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Itinerant-electron metamagnetism of MnSi at high pressure

H. Yamada* 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 about 0.4mB /Mn is stable at large
lattice constants, while the paramagnetic state becomes stable at smaller lattice constants. By the fixed-spin-
moment method the differenceDE(M ) between the total energies of the ferromagnetic and paramagnetic states
is calculated as a function of magnetic momentM near the critical lattice constant. The calculatedDE(M ) is
fitted to a form of the power series ofM2 up to the term ofM10. 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 calculatedDE(M ). Metamagnetic behaviors observed
for MnSi at high pressure are shown to be described very well by the present model.@S0163-1829~99!02510-2#
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I. INTRODUCTION

The cubic B20-type intermetallic compound MnSi
known as a helimagnet with a long-wavelength~180 Å! spin
structure.1 The helical spin state was observed to change
an induced ferromagnetic one by external magnetic fie
The induced ferromagnetic moment is about 0.4mB /Mn at
6.2 kOe and increases rather strongly with increasing fi
even at 150 kOe.2 These experimental facts, together wi
the neutron-scattering measurements3 and nuclear spin-
lattice relaxation time measurements,4 show that this com-
pound is a typical weak itinerant-electron magnet. On
other hand, these magnetic properties have been discu
theoretically on the self-consistent renormalization theory
spin fluctuations.5 Calculations of the electronic structur
have also been carried out.6,7 The density-of-states~DOS! at
the Fermi level was shown to be high and the observed
Haas–van Alphen frequencies were found to be well
scribed by the calculated band structures.

Recent experimental results, however, show that MnS
not a simple itinerant-electron magnet at high pressure.
magnetic phase transition at the critical temperatureTC is of
the second-order at ambient pressure. With increasing p
sure it changes to the first-order transition and, subseque
TC collapses to zero at higher pressure than 14.6 kbar.8 The
paramagnetic susceptibility shows a maximum at about 1
in its temperature dependence at higher pressure.8,9 The mea-
surements of the induced moment by the magnetic field w
also performed at higher pressures and a metamagnetic
sition from the nonmagnetic to ferromagnetic state has b
observed at low temperature.9 These phenomena of the su
ceptibility maximum and metamagnetic transition are ch
acteristics of the itinerant-electron metamagneti
~IEMM !.10,11 They have also been observed for the cu
Laves phase compounds YCo2 and LuCo2 , pyrite compound
Co(S,Se)2 and others at ambient pressure.12,13 Recently, the
metamagnetic transition has been observed for CoS2 under
the high pressure.14,15

The spin-fluctuation model for IEMM was proposed o
PRB 590163-1829/99/59~14!/9342~6!/$15.00
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the Landau-Ginzburg free energy expanded up to the
power of magnetizationM.16 When the magnetic energ
DE(M ) is written as

DE~M !5
1

2
aM21

1

4
bM41

1

6
cM6, ~1.1!

with a.0, b,0, and c.0, the ferromagnetic state wa
shown to be stable forac/b2,3/16. For 5/28,ac/b2

,3/16 the magnetic transition atTC is of the first-order,
while it is of the second-order forac/b2,5/28.17 For 3/16
,ac/b2,9/20 the metamagnetic transition takes place
low temperature.11 The paramagnetic susceptibility shows
maximum for ac/b2.5/28.16 These anomalous propertie
are very similar to the observed ones of MnSi at hi
pressure.8,9 The aim of the present paper is to study the ma
netic properties of MnSi on the spin-fluctuation model w
the calculated electronic structures.

Calculated results of the electronic structure and local m
ments of MnSi are given as a function of the lattice const
in Sec. II. By a fixed-spin-moment method the differen
DE(M ) for given values ofM is calculated in Sec. III. The
obtained result ofDE(M ) is found to be fitted to a form of
the power series ofM2 up to the term ofM10. In Sec. IV, the
spin-fluctuation model for IEMM~Ref. 16! is extended to the
present case ofDE(M ). Calculated results are compare
with observed ones in Sec. V. Our conclusion and discuss
are given in Sec. VI.

II. ELECTRONIC STRUCTURE

The electronic structure of MnSi is calculated by a se
consistent linear muffin-tin orbital method and the atom
sphere approximation~ASA! with the exchange-correlation
potential by von Barth and Hedin.18 MnSi with the B20-
type structure contains four Mn and four Si atom

at (u,u,u), ( 1
2 1u, 1

2 2u,2u), (2u, 1
2 1u, 1

2 2u), ( 1
2 2u,

2u, 1
2 1u) in a cubic unit cell, whereuMn50.137 anduSi

50.845.6 Radii of atomic spheres for Mn and Si used in t
9342 ©1999 The American Physical Society
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ASA are taken to be the same as each other, as the
energy was confirmed to become almost minimum for the
In the present calculation the spin-orbit interaction was
included, although the calculations are scalar relativistic,
cluding mass velocity and Darwin terms. Self-consistent c
culations are carried out at 176k points in the irreducible
1/24 Brillouin zone. The convergence in charge density w
achieved so that the root-mean square of moments of
occupied partial density of states becomes smaller t
1026. The basic sets of functions with angular momenta
to l 53 on Mn and Si atoms were adopted.

Figure 1 shows the calculated result of the local DO
curves for Mn and Si at the observed lattice constant 4.55
in the nonmagnetic state. The shape of DOS and the pos
of the Fermi levelEF are very similar to those calculate
previously.6,8 Main characters of DOS nearEF are of thed
states of Mn atom. It can be seen thatEF lies at a tiny mini-
mum on the broad peak of the local DOS, which has b
shown also in Ref. 8.

By the spin-polarized band calculation the total ene
and local moments are obtained as a function of lattice c
stant. The upper panel of Fig. 2 shows the total energie
the ferromagnetic and paramagnetic states. The calcul
minimum energy appears in the paramagnetic state at 4.4
which is about 3% smaller than the observed one. The t
energy in the helimagnetic state is not estimated in this
per. However, it will be close to that in the ferromagne
state as the wavelength of the helical spin ordering is v
long. The disagreement between the calculated and obse
lattice constant comes probably from the use of the ASA
the present calculation. Anyhow, the difference between
total energies in the ferromagnetic and paramagnetic stat
very small as shown in the upper panel of Fig. 2. The lo
moments on Mn and Si atoms are shown in the lower pa
of Fig. 2. A small and negative moment is induced on
atoms. This is due to the hybridization between 3d states of
Mn and 3p states of Si. The Mn moment disappears abrup
from about 0.4mB /atom at about 4.44 Å.

III. ESTIMATION OF DE„M …

Numerical calculations of magnetic energyDE(M ) for
MnSi are carried out at several lattice constants by the fix

FIG. 1. Calculated local DOS in the paramagnetic state at
observed lattice constant.EF denotes the Fermi level.
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spin-moment method.19 By this method the total energy i
obtained for given momentM, i.e., by fixing the numbers o
electrons with up and down spins. In this case, the Fe
levels in the up and down spin bands are not equal to e
other because the equilibrium condition is not satisfied
arbitraryM. At the equilibriumM two Fermi levels coincide
with each other. The total magnetic energy becomes m
mum or maximum at this value ofM.

The calculated results ofDE(M ) in the fixed-spin-
moment method are shown in Fig. 3. The numbers show
the figure denote the lattice constants. It can be clearly s
that the curve ofDE(M ) is rather flat nearM50 and is not
expressed in a simple form such as1

2 aM21 1
4 bM4 near the

critical lattice constant, where the ferromagnetic mom
disappears abruptly. In fact,DE(M ) has two minima atM
50 and finite M near 4.44 Å. The calculated values
DE(M ) are fitted very well to a form as

DE~M !5
1

2
aM21

1

4
bM41

1

6
cM61

1

8
dM81

1

10
eM10,

~3.1!

e FIG. 2. Total energies in the paramagnetic and ferromagn
states~upper panel! and local magnetic moments~lower panel! cal-
culated as a function of the lattice constant.

FIG. 3. Calculated results ofDE(M ) as a function of magnetic
momentM. Numbers shown in the figure denote the lattice co
stants in Å.
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9344 PRB 59H. YAMADA AND K. TERAO
which is shown by thin curves in Fig. 3.
The estimated values of the coefficientsa, b, c, d, and

e in Eq. ~3.1! are shown in Fig. 4 as a function ofr /r C by
open circles, closed circles, open squares, closed squ
and open triangles, respectively. Here,r is the lattice con-
stant andr C54.44 Å where the coefficienta in Eq. ~3.1!
becomes zero. It should be mentioned thata decreases lin-
early with increasingr. Other coefficientsb, c, d, ande do
not depend so much onr. They are evaluated as

a~r !54.1313108~12r /r C!,

b523.2093107,

c53.1073108, ~3.2!

d526.7773108,

e54.6983108,

in the units of Oe/(mB /f.u.), Oe/(mB /f.u.)3, Oe/(mB /
f.u.)5, Oe/(mB /f.u.)7, and Oe/(mB /f.u.)9, respectively, as
shown by thin lines in Fig. 4.

IV. SPIN-FLUCTUATION MODEL

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

DF5
1

VE d3rD f ~r !, ~4.1!

where free-energy densityD f (r ) is a sum of the local and
nonlocal ones,D f l(r) andD f nl(r), as

D f ~r !5D f l~r !1D f nl~r !, ~4.2!

FIG. 4. Estimated values ofa in Oe/(mB /f.u.), b in
Oe/(mB /f.u.)3, c in Oe/(mB /f.u.)5, d in Oe/(mB /f.u.)7, ande in
Oe/(mB /f.u.)9, as a function ofr /r C .
es,

D f l~r !5
1

2
aum~r !u21

1

4
bum~r !u41

1

6
cum~r !u6

1
1

8
dum~r !u81

1

10
eum~r !u10, ~4.3!

D f nl~r !5
1

2
Ju¹•m~r !u2. ~4.4!

HereJ is the exchange stiffness constant written by the
tation D in Ref. 16.m(r ) andV are the magnetization den
sity and the volume of crystal. The coefficientsa, b, c, d,
ande in Eq. ~4.3! are those obtained in the previous sectio

In Eq. ~4.4! we neglect the higher-order derivatives
m(r ). As pointed out by Edwards,20 in MnSi the enhance-
ment of the Curie constant and the forward-scattering pea
neutron data21 above TN are attributed to the long
wavelength spin fluctuations. Then, it can be inferred t
only the lowest gradient term in the nonlocal free-ener
density will be enough to discuss the MnSi problem.
should be noted here that the value ofJ in Eq. ~4.4! can be
calculated in the local spin-density approximation.22 How-
ever, in the present paper, we did not estimate it and
calculation ofJ for MnSi is left for future work.

The equation of state for the magnetic fieldH and bulk
magnetizationM is given by

H5 K ]DF

]M L 5A~T!M1B~T!M31C~T!M51D~T!M7

1E~T!M9, ~4.5!

where^ & denotes a thermal average and

A~T!5x~T!215a1
5

3
bj~T!21

35

9
cj~T!41

35

3
dj~T!6

1
385

9
ej~T!8, ~4.6!

B~T!5b1
14

3
cj~T!2121dj~T!41

308

3
ej~T!6, ~4.7!

C~T!5c19dj~T!2166ej~T!4, ~4.8!

D~T!5d1
44

3
ej~T!2, ~4.9!

E~T!5e. ~4.10!

Here,j(T)2 in Eqs.~4.6!–~4.9! is the mean-square amplitud
of spin fluctuations defined as

j~T!25j i~T!212j'~T!2, ~4.11!

where

j i~T!25
1

V (
q~Þ0!

^umi~q!u2&, ~4.12!

j'~T!25
1

V (
q~Þ0!

^um'~q!u2&, ~4.13!
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andmi(q) andm'(q) are Fourier components of the fluctu
ating magnetization densities parallel and perpendicula
H, respectively. The coefficientA(T) in Eq. ~4.5! is the in-
verse of susceptibility,x(T)21.

The derivation of Eq.~4.5! is essentially done in the sam
way as in Ref. 16. Shimizu23 has also discussed spin fluctu
tions by using the energy expanded up to the term ofM8. In
the present paper, we assumed thatj i(T)25j'(T)2. An ex-
plicit expression forj(T)2 is not given here. It is written in
terms of the dynamical spin susceptibility and known to
crease with increasingT as T2 at low T and asT at high
T.24,25 That is,j(T)2 is a monotonically increasing functio
of T. The zero-point spin fluctuations are not conside
here.

The values ofA(T), B(T), C(T), D(T), andE(T) for
MnSi were thus evaluated as a function ofj(T)2 or T. It is
mentioned here that the following relations betwe
A(T), B(T), C(T), D(T), and E(T) are obtained from
Eqs.~4.6!–~4.10! as

B~T!5
3

5
]A~T!/]j~T!2, ~4.14!

C~T!5
3

14
]B~T!/]j~T!2, ~4.15!

D~T!5
1

9
]C~T!/]j~T!2, ~4.16!

E~T!5
3

44
]D~T!/]j~T!2. ~4.17!

That is,B(T), C(T), D(T), andE(T) are obtained by the
derivatives ofA(T) with respect toj(T)2.

V. COMPARISON WITH EXPERIMENT

A. Pressure dependences of susceptibility and magnetization
at low temperature

The dependence ofa on the lattice constantr shown in
Fig. 4 can be compared with the observed pressure de
dence of susceptibility8 at high pressures. The lattice co
stant at zero pressurer 0 is estimated so that the value ofa at
r 0 coincides with the extrapolated one,21021 cm3/emu,
from the observed susceptibilities8 at high pressure. We ge
r 054.444 Å, being about 2.5% smaller than the observ
one. The value ofr 0 is very close tor C defined in Eq.~3.2!.
By using the observed compressibility26 the value of]a/]P
is obtained as 260 cm3/emu kbar, which is about twice tha
of the observed one.8 As the value of]a/]P is very sensitive
to the value ofr 0 , the agreement between the calculated a
observed results is not unsatisfactory.

MnSi is a helimagnet without magnetic field. Howeve
under a weak magnetic field 6.2 kOe, it becom
ferromagnetic.2 Then, our results obtained above can
compared with the observed ones under the magnetic fi
From Fig. 2 the magnetic moment of Mn is found to be ab
0.4mB /atom at the lattice constantr 0 , which is rather close
to the observed one2 under the magnetic field. TheP depen-
dence of the magnetic momentM can be also estimated from
Fig. 2 nearr 0 . By using the observed compressibility26 we
to

-

d

n-

d

d

s

ld.
t

get d ln M/dP520.9331022 kbar21, which is close to the
observed ones2,27 21.1531022 kbar21 and 21.27
31022 kbar21.

B. Susceptibility maximum

The temperature dependence ofA(T) for MnSi is esti-
mated from Eq.~4.6! with the coefficientsa, b, c, d, and
e given by Eq.~3.2!. Calculated results ofA(T) are shown in
Fig. 5 for several values ofdr /r C, where dr 5r C
2r . A(T) shows a minimum at j(Tmax)

2;0.03
(mB /f.u.)2, that is,x(T) shows a maximum atTmax. It is
easily shown in the present approximation that the value
j(Tmax)

2 does not depend onr or P. The minimum ofA(T)
is a solution of the equation]A(T)/]j(T)250, that is,
B(T)50 as shown by Eq.~4.14!. The solution,j(Tmax)

2, of
this equation is then written only byb, c, d, ande which
do not depend onr, or P, asB(T) is given by Eq.~4.7!. In
this way, we can see thatj(Tmax)

2 does not depend onr or
P. The present result is consistent with the observed o8

where the dependence ofTmax on P is not significant at the
pressure between 7.2 and 16.3 kbar.

AboveTmax, A(T) increases almost linearly withj(T)2,
as shown in Fig. 5. The linearity comes from the higher or
terms of j(T)6 and j(T)8 in Eq. ~4.6!. This result is also
consistent with the observed result of the Curie-Weiss
havior of the susceptibility at highT, wherej(T)2 is propor-
tional to T. However, the present theory breaks down
much higherT. This is because our theory is based on t
power expansion of the free-energy density Eq.~4.3! with
respect toum(r )u2, i.e., j(T)2.

In Fig. 6, the estimated values o
A(T), B(T), C(T), D(T), and E(T) for dr /r C52.0
31023 are shown as a function ofj(T)2. It can be seen tha
A(T) shows a minimum atj(Tmax)

2, whereB(T) changes
its sign from negative to positive. This is just obtained fro
Eq. ~4.14!. Other relations between them, Eqs.~4.15!–~4.17!,
are also seen in this figure. AsA(T) increases linearly with
increasingj(T)2 at highT, thenB(T) tends to a constant an
C(T) and D(T) tend to zero at highT. At much higherT,
wherej(T)2 is larger than about 0.1 (mB /f.u.)2, the present
theory breaks down as mentioned above.

C. Metamagnetic transition

When a metamagnetic transition from the paramagneti
ferromagnetic states occurs, the magnetization curveM (H)

FIG. 5. Calculated value ofA(T) as a function ofj(T)2, ~1!–
~6! for dr /r C50.0, 2.031023, 4.031023, 6.031023, 8.0
31023, and 1.031022, respectively.
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9346 PRB 59H. YAMADA AND K. TERAO
becomes anS-like one. Figure 7 showsM (H) curves at 0 K
calculated with Eq.~3.2! for several values ofdr /r C. The
critical field HC is estimated by the Maxwell relation

E
M1

M2
dMH~M !2~M22M1!HC50, ~5.1!

where

H~M !5aM1bM31cM51dM71eM9, ~5.2!

andM1 andM2 are stable or metastable solution of the eq
tion H(M )5HC.11 In the present case, the equationH(M )
5HC has three solutions; stable and metastable solutions
one unstable solution. The dotted curves are those in
metastable or unstable state. It is found that the metam
netic transition at 0 K occurs at a narrow range 231023

,dr /r C,431023. For dr /r C.431023 no metamagnetic
transition occurs. It can be seen in Fig. 7 that the maxim
value of HC is 16 T at dr /r C5431023, which is rather
smaller thanHC for YCo2 and LuCo2 .12

Figure 8 shows the calculatedM (H) at finite T for
dr /r C52.531023. The critical fieldHC is estimated by the

FIG. 6. Calculated values of~1! A(T)3105 in Oe/(mB /f.u.), ~2!
B(T)3107 in Oe/(mB /f.u.)3, ~3! C(T)3108 in Oe/(mB /f.u.)5, ~4!
D(T)3108 in Oe/(mB /f.u.)7, and~5! E(T) in Oe/(mB /f.u.)9, as a
function of j(T)2 for dr /r C52.031023.

FIG. 7. Calculated results of the magnetization curve atT50,
~1!–~5! for dr /r C52.031023, 2.531023, 3.031023, 3.5
31023, and 4.031023, respectively. The dotted curves are tho
in the metastable or unstable state.
-

nd
he
g-

Maxwell relation Eq.~5.1! with H(M ) given by Eq.~4.5!
and M1 and M2 are stable or metastable solutions of t
equationH(M )5HC. The dotted curves are those in th
metastable state. It is seen in Fig. 8 that the metamagn
transition disappears atj(T);0.1 mB /f.u., which is rather
smaller thanj(Tmax)(50.17 mB /f.u.). The metamagnetic
transition, associated with the hysteresis of magnetizat
for MnSi at high pressure is actually observed at lower te
perature thanTmax. For instance, the value ofHC at 15.5
kbar is about 5 kOe below 6.2 K,9 while Tmax is 12.4 K.

D. First- and second-order transitions atTC

In the ferromagnetic region, the magnetic momentM is
estimated as a function ofj(T) without magnetic fieldH.
Figure 9 shows the calculated results ofM for 1.7631023

.dr /r C.1.7231023, by using Eq.~3.2! and Eqs.~4.5!–
~4.10!. The dotted curves in Fig. 9 denote the metasta
states. It is found that the second-order transitions atTC are
obtained fordr /r C,1.7231023. At the narrow range of
1.7631023.dr /r C.1.7331023 the first-order transition a
TC is obtained. Atdr /r C.1.7731023 the ferromagnetic
state becomes unstable without magnetic field.

FIG. 8. Calculated results of the magnetization curve,~1!–~6! at
dr /r C52.531023 for j(T)50, 0.05, 0.10, 0.15, 0.20, an
0.25mB/f.u., respectively. The dotted curves are those in the m
stable or unstable state.

FIG. 9. Calculated results of the magnetization as a function
j(T)2, ~1!–~5! for dr /r C51.7231023, 1.7331023, 1.74
31023, 1.7531023, and 1.7631023, respectively. The dotted
curves are those in the metastable state.
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The critical pressurepC between the ferromagnetic an
paramagnetic states can be estimated from the critical la
constant obtained above and the observed compressibil26

The obtained value ofpC is 11.3 kbar, which is a little
smaller than the observed one8,9 14.660.1 kbar. On the
other hand, the critical pressurep1 between the first- and
second-order transition atTC is estimated as 11.0 kbar. Th
first-order transition atTC is actually observed only at a na
row range of the pressure between 12 and 14.6 kbar.8,9 Our
estimated values ofpC and p1 are a little smaller than the
observed values. However, they are very sensitive to
value of r 0 estimated in Sec. V A.

VI. CONCLUSION AND DISCUSSION

In the present paper, the fixed-spin-moment calculati
for MnSi have been carried out for various lattice constan
The differenceDE(M ) between the total energies in the no
magnetic and magnetic states has been found to be fitte
the form of the power expansion ofM2 up to the term of
M10. The coefficienta of M2 in DE(M ) was found to de-
pend strongly on the lattice constant, while other coefficie
b, c, d, and e were found not to depend so much on t
lattice constant.

To discuss the finite-temperature properties, the spin fl
tuation model proposed previously16 has been extended t
the present case ofDE(M ) expanded up toM10. It has been
found that the Landau coefficientsB(T), C(T), D(T),
E(T) in Eq. ~4.5! can be written by the derivatives ofA(T)
with respect toj(T)2. This fact could be confirmed by th
Arrott plots for the observedM (H)2 and H/M (H) at high
pressure.
t
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In the present paper, the effect of zero-point spin fluct
tions is neglected. Takahashi and Sakai28 have emphasized
that the zero-point spin fluctuations play an important role
the ground-state properties of IEMM. However, the obser
ground-state properties for MnSi at high pressure and
temperature can be well explained by our calculated res
based on the band calculations. For instance, a good a
ment between the calculated and observed pressure de
dences of magnetization was obtained as shown in Sec.

It has been clearly shown in Sec. V B that the calcula
value ofTmax, where the susceptibility reaches a maximu
does not depend on the pressure. The metamagnetic tr
tion was shown in Sec. V C to occur at a narrow range of
lattice constant near the critical one between ferromagn
and paramagnetic states. The first-order transition atTC was
also shown in Sec. V D to occur at a narrow range of
pressure just below the critical pressure between the fe
magnetic and paramagnetic states. These results are co
tent with the observed ones. It can be concluded that
anomalous magnetic properties observed for MnSi at h
pressure can be described very well by the present mod
the itinerant-electron metamagnetism.
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