
pan

PHYSICAL REVIEW B 66, 014432 ~2002!
Magnetic structures and their stability in Mn 3Rh ordered and disordered alloys
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The electronic and magnetic structure of Mn3Rh, including noncollinear structures, in the ordered and
disordered states have been investigated by the tight-binding linear-muffin-tin orbital method. A magnetic
long-range order of the triangular (T1) structure in the ordered state is reflected in a dip around the Fermi level
in the density of states. This characteristic feature can be retained in the multiple-Q spin-density-wave~SDW!
structures in the disordered alloy, implying that a stable antiferromagnetic order also remains in the disordered
alloy. The most stable structure in the disordered alloy is suggested to be the 3Q-SDW structure. From the
effective exchange constant, the Ne´el temperature in the disordered alloy is estimated to be about 680 K, close
to the experimental value of about 700 K. Compared to the Ne´el temperature of pureg-Mn metal, such a high
value is pertinent to the change in the electronic structure caused by the addition of Rh.
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I. INTRODUCTION

Most Mn-based alloys exhibit antiferromagnetism due
their occupation of 3d orbitals close to half-filling. Among
them, a number of face-centered-cubic~fcc! alloys such as
FeMn and Mn-basedg-phase alloys are considered to ha
complex~noncollinear! spin structures in which the relativ
angle between the neighboring spins deviates from 0°
180°. However, a detailed discussion on their magnetic st
tures has been lacking because of difficulties in both of
perimental and theoretical techniques, and the scatter of
due to different experimental methods.

On the other hand, antiferromagnetic Mn-based alloy s
tems have recently become important as an exchange bia
film in the giant magnetoresistance~GMR! and tunnel mag-
netoresistance~TMR! devices. Especially, in contrast to
MnPt L10-type alloy,1 Mn-based systems such as Mn-R
~Refs. 2 and 3! and Mn-Ir ~Refs. 4–8! g-phase-disordered
alloys require no post-heat-treatments in industrial proces
and hence theseg-phase alloys are promising candidates
the devices mentioned above. As is well known, t
exchange-biasing characteristics and the blocking temp
ture are closely interrelated with the spin structures and
magnitude of the Ne´el temperature.9–12Therefore, the micro-
scopic foundations such as the magnetic structures of t
systems are strongly desired to develop excellent prope
for GMR and TMR.

Accordingly, from both fundamental and practical view
points, investigations of the spin structures and the Ne´el tem-
perature ofg-phase antiferromagnetic Mn-based alloy sy
tems are very important. Experimentally, Kre´n and
co-workers13,14and Kouvel and Kasper15 suggested the mag
netic structure of a Mn3Rh L12-type ordered alloy to beT1,
the so-called ‘‘triangular’’ structure, and its Ne´el temperature
to be 855 K,14,16 being relatively high among Mn-based a
loys. Theoretically, on the other hand, Ku¨bler et al.17 per-
formed first-principles band calculations for the magne
structures including noncollinear structures of a Mn3Rh
L12-type alloy, and pointed out that the triangular structu
0163-1829/2002/66~1!/014432~6!/$20.00 66 0144
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is most stable. In a recent study, it was reported that Mn3Rh
in the disordered state also has a high Ne´el temperature of
about 700 K,18 which is still higher than that of pureg-Mn
metal. As forg-phase-disordered alloys, however, the ma
netic structure has not yet been investigated both experim
tally and theoretically.

In the present work, the magnetic and electronic str
tures of Mn3Rh ordered and disordered alloys are calcula
by a tight-binding ~TB! linear-muffin-tin orbital ~LMTO!
method based on the local-spin-density~LSD! functional ap-
proximation. Noncollinear magnetic structures are trea
through the local rotation of the spin quantization axis
each site. In both the disordered alloy and paramagn
state, the coherent potential approximation~CPA! is adopted
for each sublattice within the local frame of the spin ax
The effective exchange constant,19,20acting on each Mn mo-
ment, is also calculated to examine the magnetic stability
to give a rough estimation of the Ne´el temperature. Before
going into the results, let us first give a brief description
the methodology in Sec. II. The details were presented
Ref. 20.

II. METHODOLOGY

The Green function~GF! in the TB-LMTO is given by the
equation

Ḡ~v!5D21/2gg~v!D21/2, ~1!

with

gg~v!5@pg~v!2Sg#21, ~2!

wheregg(v) is the so-called auxiliary GF constituted of th
potential functionpg(v) and the screened structure consta
Sg given by pg(v)5@(v2C)/D#dL8,Lds8,s and Sg5S̄(1
2gS̄)21, respectively. Here we defineL5( i ,l ,m) ~i denotes
the site, andl and m are orbital indices! and s as the spin
state. The quantitiesC, D, andg are the potential parameter
determined within each atomic sphere by using the LSD. T
©2002 The American Physical Society32-1
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local-spin quantization axis pointing to (u i ,f i), that is, the
direction of magnetic moment on thei th site, is introduced in
S̄ through S̄L8s8,Ls5@U(u i 8 ,f i 8)SL8,LU1(u i ,f i)#s8,s with
the spin rotation matrixU. Thus the site-diagonal part~i,i
component! of the GF in Eq.~1! is diagonal with respect to
the spin space, because the GF in Eq.~1! is defined in the
local frame of the spin axis. The GFG(v) measured in the
global spin axis can be obtained by the transformat
Gii (v)5U1(u i ,f i)Gii (v)U(u i ,f i), with which the den-
sity matrices in the global spin space is

r i
s8,s5

i

2p EEF
dv@Gii

s8,s~v1 id!2Gii
s8,s~v2 id!#,

~3!

whereEF is the Fermi energy. The magnetic moment on ea
site can be given bymi5(2 Reri

↑↓,2 Imri
↑↓ ,ri

↑↑2ri
↓↓).

Applying the CPA for the disordered alloys, the most l
calized~b! representation21 is used for the potential function
and the structure constants through the transformation
pb5pg@12(b2g)pg#21 and Sb5Sg@12(b2g)Sg#21

5S̄(12bS̄)21 with b l 5050.3485, b l 5150.0530, and
b l 5250.0107. Using these quantities, the CPA condition
the system constituted of plural sublattices is

^Ti&5(
a

cia@pia
b ~v!2 p̃i~v!#

3$11@pia
b ~v!2 p̃i~v!#F i~v!%2150, ~4!

with

F i~v!5
1

N (
k

@~ p̃~v!2S̄k
b!21# i i ,

where p̃i(v) is the coherent potential function, andcia de-
notes the density~probability! of an a atom occupying the
sub-latticei. Accomplishing the self-consistent calculatio
the auxiliary GF in theb representation is given by

gia
b ~v!5F i~v!$11@pia

b ~v!2 p̃i~v!#F i~v!%21 ~5!

for thea atom at thei th sublattice. One can obtain the GF
Eq. ~1! in the local frame of the spin axis by transformin
from theb representation to theg representation by means o
the following identity equation:

gg5~pg!212~pg!21pb~pg!211~pg!21pbgbpb~pg!21.
~6!

Once the GFgg(v) is obtained, the effective exchang
constant19,20 which can be regarded as the amplitude of
exchange field acting on an atom denoted by 0 by surrou
ing moments,J05( iÞ0Jioei•e0, is expressed by

J052
1

4p
Im EEF

dvTrIm$V0~v!„gg
00
↑↑ ~v!2gg

00
↓↓ ~v!…

1V0~v!gg
00
↑↑ ~v!V0gg

00
↓↓ ~v!%, ~7!

with V i(v)[„pi
↑(v)2pi

↓(v)…. This equation also works fo
the noncollinear case both in ordered and disordered all
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as pointed out in Ref. 20. According to a generalized m
lecular field theory from Ref. 22, the magnetic transiti
temperatures such as the Curie temperatureTC and the Ne´el
temperatureTN can be estimated from 2J0/3kB .

III. RESULTS AND DISCUSSION

The concentration dependence of the room-tempera
lattice constanta for Mn-Rh L12-type ordered andg-phase
disordered alloys is given in Fig. 1,16,18 together with addi-
tional data. The experimental procedures were given in R
16 and 18. It should be noted that no remarkable differe
between the ordered and disordered states is observed
room-temperature lattice constanta and the Ne´el temperature
TN of Mn3Rh L12-type ordered~O! andg-phase disordered
~DO! alloys are listed in Table I. To obtainTN of the disor-
dered alloy definitely is difficult because the ordering is
able to occur on the heating process during measuremen18

The magnetic structure shown in Fig. 2 was suggested
Kouvel and Kasper,15 and called the triangular (T1) struc-
ture. Later on, Ku¨bleret al.showed that this structure is mo
stable among possible magnetic structures.17 Here we exam-
ine the stability by evaluating the effective exchange co
stants acting on a Mn moment, together with a compariso
the paramagnetic state. Figure 3 shows the local densit
states~DOS! of a Mn3Rh L12-type ordered~O! alloy with a
triangular (T1) magnetic structure. The lattice constant at t
ground state (T50 K) is settled as 3.81 Å, deduced from th
observed value obtained at room temperature in Fig. 1

FIG. 1. Concentration dependence of the room-temperature
tice constanta of Mn3Rh L12-type ordered~O! andg-phase disor-
dered~DO! alloys.

TABLE I. The room temperature lattice constanta and the Ne´el
temperatureTN of Mn3Rh L12-type ordered~O! and g-phase-
disordered~DO! alloys.

Mn3Rh
Lattice constant,

a ~Å!
Néel temperature,

TN ~K!

Ordered~O! 3.812 855
Disordered~DO! 3.814 ;700
2-2
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Table I. The result was drawn from the imaginary part of t
GF in Eq. ~1!, not from the usual technique with secul
equations, in order to make a comparison with the later
sults by the CPA for the disordered alloy. Although it w
confirmed that this procedure reproduces well the DOS
the moments obtained by the usual secular equation,
present Mn moment of 2.78mB is smaller than 3.10mB ob-
tained by the ASW method by Ku¨bler et al.17 In addition, the
experimental value of about 3.6mB ~Refs. 13 and 14! is much
larger than the values obtained by both the calculations m
tioned above. It is not clear at present what brings about s
a difference. It should be noted that the Rh moment is zer
both the calculations.

Shown in Fig. 4 is the local DOS in the disordered loc
moment ~DLM ! state as a paramagnetic~PM! state of the
L12-type ordered~O! alloy. The DLM state can be calculate
by the CPA for the system where the Mn moments point
upward @Mn~↑!# and those pointing downward@Mn~↓!# are
distributed randomly in the Mn sublattices in Fig. 2. The M
moment is reduced to 2.57mB , smaller by as much as les
than 10% of theT1 structure, implying that the present allo
seems to have a rather local moment character. The beh

FIG. 2. The magnetic structure ofT1 for a Mn3Rh L12-type
ordered~O! alloy. The open and shaded circles denote Rh ato
and Mn atoms, respectively.

FIG. 3. Density of states of a Mn3Rh L12-type ordered~O! alloy
with a T1 structure.
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of the local DOS below20.2 Ry is retained in both theT1
and the PM states, whereas the dip aroundEF found in the
T1 state is swept out in the PM state. This situation is sim
to the case of MnPtL10-type alloy in which the pseudoga
realized in the antiferromagnetic~AF! state completely van-
ishes in the PM state,20 which means that the gap is close
connected with the AF long-range order. The energy in t
PM ~DLM ! state is higher than that in theT1 state as much
as about 9 mRy/atom, giving the same order of the N´el
temperature.

To examine the magnetic stability in theT1 state, the
effective exchange constantJ0 is calculated by using Eq.~7!.
Figure 5 shows the value ofJ0 of the Mn moment as a
function of the Fermi levelEF which gives an upper limit of
the integral range in Eq.~7! in the rigid-band scheme. Th
actualEF is located at the origin of the abscissa. It is fou
thatJ0 has a maximum value of about 160 meV at the act
EF(50). This value is close to the energy difference b
tween theT1 and PM states, and 2J0/3kB gives the Ne´el
temperature of 1250 K. The higher value of the Ne´el tem-
perature than the experimental value by 20–30 % would
adequate within the molecular field approximation for t
three-dimensional system.

The magnetic structure in theg-phase disordered~DO!

s

FIG. 4. Density of states of a Mn3Rh L12-type ordered~O! alloy
in the paramagnetic state.

FIG. 5. Effective exchange constantJ0 of a Mn3Rh L12-type
ordered~O! alloy with a T1 structure as a function of the Ferm
level EF ~band filling!. The actualEF is located at the origin of the
abscissa.
2-3
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alloy considered here is restricted in the 1Q, 2Q, and 3Q
spin structures shown in Fig. 6 as the multiple-Q spin-
density wave~MQSDW! structures in the fcc lattice.23–25

The local DOS of the 1Q, 2Q, and 3Q spin structures of
Mn3Rh in the disordered state are presented in Fig. 7.
lattice constants of Mn3Rh in both the O and DO states a
practically the same, as seen from Table I. Therefore,
lattice parameter of the disordered alloy is used the sa
value of the ordered alloy. Contrary to the case of the M
L10-type alloy,20 the local DOS of Mn and Rh sites main
tains well the characteristic features of DOS of theT1 struc-
ture in the ordered alloy. In particular, it should be remark
that the DOS of the 3Q structure is closest to theT1 struc-
ture, and exhibits a relatively large dip aroundEF , which is
comparable to that of theL12-type ordered alloy. This lead
us to infer that any of the MQSDW structures in the D
alloy have a lower energy, compared with that in the P
~DLM ! state in the O alloy. Actually, as shown in Table
the MQSDW states in the DO alloy are more stable than
PM state in the O alloy. This is in contrast to the Mn
L10-type alloy, where the MQSDW structures in the diso
dered alloy have a higher energy than in the PM state of
ordered alloy.20 From Table II, the 3Q structure is found to
have the lowest energy in the disordered state. In the ta
the energy of the PM state in the DO state is also shown
using the CPA for the random alloy of the compositi
Mn(↑)0.375Mn(↓)0.375Rh(↑)0.125Rh(↓)0.125. The energy in
the PM state is higher by about 7 mRv/atom than that in
MQSDW states, which means that the MQSDW states in
DO alloy are stable, comparable with theT1 state in the O
alloy. A neutron diffraction study of Mn-Ir g-phase-
disordered alloys was made by Yamaoka, Mekata and Ta
and the possibility of a 1Q structure was pointed out,26

which is different from the present calculations. We ha
carried out the band calculations for Mn3Ir g-phase-
disordered alloy, and arrived at the same conclusion as
of Mn3Rh g-phase-disordered alloy. Further details of the
results will be reported elsewhere.

Shown in Fig. 8 is the effective exchange constantsJ0 for
each MQSDW structure as a function ofEF , the band filling
in the rigid band scheme. All of them exhibit the simil
behavior as that of theT1 structure in Fig. 5, though th
magnitude of the ordinate is slightly reduced. Especially
the 1Q structure, the actual value ofJ0 at EF50 becomes
small, with a slight shift of the peak position fromEF50.
The order of magnitude ofJ0 in these magnetic structures
consistent with the relative energy shown in Table II, a
hence the results suggest that the 3Q structure is most stable

FIG. 6. The 1Q, 2Q, and 3Q spin structures in the fcc lat
tice.
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in theg-phase DO alloy. The Ne´el temperatureTN estimated
from J0 is about 680 K, comparable with the experimen
value of about 700 K given in Table I. The calculated M
moments of the 1Q, 2Q, and 3Q structures in the DO alloy
are slightly smaller than the value in the O alloy. On t
other hand, a small Rh moment is induced in the disorde
state, whereas no moment is confirmed in the ordered s
We have examined the following additional calculations. T
value ofJ0 in the disordered state with a smaller lattice co
stant of a53.75 Å, being the same as that of pureg-Mn
metal, does not change within the numerical accuracy an
still larger than the value ofJ0564 meV for pureg-Mn
metal. Conversely,J0 of pure g-Mn metal with the same
lattice constanta53.81 Å of Mn3Rh is confirmed to be al-
most the same as that of pureg-Mn metal witha53.75 Å.

FIG. 7. Density of states of Mn3Rh g-phase disordered~DO!
alloys for each spin structure.~a! 1Q structure.~b! 2Q structure.~c!
3Q structure.
2-4



f
n
th

ea

in
.

ne

s
lo

th
et

t
a

he
ea
al
at
r

uc
d

c

th

for
n
ors

o-

-

MAGNETIC STRUCTURES AND THEIR STABILITY IN . . . PHYSICAL REVIEW B66, 014432 ~2002!
These results strongly suggest that the enhancement o
Néel temperatureTN is not attributed to the lattice expansio
but to the change in the electronic structure caused by
addition of Rh to pureg-Mn metal.

IV. CONCLUSION

Electronic and magnetic structures, including noncollin
structures, of Mn3Rh L12-type ordered andg-phase-
disordered alloys have been investigated by the tight-bind
linear-muffin-tin-orbital method combined with the CPA
The magnetic stability in both the states is also exami
with the effective exchange constantJ0 acting on the Mn
moments. In the ordered state, that is, in anL12-type alloy,
the magnetic moment of the so-calledT1 ~triangular! struc-
ture is about 2.78mB for a Mn atom. The moment is slightly
reduced to 2.57mB in the paramagnetic state, which implie
that the system seems to be characterized by a rather
moment picture. The long-range order of theT1 structure in
the ordered state is reflected in a dip structure around
Fermi level in the DOS which vanishes in the paramagn
state. The electronic total energy of theT1 structure is fairly
low, about 9 mRy/atom lower than that in the paramagne
state. The calculatedJ0 of about 160 meV also indicates
high stability of theT1 structure. The Ne´el temperatureTN
estimated fromJ0 within the molecular field approximation
for the spin system is about 1250 K, about 1.5 times hig
than the experimental value of 855 K. The characteristic f
ture observed in the DOS in the ordered state can be
retained in the MQSDW structures in the disordered st
which means that an antiferromagnetic long-range order
mains in theg-phase disordered alloy. The most stable str
ture is suggested to be the 3Q structure in the disordere
state. The Ne´el temperatureTN , estimated fromJ0 , is about
680 K, close to the experimental value of about 700 K. Su
a high value in comparison with that of pureg-Mn metal is
not related to the lattice expansion but to the change in
electronic structure caused by the addition of Rh.

TABLE II. The spin structure, calculated total energy~DE in
mRy/atom!, magnetic moment~M in mB!, effective exchange con
stant~J0 in meV!, and Néel temperature~TN

cal in K! estimated from
2J0/3kB for Mn3Rh L12-type ordered~O! and g-phase-disordered
~DO! alloys.

Phase Spin DE MMn MRh J0 TN
cal

Ordered T1 0 2.78 0.00 163 1250
~O! PM 9.1 2.57 0.00

1Q 8.6 2.57 0.04 39 300
Disordered 2Q 7.6 2.62 0.07 80 620

~DO! 3Q 7.3 2.66 0.08 88 680
PM 15.1 2.48 0.00
J

Fe
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FIG. 8. Effective exchange constantJ0 of Mn3Rh g-phase dis-
ordered~DO! alloys as a function of the Fermi levelEF ~band
filling ! for each magnetic structure.~a! 1Q structure.~b! 2Q struc-
ture. ~c! 3Q structure.
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