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Pseudogap in the density of states and the highest Ne´el temperature of the L10-type MnIr
alloy system
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The Néel temperatureTN , electronic specific heat coefficientge , band structures and the effective exchange
constantJ0 of the L10-type MnIr alloy system have been investigated. The value ofTN is highest among Mn
alloy systems, being 1145 K for the alloy with 50.1% Ir. The temperature dependence of electrical resistivity
exhibits a hump just belowTN and the experimental electronic specific heat coefficientge is small of
2 – 3 mJ mol21 K22, characteristic to pseudo-gap-type antiferromagnets, thoughge is rather larger than that of
otherL10-type Mn alloy systems. In addition, the concentration dependences ofTN andge are not so sensitive
to the Ir concentration. These behaviors are well explained by the theoretical calculations, that is, a pseudogap
is formed around the Fermi levelEF and the total density of states of the equiatomic MnIr alloy in the
antiferromagnetic state is about 6 states Ry21 atom21 spin21, corresponding to about 1 mJ mol21 K22 of the
calculated electronic specific heat coefficientge

cal . The Néel temperatureTN
cal calculated fromJ0 in the mo-

lecular field approximation is 1495 K, highest among several kinds of theL10-type equiatomic Mn alloy
systems. From the calculated results ofTN

cal under the different additive element and/or the lattice constants, it
is concluded that the magnitude of the Ne´el temperatureTN of the L10-type equiatomic Mn alloy systems is
explained by theJ0 curve which reflects the difference in the number of electrons at the Mn site.

DOI: 10.1103/PhysRevB.69.104411 PACS number~s!: 75.50.Ee; 75.40.2s
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I. INTRODUCTION

Several kinds of equiatomic Mn alloys with Ni, Pd, P
Rh, and Ir have theB2 ~CsCl!-type cubic phase at high tem
peratures and transform to theL10 ~CuAu-I!-type tetragonal
phase with a diffusionless martensitic transformation proc
at low temperatures.1–4 From neutron diffractions and mag
netic data, it has been reported that theL10-type phase ex-
hibits a collinear antiferromagnetic structure and the eq
atomic MnNi,5 MnPd,5,6 and MnPt~Refs. 5, 7, 8! alloys have
a very high Ne´el temperatureTN of about 1070, 810, and 97
K, respectively. Recent theoretical investigations have d
onstrated that the density of states~DOS! of the L10-type
equiatomic MnNi,9 MnPd,10 and MnPt~Ref. 11! alloys ex-
hibit a pseudogap around the Fermi levelEF . The formation
of the pseudogap is attributed to the antiferromagnetic s
gered field due to the antiferromagnetic spin arrangeme
and hence no pseudogap is formed in the paramagnetic s
as well as the ferromagnetic state. In fact, the experime
data for these equiatomic alloys show the characteristic
haviors of the pseudogap-type antiferromagnets such
substantially small electronic specific heat coefficientge
~Refs. 10, 12! and a clear hump just belowTN in the electri-
cal resistivity~r!–temperature (T) curves.10,12 Such charac-
teristic band structure is common to theL10-type equiatomic
MnNi, MnPt, and MnPd alloys with the same cryst
structure.9–12 Accordingly, it is considered that the high st
bility of antiferromagnetism for these alloys is closely corr
lated to the band structure.

Recently, due to a high stability of antiferromagnetis
especially, MnPt alloy system has been intensively inve
gated from the viewpoint of practical applications such a
0163-1829/2004/69~10!/104411~8!/$22.50 69 1044
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pinning layer of giant magnetoresistance~GMR! ~Refs. 13–
16! and tunnel magnetoresistance~TMR! devices.17–19 The
g-phase of the Mn–Ir alloy system is also attractive for t
pinning layer, because excellent properties are obtained w
out postannealing.20–24 On the other hand, the equiatom
MnIr alloy system has scarcely been investigated for
electric devices mentioned above, although theL10-type
MnIr alloy is known to be antiferromagnetic at room tem
perature from neutron diffractions.25 Since the magnetic dat
in 1960s suggest thatTN is above 1100 K,26 the L10-type
MnIr alloys in the vicinity of the equiatomic compositio
would be expected to have a very high antiferromagne
stability.

In the present study, we have investigated the electr
resistivity and the low temperature specific heat capacity
the L10-type MnIr alloy system in order to investigate th
Néel temperatureTN and the electronic state. Furthermor
the band structures and the effective exchange constanJ0
which gives an estimation ofTN are calculated by the tight
binding linear muffin-tin orbital~LMTO! method with the
local spin density~LSD! functional approximation.9,11,27,28

II. EXPERIMENT AND THEORETICAL CALCULATION
METHOD

A. Experimental procedure

Several kinds of the specimens were prepared by
melting in an argon gas atmosphere and annealed at 107
for 72 h in vacuum sealed quartz tubes and slowly coo
down to room temperature. Their crystal structure was id
tified as anL10-type single phase and the room temperat
lattice constant was obtained by x-ray powder diffractio
©2004 The American Physical Society11-1
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The mass density of the specimens was examined by u
toluene as a working liquid. The alloy compositions we
confirmed by an inductively coupled plasma~ICP! analysis
and also decided from the density derived from the latt
constants. The electrical resistivity from room temperat
up to 1300 K was measured by a conventional four-pro
method. In the x-ray diffractions at high temperatures, a t
talum sheet and its diffractions were used as a sample s
and a reference, respectively. The low-temperature spe
heat capacity measurements from 2 to 10 K were carried
by a thermal relaxation method.

B. Outline of theoretical calculation method

For the electronic structure calculations, the linear muffi
tin orbital ~LMTO! method is employed within the frame
work of the local spin density~LSD! functional formalism.
After accomplishing the self-consistent calculations, we f
ther evaluate the Ne´el temperature in order to examine th
stability of the magnetic structure by using the effective e
change constant given by the following equation:27,28

Ji52
1

4p
Im EEF

dvTrIm$V i~v!@gg
i i
↑↑~v!2gg

i i
↓↓~v!#

1V i~v!gg
i i
↑↑~v!V i~v!gg

i i
↓↓~v!%. ~1!

The quantityJi can be regarded as the amplitude of the
change field acting on an atom denoted byi by surrounding
moments. In the above equation,

V i~v![@pi
g↑~v!2pi

g↓~v!#, ~2!

where pg(v) is the potential function given bypg(v)

5$(v2C)/D%dL8,Lds8,s , and gii
g ss8(v)5@„pg(v)

2Sg
…

21# i i
ss8 is the so-called auxiliary Green function, in th

tight-binding LMTO scheme, constituted of the potent
functionpg(v) andSg the screened structure constants giv
by Sg5S(12gS)21. Here, we defineL5( i ,l ,m) ( i denotes
the site,l andm are orbital indices! ands as the spin state
the quantitiesC, D, andg are the potential parameters dete
mined within each atomic sphere by using the LSD. Us
Ji , the Néel temperatureTN is obtained by the following
expression based on the generalized molecular field th
by Liechtensteinet al.:27

TN5
2J0

3kB
. ~3!

The tight-binding LMTO method is also useful for th
treatment of the substitutional disordered system in wh
we can apply the coherent potential approximation~CPA!.29

In the present work, we perform the CPA calculations in
paramagnetic state, regarded as a disordered local mo
~DLM ! state where the moment directions are random
distributed.

III. RESULTS AND DISCUSSION

Figures 1~a! and 1~b! show the temperatureT dependence
of electrical resistivityr of the L10-type MnIr alloys with
10441
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less ~a! and more~b! than half of the Ir concentration, re
spectively. Ther –T curves exhibit a hump, and additionall
show a hysteresis at higher temperatures for 40.2%
41.6% Ir. These behaviors are similar to those of
pseudogap-type antiferromagnetic MnPd alloy system
which the phase transformation from theB2-type to the
L10-type structure takes place aboveTN .10 The concentra-
tion dependence of the mass density and the room temp
ture lattice constants are in good agreement with the prev
data in the literature.26 In Fig. 2, we set representative x-ra
powder diffraction patterns of theL10-type MnIr alloy with
40.2% Ir. The upper and lower patterns are the results
room temperature~R.T.! and at 1273 K, respectively. Th
former can be identified as a single phase of theL10-type
structure and the latter is as a mixed phase of theL10-type
structure with theB2-type structure. Although the diffraction
patterns at higher temperatures above 1273 K cannot be
tained because of our experimental limitation, it is clear t
the hysteresis in ther –T curves corresponds to the pha
transition, and the transition temperature is in accorda
with that in the phase diagram of the Mn–Ir alloy system.4 In
other MnIr alloys in Figs. 1~a! and 1~b!, no x-ray powder

FIG. 1. Temperature dependence of electrical resistivityr of
several kinds of theL10-type MnIr alloys with less~a! and more~b!
than half of the Ir concentration, respectively. The arrows indic
the Néel temperatureTN defined from the minimum point in the
temperature derivative of the electrical resistivity–temperat
curves.
1-2
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diffraction patterns corresponding to theB2-type structure
have been confirmed up to around 1250 K. From room te
perature neutron diffraction data, it has been reported tha
L10-type MnIr alloy has a collinear antiferromagnetic sp
structure.25 Therefore, it is regarded that the hump in t
r –T curves is associated with the appearance ofTN . In
general, the feature ofr at TN in antiferromagnets depend
on the periodicity and dimensionality of their magnetic stru
ture. Using the following scaling of the critical exponen
ac , bc , andgc with ac12bc1gc52, the temperature de
rivative of resistivity dr/dT is expressed as30,31

dr/dT52A«2(ac1gc)/21B«2(ac1gc21)~T,TN!, ~4!

with

«5U T2TN

TN
U.

Thus, the sign of dr/dT at TN is determined by the magni
tudes of the coefficientsA and B. In the case of the
pseudogap-type antiferromagnets, the number of the con
tion electrons changes with the onset of the antiferrom
netic ordering, and the first term in Eq.~4! becomes domi-
nant. As a result, dr/dT exhibits a minimum atTN and the
r –T curve is accompanied by a hump just belowTN . The
arrows in Figs. 1~a! and 1~b! indicateTN defined from the
minimum point in the dr/dT–T curves. The value ofTN is
highest in the vicinity of the equiatomic composition and
gradually decreases with deviating from the equiatomic co
position, that is, the highestvalue ofTN observed in the
present study is 1145 K for the alloy with 50.1% Ir. Th
hump just below TN is not so clear as that of othe
pseudogap-type antiferromagnetic MnPd~Ref. 10! and MnPt
~Ref. 12! alloys. This behavior is very consistent with th
band calculations as described in connection with Fig. 6~a!.

Concentration dependences of the room temperature
tice constantsa, c, and the ratio ofc/a of theL10-type MnIr
alloy system are plotted in Fig. 3, together with the previo
data.26 The lattice constants ofa andc are 3.855 and 3.644
Å, respectively, thus thec/a ratio is 0.945 for the equiatomic

FIG. 2. X-ray powder diffraction patterns of theL10-type MnIr
alloy with 40.2% Ir. The upper and lower patterns were measure
room temperature~R.T.! and 1273 K, respectively.
10441
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composition of MnIr. The value ofc is comparable to that o
the L10-type equiatomic MnPt alloy, whereas the value ofa
of MnIr is smaller than that of MnPt,32 being close to the
cubic lattice. In this connection, the room temperature latt
constants ofa andc for theL10-type equiatomic MnPt alloy
are 4.002 and 3.672 Å, respectively, and thec/a ratio is
0.918.32

Given in Fig. 4 is the concentration dependence of
Néel temperatureTN obtained from the present electric

at

FIG. 3. Concentration dependences of the room temperature
tice constantsa, c, and the ratio ofc/a of theL10-type MnIr alloy
system, together with the previous data.~Ref. 26!.

FIG. 4. Concentration dependence of the Ne´el temperatureTN

for theL10-type MnIr alloy system obtained from the present ele
trical resistivity measurements, together with that of theL10-type
Mn1002xTMx @TM5Ni ~Ref. 5!, Pd ~Refs. 5, 32!, and Pt~Refs. 5,
12!# alloy systems. The solid and open symbols indicateTN ob-
tained from our electrical resistivity measurements~Refs. 12, 32!
and previous neutron diffractions~Ref. 5!, respectively.
1-3
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resistivity-temperature,r –T, curves for theL10-type MnIr
alloy system, together with that for theL10-type MnNi,5

MnPd,5,32 and MnPt~Refs. 5, 12! alloy systems. The solid
and open symbols indicateTN obtained from our electrica
resistivity measurements12,32 and previous neutron diff-
ractions,5 respectively. From the figure, it is clear that th
MnIr alloy system has the highestTN among theseL10-type
Mn alloy systems. In addition, the concentration depende
of TN for the L10-type MnIr alloy system is rather insens
tive to the Ir concentration, compared with the oth
L10-type systems.

The low-temperature specific heat capacityCp for several
kinds of theL10-type MnIr alloys is shown in the form o
Cp /T–T2 in Fig. 5. As shown in the figure, the data are w
fitted by a straight line in such low temperature regions. T
intercepting point of the ordinate obtained from the line
extrapolation corresponds to the electronic specific heat
efficient ge . By neglecting the electron phonon couplin
term, the value ofge is expressed by

ge5 1
3 p2kB

2N~EF!, ~5!

where kB and N(EF) are the Boltzmann constant and th
total density of states~DOS! at the Fermi levelEF , respec-
tively. The inset shows the concentration dependence oge
in mJ mol21 K22. The values ofge for the MnIr alloys are
almost the same value of 2 – 3 mJ mol21 K22 in the present
concentration region. Namely, the magnitude ofge is insen-
sitive to the concentration in the same manner as the con
tration dependence ofTN . The value ofge is much smaller
than that of other ordinary transition metals and alloys, in
cating a low DOS atEF , though the value is larger than th
of the L10-type equiatomic MnTM (TM5Ni, Pd, and Pt!
alloys.10,12 Both the experimental and the calculated valu
of ge are listed in Table I for the following discussion.

Figures 6~a! and 6~b! display the calculated local densit
of states~DOS! of Mn and Ir for theL10-type equiatomic
MnIr alloy in the collinear antiferromagnetic~AF! and in the
paramagnetic~PM! states, respectively. The upper and low

FIG. 5. Low-temperature specific heat capacityCp in the form
of Cp /T–T2 for the L10-type MnIr alloys. The inset shows th
concentration dependence of the electronic specific heat coeffi
ge in mJ mol21 K22.
10441
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curves refer to the majority and minority spin states, resp
tively, for the Mn and Ir sites. In the calculations, the latti
constants are settled asa53.855 and c53.644 Å (c/a
50.945) deduced from the room temperature x-ray diffra
tion in Fig. 3. The paramagnetic state can be calculated
the coherent potential approximation~CPA! applying the
tight-binding linear muffin-tin orbital~LMTO! method for
the system where both the Mn moments pointing upward
downward are distributed randomly in the Mn sublattice. It
evident from the figures that a distinct dip is formed arou
the Fermi levelEF in the AF state and the DOS curve b
comes lower than that in the PM state. The total DOS in
AF state of the equiatomic MnIr alloy is abou
6 states Ry21 atom21 spin21 from the figure, corresponding
to the electronic specific heat coefficientge of about
1 mJ mol21 K22 using Eq.~5!. The experimental electronic
specific heat coefficient (ge in mJ mol21 K22), the calcu-
lated electronic specific heat coefficient (ge

cal in
mJ mol21 K22) obtained by the DOS are listed in Table
together with the experimentalTN (TN in K! and the calcu-
latedTN (TN

cal in K! given by the effective exchange consta
J0 for theL10-type equiatomic MnTM@TM5Ir, Ni ~Refs. 5,
33!, Pd ~Ref. 10!, and Pt~Refs. 12, 33!# alloy systems. Al-
thoughge of the MnIr alloy is twice as large asge

cal, these
values are very small, compared with the data of ordin
transition metals and alloys.

As described above, it is clear that theL10-type MnIr
alloy system is pseudogap-type antiferromagnets from
band calculations, electrical resistivity and low temperat
specific heat data. However,ge is larger than that of the
equiatomic MnPd~Ref. 10! and MnPt~Ref. 12! alloys which
exhibit a clear hump in ther –T curves and theirge is sig-
nificantly small, about 0.2– 0.3 mJ mol21 K22 in the vicinity
of the equiatomic composition. That is, the present calcula
band structures are in agreement with the experimental
sults which are not so clear in hump just belowTN in the
r –T curves and not so significantly small in the value ofge ,
compared with those of equiatomic MnPt and MnPd allo
The calculated magnetic moments of Mn in the AF and P
states are 2.74 and 2.18mB , respectively. The value of the
former is not so different from the experimental value
about 3.4mB at room temperature for Mn51Ir49 alloy.25 Fig-
ures 7~a! and 7~b! show the calculated local density of stat

nt

TABLE I. The experimental electronic specific heat coefficie
(ge in mJ mol21 K22), the calculated electronic specific heat coe
ficient (ge

cal in mJ mol21 K22) obtained by the total density o
states~DOS!, the experimental Ne´el temperature (TN in K!, and the
calculated Ne´el temperature (TN

cal in K! given by the effective ex-
change constantJ0 for the L10-type equiatomic MnTM@TM5Ir,
Ni ~Ref. 33!, Pd ~Refs. 10, 33!, and Pt~Refs. 12, 33!#. alloy sys-
tems.

ge ge
cal TN TN

cal Reference

MnIr 2.1 ;1.0 1145 1495
MnNi 0.7 ;0.3 ;1070 1224 5, 33
MnPd 0.3 ;0.3 810 1077 5, 10, 33
MnPt 0.2 ;0.3 970 953 5, 8, 12, 33
1-4
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~DOS! of Mn and Ir for theL10-type equiatomic MnIr in the
collinear antiferromagnetic~AF! and in the paramagneti
~PM! states, respectively, replacing the lattice constants
theL10-type equiatomic MnPt alloy, settled asa54.002 and
c53.672 Å (c/a50.918) by using our experimenta
results.32 Comparing with Fig. 6~a!, the total DOS atEF is
larger and the whole of the bandwidth is slightly narrow
reflecting the increase of the lattice constants. The calcul
magnetic moments of Mn in the AF state and the PM sta
are 3.12 and 2.86mB , respectively.

Shown in Fig. 8 is the effective exchange constantJ0 of
the L10-type equiatomic MnIr alloy as a function of th
Fermi levelEF calculated by using the experimental latti
constants of MnIr (c/a50.945) ~a! and theJ0 curve ob-
tained by using the lattice constant of theL10-type equi-
atomic MnPt alloy (c/a50.918) ~b! instead of the lattice
constants of theL10-type equiatomic MnIr, together with th
J0 curve for theL10-type equiatomic MnPt alloy itself using
the lattice constants (c/a50.918) ~c!.32,33 The actual Fermi
level EF is located at the origin of the abscissa and the va
of J0 at EF50 is 193 meV in~a!. The calculated Ne´el tem-
peratureTN

cal from Eq. ~3! is 1495 K in permissible value by
considering the fact that the higher value ofTN by 20%–

FIG. 6. Density of states of Mn and Ir for theL10-type equi-
atomic MnIr alloy calculated by the tight-binding linear muffin-t
orbital ~LMTO! method using the experimental lattice constants
the equiatomic MnIr (c/a50.945). The upper and lower curve
refer to the majority and minority spin states, respectively, for
Mn and Ir sites. In the figure,~a! and ~b! are in the antiferromag-
netic ~AF! and paramagnetic~PM! states, respectively.
10441
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30% would be adequate within the molecular field appro
mation for three-dimensional system. As listed in Table I,
values ofTN

cal of the L10-type equiatomic MnNi,33 MnPd,10

and MnPt ~Ref. 12! alloys obtained fromJ0 in the same
manner are 1224, 1077, and 953 K, respectively. Theref
TN

cal of MnIr is also highest among these systems. The ca
lated magnetic moments of Mn (mMn

cal in mB) in the AF and
PM states, the effective exchange constant (J0 in meV! and
the calculated Ne´el temperature (TN

cal in K! obtained from the
curves~a!, ~b!, and~c! are also listed in Table II. The featur
of J0 curves ~a! and ~b! is very similar to each other, al
though the magnitude ofJ0 at EF50 is slightly different.
The difference betweenJ0 of two curves is 14 meV, corre
sponding to be about 100 K inTN . Moreover, by comparing
the J0 curve of the MnIr~a! with that of the MnPt~c!, the
former shifts to a higher energy side, as a result, the posi
of EF50 comes close to the maximum of the peak in theJ0
curve. This causes a large difference inJ0 of 70 meV be-
tween two curves~a! and~c!, corresponding to be about 54
K in TN . It is evident that the difference between the numb
of electrons of Ir and Pt gives a larger contribution toJ0
rather than the difference between the lattice constants an
the c/a ratio. Consequently, the magnitude ofTN for the
L10-type equiatomic Mn alloy system is dominantly go

f

e

FIG. 7. Density of states of Mn and Ir for theL10-type equi-
atomic MnIr alloy calculated by using the lattice constants for
equiatomic MnPt alloy (c/a50.918) ~Ref. 32!. In the figure,~a!
and ~b! are in the antiferromagnetic~AF! and paramagnetic~PM!
states, respectively.
1-5
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erned by the number of the electrons at the Mn site in a
ogy with theg-Mn system alloys.34,35

Next, we show the Ne´el temperatureTN
cal calculated by the

Monte Calro simulations based on the Hisenberg model
function of thec/a ratio in Fig. 9 for theL10-type equi-
atomic MnAu alloy,36,37 together with the experimental va
ues of TN for the L10-type equiatomic MnTM (TM5Ni,5

Pd,10 Pt,12 and Ir! alloys. In the figure, AF2, AF3, and AF4
phases stand for the collinear-type antiferromagnetic s
configurations determined by calculating the total energ
The detailed spin configurations in each phase are in
references.36,37 Since the equiatomic MnAu has a cryst
structure slightly deformed from theB2 ~CsCl!-type struc-
ture, the calculations were performed as a function of thec/a
ratio in theL10-type structure with the fixed volume of th
experimental data.38 The calculated magnetic structure a
TN

cal for the equiatomic MnAu in which thec/a ratio corre-
sponds to 0.7 in theL10-type are in accord with the exper
mental one.38 It is worth noting thatTN

cal linearly increases

FIG. 8. The effective exchange constantJ0 as a function of the
Fermi levelEF . ~a! L10-type equiatomic MnIr alloy calculated b
using the experimental lattice constants (c/a50.945).~b! L10-type
equiatomic MnIr alloy obtained by using the lattice constants of
L10-type equiatomic MnPt alloy (c/a50.918). ~c! L10-type equi-
atomic MnPt alloy itself calculated by using the lattice consta
(c/a50.918) ~Refs. 32, 33!.

TABLE II. The calculated magnetic moments of Mn (mMn
cal in

mB) in the antiferromagnetic AF and paramagnetic PM states,
effective exchange constant (J0 in meV! and the calculated Ne´el
temperature (TN

cal in K! of theL10-type equiatomic MnIr and MnP
~Refs. 12, 33! alloys.~a! The values calculated by using the expe
mental lattice constants of MnIr,~b! the values of MnIr alloy, using
the lattice constants of MnPt instead of those of MnIr, and~c! the
values of MnPt, using the lattice constants of MnPt.

mMn
cal ~AF! mMn

cal ~PM! J0 TN
cal

MnIr ~a! 2.74 2.18 193 1495
MnIr ~b! 3.12 2.86 179 1387
MnPt ~c! 3.22 2.99 123 953
10441
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with the value of thec/a ratio in the AF2 phase region, in
which thec/a ratio varies from 0.85 to 1.00. The relatio
between the values ofTN

cal for the L10-type equiatomic
MnAu alloy and thec/a ratio is qualitatively in agreemen
with the experimental data. Strictly speaking, the experim
tal results ofTN for the L10-type equiatomic MnTM alloys
deviate from the theoretical line for the MnAu alloy as give
by the dashed line in the figure. This would be caused by
fact that the spin configuration of MnTM is not AF2 bu
AF1, and the number of electrons is different between
and TM elements. Consequently, the data given in Fig. 9
us that the lattice constant and/or thec/a ratio also contrib-
ute to the magnitude ofTN to a certain extent, although th
number of electrons at the Mn site dominatesTN in the
L10-type equiatomic Mn alloy systems as discussed in c
nection with Figs. 8~a! and 8~c!.

Finally, we discuss the present results from practi
viewpoints. For applications to GMR and TMR devices, it
desired that the antiferromagnetic materials for the pinn
layer has a high Ne´el temperatureTN in order to obtain the
excellent properties, because it is well known that the hig
TN the antiferromagnetic layer, the higher blocking tempe
ture the exchange bias film.39,40Although theL10-type equi-
atomic MnPt alloy is considered to be most advantageou
has been pointed out that useful concentration region is v
narrow and restricted in the vicinity of the equiatom
composition.41 This is understood from the fact thatTN of
the MnPt alloy system is sensitive to the Pt concentration
shown in Fig. 4. On the other hand,TN of the MnIr alloy
system is not only very high but also insensitive to the
concentration, therefore, the MnIr alloy system would
more useful for application. In the case of multilayer sp
valves, thermal treatments such as annealing are necess
obtain theL10-type structure. For example, the MnPt allo
system needs annealing around at 550 K for sev
hours.13–18 In the equilibrium state, the transformation tem
perature from theL10-type structure to theB2-type structure
in the MnIr alloy system is lower than that of the MnPt allo
system by about 110 K.4 Accordingly, we can expect a lowe

e

s

FIG. 9. The calculated Ne´el temperatureTN
cal as a function of the

c/a ratio for theL10-type equiatomic MnAu alloy~Refs. 36, 37!
together with the experimentalTN of the L10-type equiatomic
MnTM @TM5Ni ~Ref. 5!, Pd~Ref. 10!, Pt ~Ref. 12!, and Ir# alloys.

e
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annealing temperature in spin valves for the MnIr film, co
pared with that for the MnPt film. In addition, the electric
resistivity is also very important factor to select the antif
romagnetic materials because recent interest is how to de
the spin-valves by using films with low resistivity.18 For ex-
ample, the so-called current perpendicular to plane~CPP!-
type spin-valves are suitable for the narrow gap spacing
the recording media,42,43 and hence the resistivity of the an
tiferromagnetic layer should be diminished because the a
ferromagnetic layer is relatively thick in the spin-valve mu
tilayers. The reduction of electrical resistivity of th
antiferromagnets would bring about further progresses
magnetoresistance~MR! devices. From practical viewpoints
the concentration dependence of electrical resistivityr at
300, 400, and 500 K is given in Fig. 10 for theL10-type
MnIr alloy system. It is clear from the figure that the value
r is lowest in the vicinity of the equiatomic composition an
the concentration dependence ofr is not so sensitive to the I
concentration, in analogy with the concentration depende
of TN , compared with those in the MnPt alloy system32

Because the antiferromagnetic layer is thick, compared
other magnetic layer in the GMR and TMR devices, it
necessary to select carefully the alloy system and the c
centration in the antiferromagnetic alloys. It is conclud
that theL10-type MnIr alloy system is expected to be one
the promising alloy systems for the pining layer of the e
change bias-field films, because the magnetic and elect
properties required for spin-valve are less sensitive to th
concentration, compared with those of otherL10-type Mn
alloy systems.12,32Investigations of spin-valve characteristi
for the L10-type MnIr alloy system are highly desired i
order to develop high performance devices.

FIG. 10. Concentration dependence of electrical resistivityr at
300, 400, and 500 K for theL10-type MnIr alloy system.
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IV. CONCLUSION

To discuss the Ne´el temperatureTN and the electronic
state of theL10-type MnIr alloy system, the measuremen
of electrical resistivity and low temperature specific heat
pacity have been carried out. Furthermore, the band calc
tions have been performed by using the tight-binding lin
muffin-tin orbital ~LMTO! method with the local spin den
sity ~LSD! functional theory, and the value ofTN was esti-
mated from the effective exchange constantJ0 obtained from
the molecular field approximation. The experimental resu
pesent the characteristic behaviors of pseudogap-type an
romagnets, and the values ofTN and the electronic specific
heat coefficientge correlated to the density of states at t
Fermi levelEF are in harmony with the theoretical result
Practically, the less sensitive magnetic and electrical pro
ties against the Ir concentration are expected to be use
The main results are summarized as follows:

~1! The electronic specific heat coefficientge in the concen-
tration region from 40% to 52% Ir is
2 – 3 mJ mol21 K22, indicating very low density of
states. The band calculations also reveal a distinct
around the Fermi levelEF in the antiferromagnetic state
consistent with the experimental results.

~2! The temperature dependence of electrical resistivity
hibits a hump just below TN , characteristic to
pseudogap-type antiferromagnets. The magnetic
electrical properties are not so sensitive to the Ir conc
tration, compared with those of otherL10-type Mn alloy
systems.

~3! The theoretical and experimental values of the Ne´el tem-
peratureTN of the L10-type equiatomic MnIr alloy are
highest among several kinds of theL10-type equiatomic
Mn alloys.

~4! For the high value ofTN of the L10-type Mn alloy sys-
tems, the control of the number of electrons at the M
site is important as well as the formation of th
pseudogap in the density of states.
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