
PHYSICAL REVIEW B 1 APRIL 1999-IVOLUME 59, NUMBER 13
Molecular-dynamics approach to itinerant magnetism with complex magnetic structures.
II. Site-dependent medium and its application tog-Mn

Y. Kakehashi, H. Al-Attar, and N. Kimura
Hokkaido Institute of Technology, Maeda, Teine-ku, Sapporo 006, Japan

~Received 27 October 1998!

A molecular-dynamics~MD! theory of itinerant magnetism with complex magnetic structure has been
improved by introducing a site-dependent noncollinear effective medium. It takes into account the molecular
fields from distant local magnetic moments in a self-consistent way, therefore, allowing us to describe reason-
ably the temperature dependence of magnetic moments showing complex structures. The theory is applied to
g-Mn with 108 atoms in a MD unit cell. It is demonstrated that the MD approach with the site-dependent
medium can describe the second-order phase transition with increasing temperature. Calculated Ne´el tempera-
ture (TN) is shown to be comparable to the experimental value. It is found that the magnetic short-range orders
at TN are rather small, but the 1st and 3rd nearest-neighbor short-range orders show very weak temperature
dependence aboveTN . The calculated densities of states show a strong temperature dependence belowTN and
the peak near the top of thed bands is shown to remain even aboveTN . @S0163-1829~99!04913-9#
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I. INTRODUCTION

Itinerant-electron systems with competing magnetic int
actions often show the complex magnetic structures, wh
interrupt the understanding of their magnetic properties1–5

The determination of these structures has been a basic
ject in both experiment and theory.6 The past theories for the
magnetic structures of itinerant-electron systems relied o
simple energy comparison among possible magn
structures,7,8 energy minimization with respect to the ord
parameters obtained by experiments,9–11 or the susceptibility
analysis for the magnetic instability.12 These methods, how
ever, do not guarantee theoretically that the obtained st
ture yields the lowest energy of the systems. One need
establish a more solid theory to determine the magn
structure in itinerant-electron systems.

We proposed in the previous paper13 ~which is referred to
as I hereafter! a molecular-dynamics~MD! approach to the
complex magnetic structures of itinerant-electron systems
the basis of the functional integral method14–16 and isother-
mal MD technique.17,18 In this approach, we directly calcu
late the thermal average by means of the time average o
fictitious spins assuming the ergodicity of the system. T
magnetic forces in the equations of motion are calcula
from the Green function of the electron systems in which
outside of the MD unit cell for each atom is described by
uniform effective medium. The method allows us to det
mine automatically the magnetic structure of the system w
a large number of atomsN in a unit cell at finite tempera
tures.

We applied in I the approach to the fcc transition met
with use of 108 atoms~i.e., 33333 fcc lattice!, and found
various complex magnetic structures ford electron numbers
between 6.0 and 7.0. In the following paper,19 we extended
the theory to magnetic alloys, and explained with use oN
5108 atoms the complex magnetic structures ofgFe-Mn
alloys from the first-kind antiferromagnetic~AF! structure to
noncollinear complex structures with the change of conc
PRB 590163-1829/99/59~13!/8664~8!/$15.00
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tration. In particular, the concentration dependence of av
age magnetic moments showing a peculiar minimum at
at. % Fe was explained by means of the MD approach.

The calculations of the temperature dependence of m
netic moments based on the MD approach, on the o
hand, have been done so far only fora-Fe with use ofN
5128 atoms and uniform polarized medium. We reported
I that the second-order magnetic transition with a reasona
Curie temperature 950 K is obtained fora-Fe when the me-
dium is self-consistently determined. We recently extend
the same calculations tog-Mn with the use ofN5108 atoms.
The MD approach, however, yielded the first-order transit
to the paramagnetic state around 150 K, which is not con
tent with the experimental data. Although the proble
should be removed in principle with increasing the numb
of atomsN in the simulations, the recent MD calculation
with use of classical Heisenberg model by Antropov, Trety
kov, and Harmon20 reveals that the nature of transitio
hardly changes even if the size is increased fromN5512 to
N53375. Since the number of atoms in the present M
calculations is limited to several hundred in maximum at
present stage, one needs to develop further the theory of
for rather small number of atomsN to describe the second
order transition of magnetic moments with complex ma
netic structure.

In this paper, we improve the MD approach presented
I, introducing a site-dependent noncollinear effective m
dium, which describes the magnetic forces from the dist
magnetic moments more accurately. Applying the improv
theory to g-Mn, we will demonstrate that the theory ca
describe the second-order phase transition in the syst
having complex magnetic structures with increasing te
perature.

In the next section, we summarize the outline of the M
approach in I. Next, we introduce the site-dependent non
linear effective medium to take into account the static m
netic interactions between distant local magnetic moment
the ordered state. Expanding the site-dependent med
8664 ©1999 The American Physical Society
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PRB 59 8665MOLECULAR-DYNAMICS APPROACH . . . . II. . . .
from the paramagnetic state, we derive a simplified exp
sion being suitable for the MD calculations. In Sec. III, w
present the numerical results of calculations forg-Mn ob-
tained by the improved MD approach: the magnetic m
ments vs temperature curves, the magnetic short-range o
~MSRO! vs temperature curves, and the temperature dep
dence of densities of states~DOS!. We will demonstrate tha
the improved MD yields the second-order phase transi
from the first-kind AF to the paramagnetic state with incre
ing temperatures. Comparing the calculated MSRO’s
g-Mn with those ofa-Fe, we will show that the spin frustra
tions can suppress the temperature dependence of
MSRO’s and furthermore that the DOS in the paramagn
state is quite different from those in the coherent poten
approximation~CPA!. In the last section, we summarize th
MD approach and the results of calculation forg-Mn at finite
temperatures.

II. MD APPROACH WITH SITE-DEPENDENT MEDIUM

A. MD approach

We briefly review the MD approach presented in I in th
subsection. We start from the tight-binding Hamiltonian a

H5H01H1 , ~1!

H05(
ins

e i
0nins1 (

in j n8s

t in j n8ains
† aj n8s , ~2!

H15
1

4 (
i

Ui n̂i
22(

i
JiŜi

2. ~3!

Here, e i
0 and t in j n8 are the atomic level on sitei and the

transfer integral between the orbitalsn on site i and n8 on
site j, respectively. Ui(Ji) denotes the intraatomic Cou
lomb ~exchange! integrals on sitei. ains

† (ains) is the cre-
ation ~annihilation! operator for an electron with spins and
orbital n on site i. Moreover,nins5ains

† ains is the number
operator for the electrons on sitei, orbital n, and spins. n̂i

and Ŝi in the interaction partH1 denote the charge and sp
densities on sitei, which are defined byn̂i5(nsnins and
Ŝi5(nss8ains

† (s)ss8ains8/2, respectively,s being the Pauli
spin matrices.

We adopt the functional integral method to the abo
Hamiltonian written on the locally rotated coordinates, a
make the static approximation, which reduces to the ge
alized Hartree-Fock approximation at the ground state.
local magnetic moment~LM ! on site i is then written by
using the field variables$ji% acting on each site as follows

^mi&5

E F)
j

djj G S 11
4

b J̃ij i
2D jie

2bC~j!

E F)j
djj Ge2bC~j!

, ~4!

C~j!52b21 ln Tr~e2bHst~j!!2(
i

Fniwi~j!2
1

4
J̃ij i

2G
12T(

i
ln j i , ~5!
s-

-
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n-

n
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Hst~j!5(
ins

@e i
02m1wi~j!#nins2

1

2 (
i

J̃iji•mi

1 (
in j n8s

t in j n8ains
† aj n8s . ~6!

Here,mina5(ss8ains
† (sa)ss8ains8 . b denotes the inverse

temperatureT21, andm is the chemical potential. The effec
tive exchange parameterJ̃i is defined by J̃i5Ui /2D1(1
11/2D)Ji , D being the number of orbital degeneracy.ni
is the electron number satisfying the charge neutrality on
i. The charge potentialwi(j) is determined by the charg
neutrality condition on each site:

ni5E dv f ~v!
~2 !

p
Im (

ns
Gins~v1 id,j!, ~7!

Gins~z,j!5~G! ins ins5$@z-Hst~j!#21% ins ins . ~8!

Here, f (v) is the Fermi-distribution function,Gins is the
diagonal Green function for the one-electron Hamiltoni
Hst(j), and z5v1 id, d being an infinitesimal positive
number.

In the MD approach, we regardC~j! as a classical poten
tial to the variables$ji(t)%, and calculate the thermal ave
age~4! by means of the time average as follows.

^mi&5 lim
t0→`

1

t0
E

0

t0F11
4

b J̃ij i
2~ t !

Gji~ t !dt. ~9!

We adopt the isothermal MD equations of motion17 for the
time development of the variables$ji(t)%.

FIG. 1. Schematic representations for the system having ti
dependent fictitious local moments~LM ! $j i(t)% ~a!, a coherent
system with uniform medium~b!, and the system with site
dependent noncollinear medium~c!. The large circle drawn by thin
curve shows a cluster corresponding to the maximum recur
level for the central site.
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j̇ ia5
pia

mLM
, ~10!

ṗia5
1

2
J̃i~^mia&02j ia!2

2Tj ia

j i
2 2zapia , ~11!

ża5
1

Q S (
i

pia
2

mLM
2NTD . ~12!

Here,mLM is the effective mass for the LM on sitei andQ in
Eq. ~12! denotes a constant parameter.pia is the fictitious
momentum conjugate to the exchange fieldj ia . The first and
second terms at the rhs~right-hand side! of Eq. ~11! are a
magnetic force, and the third term is the friction force d
scribing the heat-bath effects, which is controlled by cha
ing the coefficientza according to Eq.~12!.
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It should be noted that all the electronic structures en
into the magnetic force in Eq.~11! via the time-dependen
local magnetization defined by

^mi&05E dv f ~v!
~2 !

p
Im (

ns
~sG! ins ins . ~13!

B. Site-dependent effective medium

According to Eq.~13!, we need to calculate the diagon
Green functionGina5(G) ina ina at each step in the MD ap
proach. Here,$u ina&% denote a basis set that diagonalizes
Pauli spin matrices. Since the charge and exchange poten
can change at random in both space and time@see Fig. 1~a!#,
we adopt the recursion method21–23 for the calculation of
the Green function at each time step.
Gina~z,j!5
1

z2a1ina~j!2
ub1ina~j!u2

z2a2ina~j!2
ub2ina~j!u2

¯

¯

¯2
ubl 21ina~j!u2

z2ali na~j!2Tli na~z,j!

. ~14!
the

x-

-

etic
Here,ali na(j) andbli na(j) are the recursion coefficients o
the l th order. Tli na(z,j) is the terminator at thel th level.

In the previous theory, we considered a unit cell withN
atoms for the MD calculations, and obtained the Green fu
tions in Eq.~13! from the formula~14!. The levell for the
terminator was taken to be the maximum value such that
terminator does not cause any artificial interactions due
the periodic boundary condition. The terminatorTli na(z,j)
was then approximated by the terminatorTlna(z) for the co-
herent Green function with uniform medium@see Fig. 1~b!#.

Fina ina5@~L212t !21# ina ina . ~15!

Here,@L21(z)# ins j n8s85Ls
21(z)d i j dnn8dss8 is a uniform ef-

fective medium and (t) ins j n8s85t in j n8dss8 . In this approxi-
mation, the effect of the long-range order is not taken i
account in the medium except the case of ferromagnetis

In the present paper, we introduce the site-dependent
collinear effective medium

@L21~z!# ins j n8s85@Li
21~z!#ss8d i j dnn8 , ~16!

and approximate the terminator by that of the site-depend
coherent Green function~15! in which the medium has bee
replaced by Eq.~16!.

Tli na~z,j!'Tl i na~z!. ~17!

The site-dependent effective mediumLi
21 can be deter-

mined by the local CPA~coherent potential approximation!
condition24 at each site.
c-

e
to

o
.
n-

nt

^Gi&5Fi . ~18!

Here, ^;& denotes the thermal average with respect to
energy~5!, Gi is the impurity Green function defined by

Gi5~Li
212Li

211Fi
21!21, ~19!

~Li
21!nsn8s85@z2e i

01m2wi~j!#dnn8dss8

1
1

2
J̃iji•~s!ss8dnn8 , ~20!

~Fi !nsn8s85@~L212t !21# ins in8s8 . ~21!

To simplify the electronic structure calculations, we e
pand the site-dependent effective mediumLi

21 from the uni-

form mediumL̃21 in the paramagnetic state.

Li
215L̃211dLi

21. ~22!

The uniform mediumL̃21 is determined by the CPA equa
tion in the paramagnetic state.

^G̃i&05F̃. ~23!

Here, ^;&0 denotes the thermal average in a paramagn
state, andG̃i and F̃ are defined by Eqs.~19! and ~21! in
which Li

21 has been replaced byL̃21.
Substituting Eq.~22! into Eq. ~18! and linearizing the

equation with respect todLi
21, we obtain
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F̃dLi
21F̃1(

j Þ i
F̃ i j dLj

21F̃ j i

2K G̃i F̃
21(

j Þ i
F̃ i j dLj

21F̃ j i F̃
21G̃i L 5F̃2^G̃i&.

~24!

Making use of the decoupling approximation to the therm
averagê ;& and use of the CPA Eq.~23! at the lhs of the
above equation, we obtain

dLi
215F̃212F̃21^G̃i&F̃

21. ~25!

We assume that the mediumdLi
21 is polarized in a direc-

tion of ei5^ji&/u^ji&u. It is then diagonalized alongei axis.
Therefore, Eq.~25! is written by using the spin statess,
which diagonalizesz85ei•s as follows:

dLiGs
21 5F̃G

212F̃G
21^G̃iGs&F̃G

21. ~26!

We assumed in Eq.~26! that all the sites are equivalent in th
paramagnetic state, andG denotes the irreducible represent
tion of a point symmetry of the crystal. The coherent Gre
function in the paramagnetic state in Eq.~26! is expressed as

F̃G5E rG~e!de

L̃G
212e

. ~27!

Here,rG(e) is the DOS for the transfer matrixt in j n8 , which
is projected onto one of the orbitals belonging to the rep
sentationG.

The Green functionG̃iGs in Eq. ~26! is expressed as fol
lows:

G̃iGs~z,j iz8 ,j i'8
2!5

Li 2s
21 ~z,j iz8 ,j i'8

2!2L̃G
211F̃G

21

detiG~z,j iz8 ,j i'8
2!

, ~28!

Lis
21~z,j iz8 ,j i'8

2!5z2e01m2wi~j!1 1
2 J̃j iz8 s, ~29!

detiG~z,j iz8 ,j i'8
2!5~Li↑

212L̃G
211F̃G

21!~Li↓
212L̃G

211F̃G
21!

2 1
4 J̃i

2j'8
2. ~30!

Here,j iz8 5ei•ji andj i'8 5u(ei3ji)3ei u.
l

n

-

Making use of the decoupling approximation, which
correct up to the second order, the average Green functio
Eq. ~26! is written as

^G̃iGs&5 (
l561

1

2 S 11l
^j iz8 &

^j iz8
2&1/2D G̃iGs~z,l^j iz8

2&1/2,^j i'8
2&!.

~31!

Moreover, we replacê j iz8
2& and ^j i'8

2& with ^j iz8
2&0 and

^j i'8
2&0 in the above equation since the differences should

of order of (dLi
21)2.

Substituting Eq.~31! into Eq.~26! and using the CPA Eq
~23! in which the decoupling approximation~31! has been
made, we obtain

dLiGs
21 5 1

2 J̃i^j iz8 &s@11~ L̄ i
212L̃G

21!F̃G#21, ~32!

where

L̄ i
215z2e01m2wi~^j iz8

2&1/2,^j i'8
2&!. ~33!

Equation~32! means that

dLiG
215 1

2 J̃i^ji&•s @11~ L̄ i
212L̃G

21!F̃G#21. ~34!

Neglecting the energy dependence indLiG
21 as well as the

orbital dependence in the uniform medium, we obtain
final expression of the site-dependent effective medium a

Li
215Lp

211 1
2 J̃i^ji&•s. ~35!

We determine the uniform mediumLp
21 in the above

equation by means of the averaged CPA equation.

(
G

dG

D (
l561

1

2
G̃Gs~z,l$@^j2&#av/3%1/2,$2@^j2&#av/3%1/2!

5(
G

dG

D
F̃G . ~36!

Here, we omitted the site indices.dG is the number of or-
bitals belonging to the irreducible representationG, @ #av de-
notes the average over sites, andF̃G is defined by Eq.~27! in
which L̃G

21 has been replaced byLp
21.

Substituting Eq.~35! into Eq.~15! and using the recursion
method, we obtain the site-dependent coherent Green f
tion as
Fina ina5
1

Lp
212ã1ina~^j&!2

ub̃1ina~^j&!u2

Lp
212ã2ina~^j&!2

ub̃2ina~^j&!u2

¯

¯

¯2
ub̃l 21ina~^j&!u2

Lp
212ãl i na~^j&!2Tl i na~^j&!

. ~37!

Here,ãl i na(^j&) and b̃l i na(^j&) are the recursion coefficients for the Hamiltonian (J̃i^ji&•s/2)d i j dnn81t in j n8dss8 .
The terminatorTl i na is obtained by considering larger cluster and using the recursive formula as follows:
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Tl i na~^j&!5
ub̃l i na~^j&!u2

Lp
212ãl 11ina~^j&!2

ub̃l 11ina~^j&!u2

¯

¯

¯2
ub̃m21ina~^j&!u2

Lp
212ãmina~^j&!2Tmina~^j&!

. ~38!

The terminatorTmina(^j&) may be approximated by that of the uniform medium

Tmina~^j&!'Tmn5
ub̂mnu2

Lp
212âm11n2

ub̂m11nu2

¯

¯

¯2
ub̂n21nu2

Lp
212ânn2Tnn

. ~39!
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Here,âln andb̂ln are the recursion coefficients for the Ham
toniant in j n8dss8 . The last terminatorTnn with a largen may
be replaced by

T`n5
Lp

212â`n2@~Lp
212â`n!224ub̂`nu2#1/2

2
. ~40!

The coefficientsâ`n and b̂`n are approximated byâ`n

'(ân21n1ânn)/2 andub̂`nu2'(ub̂n21nu21ub̂nnu2)/2.
In the present calculation scheme, we assume@^j2&#av at

low temperatures and obtain the uniform mediumLp
21 in the

paramagnetic state. Under the uniform medium, we perfo
the MD calculations once according to Eqs.~10!;~12!, and
construct the initial set of@^j2&#av and$^jj&% taking the time
average. Then, we can construct the site-dependent effe
medium~35!: Lp

21 from @^j2&#av and the site-dependent ex

change potentialJ̃i^ji&•s/2 from $^jj&%. Using the site-
dependent medium, we perform the full MD calculations a
obtain a new set of@^j2&#av and $^jj&%. This procedure is
repeated until the self-consistency is achieved. The LM’s
finally calculated according to Eq.~9!.

III. APPLICATION TO GAMMA MANGANESE

The MD approach presented in the last section takes
account the site-dependent molecular fields from the dis
LM’s in the ordered state. Therefore, it is expected that
theory describes more reasonably the cooperative phen
ena such as the phase transition with increasing tempera
We applied the theory tog-Mn to examine this feature. We
adopted the Slater-Koster tight-binding parameters used
Pettifor,23 the band width25 0.443 Ry, thed electron number
n56.25, and the effective exchange parameter26 J̃
50.060 Ry. In the MD calculations, we usedN5108 atoms
~i.e., 33333 fcc lattice!, and integrated Eqs.~10!;~12! up
to a few thousand steps by means of the standard Ru
Kutta method with the time intervalDt50.04 in unit of
m

ive

d

re

to
nt
e
m-
re.

by

e-

TLM52p(2mLM / J̃)1/2, starting from a random configuratio
of $jj (t50)%. In most cases, the selfconsistency of the s
dependent medium has been achieved after a few iterati

Figure 2 shows the magnetic structure calculated at 2
with use of the self-consistent site-dependent medium.
result shows the first-kind antiferromagnetic~AF! structure
with the magnetic momentu^mi&u52.50mB in agreement
with the experiment.3,27 We verified that the selfconsisten
MD calculations with use ofN532 atoms~23232 fcc lat-
tice! yield the same magnetic structure, so that the ambig
due to system size is not important in the present case. W
the temperature is increased, the fluctuations of the fictiti
local moments become large, but their time developme
are rather stable even near the Ne´el temperatureTN due to
alternative molecular fields acting on each site as shown
Fig. 3.

We present in Fig. 4 the calculated local DOS with i

FIG. 2. The first-kind antiferromagnetic structure ofg-Mn at 25
K obtained by the MD approach withN5108 atoms and site-
dependent selfconsistent medium.



th

S
u

lcu
F

u
nd

ra
e-
el
.

b

ell-
S
ed

mo-
s a

a-
re-

ri-
e
tions

pect
-

e

to
lec-

ker

cal
nge
r-

-
the

tiza-

PRB 59 8669MOLECULAR-DYNAMICS APPROACH . . . . II. . . .
creasing temperatures, which are obtained from
formula.28

r is~v!5
~2 !

p
Im (

n
^Gins~v1 id,j!&. ~41!

Here, the thermal average^;& with respect to energy~5! was
calculated by means of the time average. The up-spin DO
low temperatures are characterized by two peaks aro
v520.2 Ry and smaller peaks aroundv50.1 Ry, while the
down-spin DOS consist of the large peak aroundv50.1 Ry
and a small peak aroundv520.2 Ry. A dip is therefore
created near the Fermi level in the total DOS as shown
Fig. 5. This feature is consistent with the ground-state ca
lations and is considered to stabilize the first-kind A
structure.7,12,29

When we increase the temperature, the peaks aro
v520.2 Ry in the up-spin DOS become weaker a
broader, while the small peaks aroundv50.1 Ry develop
rapidly and become a single peak. The main peak atv50.1
Ry in the down-spin DOS, on the other hand, decreases
idly with increasing thermal spin fluctuations, though it r
mains aboveTN . It turns out that the dip near the Fermi lev
in the total DOS disappears aboveTN as seen in Fig. 5
Moreover, the peak near the top of thed band remains above
TN in the total DOS. It should be noted that the DOS o

FIG. 3. The time development of a fictitious LMj1z(t) calcu-
lated near the Ne´el temperatureTN in the site-dependent self
consistent medium.

FIG. 4. Local densities of states~DOS! r is(v) for up and down
spins at various temperatures.
e

at
nd

in
-

nd

p-

-

tained by the conventional CPA does not show such a w
defined peak aboveTN . This means that the peak in the DO
aboveTN is created by the spin fluctuations with correlat
motions.

The temperature dependences of calculated magnetic
ments are presented in Fig. 6. The amplitude of LM show
weak temperature dependence;^m2&1/253.77mB at T50 and
3.24mB at T5TN . On the other hand, the local magnetiz
tion smoothly decreases with increasing temperatures,
vealing the second-order transition atTN5510 K. Although
the calculated Ne´el temperature agrees well with the expe
mental values~480;510 K!, it seems to be accidental sinc
the present approach treats the transverse spin fluctua
classically and the small number of atomsN in the MD unit
cell tends to underestimate the magnetic entropy. We ex
that calculatedTN would decrease by about 20% with in
creasing the system sizeN. This tendency is also found in th
calculation ofTN by Ling et al.30 who obtainedTN5270 K
from the divergence of generalized susceptibility taking in
account classical transverse spin fluctuations and the e
tronic structures calculated by the Koringer-Kohn-Rosto
~KKR!-CPA.

The MD approach allows us to calculate various physi
quantities at finite temperatures. The magnetic short-ra
orders ~MSRO!, for example, are calculated from the fo
mula.

FIG. 5. Total DOS at various temperatures. Dashed curve is
DOS calculated by the conventional CPA at 1.029TN .

FIG. 6. Calculated temperature dependence of local magne
tion u^mi&u ~d! and the amplitude of LMu^mi

2&u1/2 ~j! for g-Mn.
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^mi•mj&5K S 11
4

b J̃ij i
2D ji•S 11

4

b J̃ jj j
2D jj L . ~42!

Here, the thermal average^;& with respect to the energy~5!
is calculated by the time average in the MD approach.

We present in Fig. 7 the MSRO defined by^m0•mj&/
u^m0&(T50)u2, which are calculated up to the fourt
nearest-neighbor~NN! distance as a function of temperatur
At the ground state, the NN MSRO on the ferromagne
plane of the first-kind AF structure is 1, those between
NN ferromagnetic planes are21 since the present theory
based on a classical approximation. The averaged valu
therefore20.333 as shown in Fig. 7. The second and fou
NN MSRO have no frustration, and therefore show the va
1 at the ground state. The third NN MSRO between
second NN ferromagnetic planes are 1 and other ones
21, so that the average value becomes20.333 at the ground
state. With increasing temperature, all the MSRO monoto
cally decrease in magnitude, and show20.074 at the NN
distance, 0.030 at the second NN distance, 0.010 at the
NN distance, and 0.002 at the fourth NN distance atTN . It
should be noted that the MSRO for the third NN distan
change the sign nearTN .

We calculated the MSRO ofa-Fe with use ofN5128
atoms to compare with those ofg-Mn. As shown in Fig. 8,
the MSRO ina-Fe decrease from the value 1 atT50 with
increasing temperature, and have the values atTC : 0.086 at
the NN distance, 0.060 at the second NN distance, 0.01
the third NN distance, and 0.00 at the fourth NN. The MSR
of g-Mn at TN are comparable to these values in magnitu
A remarkable difference betweeng-Mn anda-Fe is that the
first and third NN MSRO ing-Mn show very weak tempera
ture dependence aboveTN as compared with those ina-Fe.
In fact, the MSRO ofg-Mn calculated at 1.5TN are20.050
~first NN!, 0.020~second NN!, and 0.010~third NN!, while
those ofa-Fe calculated at 1.5TC are 0.010~first NN!, 0.025
~second NN!, and 0.001~third NN!, respectively. Generally
the spin frustrations of LM’s on the fcc lattice suppress
development of spin correlation with decreasing temperat
This is probably the reason for the weak temperature dep
dence ing-Mn.

FIG. 7. Calculated magnetic short-range order^m0•mj&/
u^m0&(T50)u2 vs temperature curves forg-Mn at first ~thick line!,
second ~dashed line!, third ~dotted line!, and fourth ~thin line!
nearest-neighbor distances. Note that the curves belowTN are av-
eraged over different magnetic sites.
.
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IV. SUMMARY

We have presented the MD approach to itinerant mag
tism, which takes into account the molecular fields due to
distant LM’s with complex magnetic structure by introdu
ing the site-dependent noncollinear effective medium. Mo
over, we derived an approximate form of the site-depend
medium expanding the local CPA equations from the pa
magnetic state. The present approach allows us to investi
the temperature dependence of complex magnetic struct
and related magnetic properties in itinerant electron syst
by using the selfconsistent site-dependent medium.

We applied the theory tog-Mn usingN5108 atoms in the
unit cell, and demonstrated that the theory can describe
second-order phase transition with increasing temperat
We obtained the first-kind AF structure with the Ne´el tem-
peratureTN5510 K, which is consistent with the experimen
tal data ofg-Mn, and weak temperature dependence of
amplitude of LM’s.

The calculated MSRO atTN show rather small values
20.074~first NN!, 0.030~second NN!, and 0.010~third NN!.
In particular, we found that the third NN MSRO changes t
sign from the AF correlations to the ferromagnetic ones n
TN with increasing temperature, and that the first and th
NN MSRO show a weak temperature dependence aboveTN
probably due to the strong spin frustrations. It is much d
sired to verify these behaviors on the MSRO by neutr
experiments. Furthermore, we found considerable temp
ture dependence of the DOS; the dip of the DOS near
Fermi level disappears aboveTN , while the main peak nea
the top ofd band remains aboveTN due to correlated spin
fluctuations. These temperature dependences of DOS sh
be examined by the photoemission and inverse photoe
sion experiments in the future.

There are many other magnetic metals and alloys wh
magnetic structures and magnetic properties have not
been resolved in both experiment and theory. The magn
structures ofa-Mn, for example, have not been examine
theoretically, though the structure was proposed by
neutron experiments1 and was examined by the NMR
experiments.31 There is no direct experimental method
determine the magnetic structures of metallic surfaces
interfaces. It is desired to establish the theory of magn
structure to these systems. Furthermore, one has to deter

FIG. 8. Calculated magnetic short-range order vs tempera
curves fora-Fe at first~thick line!, second~dashed line!, third ~dot-
ted line!, and fourth~thin line! nearest-neighbor distances.
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both noncrystalline and magnetic structures in the theory
amorphous metallic magnetism.32 We hope that further de
velopments of the present approach will make it possible
determine and predict these magnetic structures and
magnetic properties quantitatively.
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