes smaller thafum or maximum at this value dfl. ] )
10°6. The basic sets of functions with angular momenta up The calculated results oAE(M) in the fixed-spin-
to =3 on Mn and Si atoms were adopted. moment method are shoyvn in Fig. 3. The numbers shown in

Figure 1 shows the calculated result of the local posthe figure denote the Iat.tlce constants. It can be clgarly seen
curves for Mn and Si at the observed lattice constant 4.558 Ahat the curve oAE(M) is rather flat neaM =0 and is not
in the nonmagnetic state. The shape of DOS and the positigaxPressed in a simple form such 38M?+ ;bM* near the
of the Fermi levelEg are very similar to those calculated crmcal lattice constant, where the ferromag_n(_etlc moment
previously®® Main characters of DOS nedir are of thed ~ disappears abruptly. In facAE(M) has two minima aM
states of Mn atom. It can be seen titlies at a tiny mini- =0 and finite M near 4.44 A. The calculated values of
mum on the broad peak of the local DOS, which has bee® E(M) are fitted very well to a form as
shown also in Ref. 8. 1 1 1 1 1

By the spin-polarized band calculation the total energy AE(M)==aM?+ ~bM*+=cM®+ =dM8+ —eM™,
and local moments are obtained as a function of lattice con- 2 4 6 8 10
stant. The upper panel of Fig. 2 shows the total energies in (3.1
the ferromagnetic and paramagnetic states. The calculated
minimum energy appears in the paramagnetic state at 4.42 A,
which is about 3% smaller than the observed one. The total 2
energy in the helimagnetic state is not estimated in this pa-
per. However, it will be close to that in the ferromagnetic
state as the wavelength of the helical spin ordering is very
long. The disagreement between the calculated and observed
lattice constant comes probably from the use of the ASA in
the present calculation. Anyhow, the difference between the
total energies in the ferromagnetic and paramagnetic states is
very small as shown in the upper panel of Fig. 2. The local
moments on Mn and Si atoms are shown in the lower panel
of Fig. 2. A small and negative moment is induced on Si
atoms. This is due to the hybridization betweeah 3ates of
Mn and 3p states of Si. The Mn moment disappears abruptly e S e
from about 0.4g/atom at about 4.44 A.

[

AEM) (mRy/unit cell)

M ( u g/unit cell)

Ill. ESTIMATION OF AE(M) ) )
FIG. 3. Calculated results ®E(M) as a function of magnetic

Numerical calculations of magnetic energye(M) for  momentM. Numbers shown in the figure denote the lattice con-
MnSi are carried out at several lattice constants by the fixedstants in A.
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FIG. 4. Estimated values ofa in Oe/(ug/f.u.), b in
Oel(ug/f.u.), cin Oe/(ug/f.u.)®, din Oe/(ug/f.u.)’, andein
Oe/(ug/f.u.)®, as a function of /r¢.

which is shown by thin curves in Fig. 3.
The estimated values of the coefficieats b, ¢, d, and
e in Eq. (3.1 are shown in Fig. 4 as a function ofr: by
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1 1 1
Afy(r)=zalm(n)|*+ Zb[m(n)|*+ zcm(r)[®

1 1
_ 8 10
+8d|m(r)| + 10e|m(r)| i 4.3

1
Afn,(r):§J|V-m(r)|2. (4.9
HereJ is the exchange stiffness constant written by the no-
tation D in Ref. 16.m(r) andV are the magnetization den-
sity and the volume of crystal. The coefficieats b, c, d,
ande in Eqg. (4.3) are those obtained in the previous section.

In Eq. (4.4 we neglect the higher-order derivatives of
m(r). As pointed out by Edward?,in MnSi the enhance-
ment of the Curie constant and the forward-scattering peak in
neutron datd above Ty are attributed to the long-
wavelength spin fluctuations. Then, it can be inferred that
only the lowest gradient term in the nonlocal free-energy
density will be enough to discuss the MnSi problem. It
should be noted here that the valueJah Eq. (4.4) can be
calculated in the local spin-density approximatférHow-
ever, in the present paper, we did not estimate it and the
calculation ofJ for MnSi is left for future work.

open circles, closed circles, open squares, closed squares, The equation of state for the magnetic fi¢tdand bulk

and open triangles, respectively. Hereis the lattice con-

stant andr.=4.44 A where the coefficiera in Eq. (3.1)

becomes zero. It should be mentioned thatecreases lin-

early with increasing. Other coefficientd, c, d, ande do
not depend so much an They are evaluated as

a(r)=4.131x10°(1—r/rg),
b=—3.209x 10,
c=3.107x 1%, (3.2

d=—-6.777< 1,

e=4.698< 1¢¢,

in the units of Oelfg/f.u.), Oel/(ug/f.u.), Oel(ug/

f.u.)% Oel(ug/f.u.)’, and Oe/fug/f.u.)®, respectively, as

shown by thin lines in Fig. 4.

IV. SPIN-FLUCTUATION MODEL

In this section the spin-fluctuation model for IEM{Ref.
16) is extended to the case afE(M) given by Eq.(3.1).
The magnetic free energy is written as

AF=%I d3r Af(r), (4.1

where free-energy densitf(r) is a sum of the local and

nonlocal onesAf,(r) andAf,(r), as

AF(r)=AF(r)+Af (1), (4.2)

magnetizatiorM is given by

oM
+E(T)M?,

JAF
H:<_> =A(T)M+B(T)M3+C(T)M>+D(T)M’

(4.9

where( ) denotes a thermal average and

~ 5 35 35
A(T)=x(T) t=a+ §b§(T)2+ §CE(T)4+ §d§(T>6
385
+ Teg(T)S, (4.6)

14 308
B(T)=b+ gcg(T)2+ 21dE(T)*+ ?eg(T)ﬁ, 4.7

C(T)=c+9d&(T)?+66e£(T)?, 4.8
44

D(T)=d+ geg(T)Z, 4.9

E(T)=e. (4.10

Here,£(T)? in Egs.(4.6)—(4.9) is the mean-square amplitude
of spin fluctuations defined as

ET)?=¢(T)*+2¢,(T)?, (4.1
where

1

g§(2=g 2 (Imy(@)l?), (4.12
q(+0)
1

£.(T)2=5 2 (Im. ()], (4.13
a(#0)
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andmy(q) andm, (q) are Fourier components of the fluctu-
ating magnetization densities parallel and perpendicular to
H, respectively. The coefficie&(T) in Eg. (4.5 is the in-
verse of susceptibilityy(T) 2.

The derivation of Eq(4.5) is essentially done in the same
way as in Ref. 16. ShimiZd has also discussed spin fluctua-
tions by using the energy expanded up to the teriv8f In
the present paper, we assumed théT)?=¢, (T)?. An ex-
plicit expression forg(T)? is not given here. It is written in
terms of the dynamical spin susceptibility and known to in- —
crease with increasing as T2 at low T and asT at high 0 0.05 0.1
T.24%That is, £(T)? is a monotonically increasing function 2 2

. . ; X &(T)° (pp/fu.)
of T. The zero-point spin fluctuations are not considered
here. FIG. 5. Calculated value oA(T) as a function of(T)?, (1)—

The values ofA(T), B(T), C(T), D(T), andE(T) for  (6) for or/rc=0.0, 2.0<10°3, 4.0x10°3, 6.0x10°3, 8.0
MnSi were thus evaluated as a function&f)? or T. It is X103, and 1.0 102, respectively.
mentioned here that the following relations between

A(T), B(T), C(T), D(T), and E(T) are obtained from getdInM/dP=-0.93x 10 2 kbar !, which is close to the
Egs. (4.6—(4.10 as observed oné¢’ —1.15x102 kbar* and —1.27

X 1072 kbar 1.
B. Susceptibility maximum

A(T) (10° Oe f.u/ up)

B(T)= §aA(T)/ag(T)Z, (4.19
S The temperature dependence AfT) for MnSi is esti-
3 mated from Eq(4.6) with the coefficientsa, b, c, d, and
C(T)= —dB(T)/I&(T)?, (4.15  egiven by Eq.(3.2). Calculated results o&(T) are shown in
14 Fig. 5 for several values ofér/rc, where or=rg¢
1 —r. A(T) shows a minimum at &(Tpa)2~0.03
D(T)= = aC(T)/9&(T)?, 4.16 (ug/f.u.)?, that is, x(T) shows a maximum &t .. It is
9 easily shown in the present approximation that the value of
3 £(Tmaw? does not depend onor P. The minizmum ofA(T)
_> 2 is a solution of the equatio@A(T)/9&(T)<=0, that is,
E(T) 44§D(T)/&§(T) ' (4.17 B(T)=0 as shown by Eq4.14). The solution &(Tma)?, of
this equation is then written only by, c, d, ande which
That is,B(T), C(T), D(T), andE(T) are obtained by the do not depend onm, or P, asB(T) is given by Eq.(4.7). In

derivatives ofA(T) with respect toé(T)?. this way, we can see tha(T,,,,)? does not depend onor
P. The present result is consistent with the observed one
V. COMPARISON WITH EXPERIMENT where the dependence ®f,,, on P is not significant at the
pressure between 7.2 and 16.3 kbar.
A. Pressure dependences of susceptibility and magnetization Above T, A(T) increases almost linearly with(T)?,
at low temperature as shown in Fig. 5. The linearity comes from the higher order

The dependence af on the lattice constant shown in  terms of §(T)® and ¢(T)? in Eq. (4.6). This result is also
Fig. 4 can be compared with the observed pressure depeﬁonsistent with the observed result of the Curie-Weiss be-
dence of susceptibilifyat high pressures. The lattice con- havior of the susceptibility at high, where¢(T)? is propor-
stant at zero pressurg is estimated so that the valueaft  tional to T. However, the present theory breaks down at
ro coincides with the extrapolated one,1021 cni/femu, Much higherT. This is because our theory is based on the
from the observed susceptibilitfeat high pressure. We get Power expansion of the free-energy density 43 with
ro=4.444 A, being about 2.5% smaller than the observedespect tdm(r)|?, i.e., £(T)% .
one. The value of, is very close ta ¢ defined in Eq(3.2). In  Fig. 6,  the estimated values  of
By using the observed compressibiftythe value ofsa/oP ~ A(T), B(T), C(T), D(T), and E(T) for or/rc=2.0
is obtained as 260 ciemu kbar, which is about twice that X 10 ° are shown as a function ¢{T)?. It can be seen that
of the observed onBAs the value oba/aP is very sensitive A(T) shows a minimum a(T.)°, whereB(T) changes

to the value of ,, the agreement between the calculated andts sign from negativeT to positive. This is just obtained from
observed results is not unsatisfactory. Eq.(4.14). Other relations between them, E$.15—-(4.17),

MnSi is a helimagnet without magnetic field. However, &€ also seen in this figure. AYT) increases linearly with
under a weak magnetic field 6.2 kOe, it becomesncreasingé(T)?athighT, thenB(T) tends to a constant and
ferromagnetié Then, our results obtained above can beC(T) andD(T) tend to zero at high. At much higherT,
compared with the observed ones under the magnetic fieldvhere&(T)? is larger than about 0.1 x(/f.u.)?, the present
From Fig. 2 the magnetic moment of Mn is found to be aboutheory breaks down as mentioned above.
0.4ug/atom at the lattice constang, which is rather close
to the observed oRainder the magnetic field. THe depen-
dence of the magnetic mometcan be also estimated from When a metamagnetic transition from the paramagnetic to
Fig. 2 nearr,. By using the observed compressibifftyve  ferromagnetic states occurs, the magnetization civiyel)

C. Metamagnetic transition
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FIG. 6. Calculated values ¢1) A(T) X 10° in Oe/(ug/f.u.), (2)
B(T)x 10" in Oe/(ug/f.u.)%, (3) C(T)x 10 in Oe/(ug/f.u.)®, (4)
D(T)X10% in Oe/(ug/f.u.)’, and(5) E(T) in Oe/(ug/f.u.)% as a
function of £(T)? for r/r.=2.0x10"3,

0.02

becomes ai®like one. Figure 7 shows (H) curves at 0 K
calculated with Eq(3.2) for several values obr/r-. The
critical field Hc is estimated by the Maxwell relation

szdMH(M)—(MZ—Ml)HC:o, (5.1)
My

where

H(M)=aM+bM3+cM®+dM’+eM°®, (5.2

andM,; andM, are stable or metastable solution of the equa-

tion H(M)=Hc. In the present case, the equatidiiM)
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FIG. 8. Calculated results of the magnetization cuftg-(6) at
Srire=2.5x10"°% for &(T)=0, 0.05, 0.10, 0.15, 0.20, and
0.25ug/f.u., respectively. The dotted curves are those in the meta-
stable or unstable state.

Maxwell relation Eq.(5.1) with H(M) given by Eq.(4.5

and M; and M, are stable or metastable solutions of the
equationH(M)=H¢. The dotted curves are those in the
metastable state. It is seen in Fig. 8 that the metamagnetic
transition disappears &(T)~0.1 ug/f.u., which is rather
smaller thané(T .0 (=0.17 wg/f.u.). The metamagnetic
transition, associated with the hysteresis of magnetization,
for MnSi at high pressure is actually observed at lower tem-
perature tharirl ... For instance, the value di: at 15.5
kbar is about 5 kOe below 6.2 Kwhile Ty is 12.4 K.

D. First- and second-order transitions atT¢

In the ferromagnetic region, the magnetic momphis

=H¢ has three solutions; stable and metastable solutions argbtimated as a function af(T) without magnetic fieloH.
one unstable solution. The dotted curves are those in theigure 9 shows the calculated resultsMffor 1.76x 103
metastable or unstable state. It is found that the metamags Srire>1.72<1073, by using Eq.(3.2) and Egs.(4.5—

netic transition &0 K occurs at a narrow rangex210 3

(4.10. The dotted curves in Fig. 9 denote the metastable

<&r/rc<4x107°. For &r/rc>4x10"° no metamagnetic  states. It is found that the second-order transitionEcaare
transition occurs. It can be seen in Fig. 7 that the maximumyptained for or/r<1.72<10 3. At the narrow range of

value of H¢ is 16 T at 6r/rc=4x10 3, which is rather

smaller tharH for YCo, and LuCg.*?
Figure 8 shows the calculateMl(H) at finite T for

8rirc=2.5x10"3, The critical fieldH is estimated by the

04— .

0.2F.

2

M (pp/fu)

o 10 20

H (tesla)

FIG. 7. Calculated results of the magnetization curvd at0,
()—-(B) for  Orirg=2.0x10"3, 2.5x10°% 3.0x10°3 3.5

1.76X10 3> 6r/r>1.73< 10" 2 the first-order transition at
Tc is obtained. Atér/rc>1.77x10"° the ferromagnetic
state becomes unstable without magnetic field.

004 T T T T T T
I _
,g 0.3 \
s 02k .
= ®) @ P
0.1_ (2) (1) T
00 001 002 003 004
& (T)? (up/fu.)?

FIG. 9. Calculated results of the magnetization as a function of
&M2  (1)-(5) for 6&rire=1.7210"3, 1.73x10° 3%, 1.74

X103, and 4.0 103, respectively. The dotted curves are those X10°3, 1.75x10 %, and 1.76<10 3, respectively. The dotted

in the metastable or unstable state.

curves are those in the metastable state.
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The critical pressurgc between the ferromagnetic and  In the present paper, the effect of zero-point spin fluctua-
paramagnetic states can be estimated from the critical latticgéons is neglected. Takahashi and S&k&iave emphasized
constant obtained above and the observed compressfility.that the zero-point spin fluctuations play an important role in
The obtained value opc is 11.3 kbar, which is a little the ground-state properties of IEMM. However, the observed
smaller than the observed dte14.6£0.1 kbar. On the ground-state properties for MnSi at high pressure and low
other hand, the critical pressum between the first- and temperature can be well explained by our calculated results
second-order transition a-tc is estimated as 11.0 kbar. The based on the band calculations. For instance, a good agree-
ﬁrst'order transition aTC iS aCtUa”y Observed Only at a nar- ment between the Ca'cu'ated and Observed pressure depen_
row range of the pressure between 12 and 14.6 ¥d@ur  gences of magnetization was obtained as shown in Sec. V A.
estimated values ofc andp, are a little smaller than the |t has been clearly shown in Sec. VB that the calculated
observed values. However, they are very sensitive 10 Gy e of T, | where the susceptibility reaches a maximum,
value ofr, estimated in Sec. VA. does not depend on the pressure. The metamagnetic transi-

VI. CONCLUSION AND DISCUSSION tion was shown in Sec. V C to occur at a narrow range of the
lattice constant near the critical one between ferromagnetic

In the present paper, the fixed-spin-moment calculationg g paramagnetic states. The first-order transitioficavas
for MnSi have been carried out for various lattice constants,iso shown in Sec. VD to occur at a harrow range of the

The differenceAE(M) between the total energies in the non- i, osqre just below the critical pressure between the ferro-

tmhagfnetlc a:cntdh magnetic states.has(bln)gen f(t)ur;g tot be f'ttfed agnetic and paramagnetic states. These results are consis-
e form of thé power expansion up 10 the term ot ot with the observed ones. It can be concluded that the

M1% The coefficienta of M? in AE(M) was found to de- , : . .
pend strongly on the lattice constant, while other coefficientsanomalous magnetic properties observed for MnSi at high

b c. d ande were found not to depend so much on the PreESSUre can be described very well by the present model of
Ia’ttic,e C(’)nstant P the itinerant-electron metamagnetism.

To discuss the finite-temperature properties, the spin fluc-
tuation model proposed previouslyhas been extended to
the present case &fE(M) expanded up td1°. It has been
found that the Landau coefficientB(T), C(T), D(T), We are indebted to Dr. C. Thessieu for directing our at-
E(T) in Eg. (4.5 can be written by the derivatives &f(T)  tention to the present subject. We also thank Professor A.
with respect to£(T)2. This fact could be confirmed by the Hasegawa for a valuable discussion. The present work is
Arrott plots for the observed(H)? andH/M(H) at high  partially supported under the Grant in Aid for Scientific Re-
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