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We have observed x-ray magnetic circular dichroism~XMCD! in the helicity modulation mode at IrL2,3

edges in the ferromagnet IrMnAl~Curie temperature 379 K! at room temperature, 100 K and 30 K. This
observation proves that Ir has a 5d magnetic moment in IrMnAl. Using the magneto-optic sum rules, which
relate the integrated intensity of the XMCD and x-ray absorption spectra to the expectation values of spin and
orbital angular momenta of Ir, the orbital moment to spin moment ratio, the spin moment and the orbital
moment of Ir at 30 K have been deduced to be20.17(2), 0.018~1!mB, and20.0031(8)mB , respectively. dc
magnetization measurements yielded a total moment of 0.123mB/atom showing that the magnetic moment of
Mn is also strongly reduced. We suggest that the extremely small moments of Mn and Ir in IrMnAl are
associated with the suppression of local moments and delocalization of 3d and 5d electrons due to their strong
hybridization with thesp electrons of Al atoms.

DOI: 10.1103/PhysRevB.68.214413 PACS number~s!: 75.25.1z, 71.20.Lp, 75.30.2m, 75.60.Ej
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I. INTRODUCTION

Manganese based ternary intermetallic compounds w
crystallize inL21 andC1b structure exhibit a rich variety o
electronic properties such as half-metallic ferromagnet
characterized by a metallic majority spin band and a se
conducting minority spin band.1 Such a band structure give
rise to complete spin polarization at the Fermi energy. U
ally, these compounds have a high Curie temperature and
Mn atoms possess a saturation moment of several Bohr m
netons. The half-metallic ferromagnets are technologic
promising materials for spin devices based on the appl
tions of spin-polarized transport.2 IrMnAl is also an interest-
ing compound from this point of view since it is also e
pected to exhibit half-metallic ferromagnetic behavi
IrMnAl crystallizes in the fluorite (C1) structure.3 A Heusler
structure differs from theC1 structure in having additiona
atoms at the edge centers and at the body center. Ea
reports suggest that IrMnAl has a Curie temperature of ab
400 K.3 The magnetic moment on Mn in IrMnAl has bee
reported to be 0.4mB . The magnetic moment of IrMnAl is
much smaller than the total moment of 2 –5mB found in
ferromagnetic Mn compounds with eitherL21 or C1b crystal
0163-1829/2003/68~21!/214413~5!/$20.00 68 2144
h

i-

-
he
g-

ly
a-

.

ier
ut

structure. For example, Mn has a moment of 4mB in the
Heusler alloy PtMnSb.4 Therefore, further experimental in
vestigations on the origin of unusually small moment ma
netism of IrMnAl are desirable.

X-ray magnetic circular dichroism~XMCD! spectroscopy
using synchrotron radiation has been shown to be a suit
technique to investigate element specific magnetic mom
of 3d, 4d and 5d atoms in ferromagnets.5–10 In addition,
XMCD can be applied to investigate the magnetocrystall
anisotropy in transition metal thin films that exhibit ferro
magnetic ordering.11 Hard x-ray magnetic circular dichroism
measurements at IrL edges in binary alloys of Ir with Fe
Co, and Ni show that Ir develops a sizable induced magn
moment.6,12,13 Presently, it is not clear why Mn has a ver
small magnetic moment in IrMnAl although the Curie tem
perature is comparable to other Mn based ferromagnets.
also not known whether Ir has a 5d moment in IrMnAl or
not. In order to understand whether Ir is magnetic in IrMnA
we have investigated the magnetism of Ir in IrMnAl using
L2,3 edge x-ray magnetic circular dichroism spectroscopy
combination with the photon helicity modulation techniqu
The photon helicity modulation technique offers higher se
sitivity as compared to the conventional XMCD measu
©2003 The American Physical Society13-1
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ment in which the photon helicity is held fixed while th
magnetic-field direction is reversed periodically. In this p
per, we present high sensitive IrL2,3 edge XMCD experi-
mental results, which clearly show an ordered 5d moment on
Ir in IrMnAl. The moment size could be determined by a
plying the magneto-optic sum rules to the XMCD and x-r
absorption spectra~XAS! which yielded a spin moment o
0.018(1)mB and an orbital moment of20.0031(8)mB for Ir
in IrMnAl at 30 K. dc magnetization measurements sh
that the total moment of IrMnAl is 0.123mB/atom suggesting
a strongly reduced 3d and 5d moment ferromagnetism with
a fairly large Curie temperature in this compound.

II. EXPERIMENT

Polycrystalline sample of IrMnAl was prepared by a
melting high-purity elements Ir~4N!, Mn~4N!, and Al~4N!
taken in the ratio 1:1:1 in argon atmosphere. The sam
were repeatedly melted to ensure composition homogen
X- ray diffraction performed at room temperature confirm
the formation of the intermetallic compound IrMnAl in th
C1 structure~space group: Fm3m, No.225! in which Mn
atoms occupy the 4a ~0,0,0!site and Ir as well as Al atom
randomly occupy the 8c ~1/4,1/4,1/4!site. The lattice con-
stanta is found to be 5.981 Å which is in agreement with th
previous papers.3 The sample was powdered and filter
through a 30mm mesh and were coated on a scotch tape
multilayered tape optimized for theL edge jump of Ir was
placed in a magnetic field of 1.15 T longitudinal field pr
duced by a permanent magnet. XMCD measurements w
carried out in the transmission mode at the undulator be
line BL29XU at SPring8. The beamline is equipped with
liquid N2 cooled Si~111! double crystal monochromator.14

The Si~111! monochromater was detuned slightly to avo
the contribution of higher-order harmonics in the 11–13 k
region.

We have used the helicity modulation technique for pe
odically modulating the circular polarization of the incide
x-rays.15 Left-circularly polarized and right-circularly polar
ized x-rays were generated by a diamond diffractive ph
retarder set to make bistable oscillations around the Br
angle uB . The degree of circular polarizationuPCu for the
experimental set up was greater than 90%. The XMCD s
nal Dmt were recorded by switching the helicity of th
x-rays at a rate of 40 Hz while keeping the direction
longitudinal magnetic field fixed.15 The sample was coole
using a closed cycle refrigerator. XMCD measurements w
carried at the IrL2,3 edges at 297 K, 100 K, and 30 K.

III. RESULTS AND DISCUSSION

A. Magnetization

Figure 1~a!displays the magnetization versus temperat
curves measured in a magnetic field of 500 mT. The mag
tization appears below 380 K showing long-range ferrom
netic ordering. The temperature dependence of magne
tion has been parametrized by the power law:

M ~T!5M ~0!@12~T/TC!b#g, ~1!
21441
-

es
ty.

A

re
-

-

e
g

-

f

re

e
e-
-
a-

where M~0!is the magnetization at absolute zero,TC is Cu-
rie temperature, bothb and g are exponents. The best fi
displayed over the data in Fig. 1~a! yielded M (0)
51.48(1) emu/g, TC5379(3) K, b51.29(5), and g
50.815(35). The Curie temperature of our sample is 4.
less than the Curie temperature reported in Ref. 3. We
tribute the discrepancy to a small amount of disorder in
sample.

Figure 1~b! displays the magnetization versus appli
magnetic-field hysteresis loop in IrMnAl measured at 5
Note that the magnetization does not saturate at the hig
applied field of 5.5 T suggesting a possible formation
ferromagnetic clusters in the sample. In order to extract
magnetic moment per atom, we have used the extrapol
value of 2.5 emu/g for the saturation magnetizations at a
higher field of 9 T. From this value ofs, we have obtained
the magnetic moment of 0.123mB /atom for IrMnAl. There-
fore, the magnetic moment of IrMnAl, particularly, the ma
netic moment of Mn is strongly reduced in this compound
compared to the magnetic moment of Mn in ferromagn
with Heusler orC1b structure.4

B. X-ray magnetic circular dichroism

Figure 2 displays the x-ray absorption spectra and
XMCD spectra at IrL2,3 edges in IrMnAl measured at 297

FIG. 1. Magnetization of IrMnAl:~a! temperature dependenc
of magnetization measured in an applied field of 0.5 T~b! hysteresis
loop of magnetization vs applied field at 5 K.
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100, and 30 K. The XMCD spectra show a peak and
spectral intensity, the so called white line intensity, is sign
cant around respective threshold energyE0 of L3 and L2

edges of Ir. Such a feature is indicative of a 5d contribution
to the density of states at the Fermi energyEF and hence
prove that Ir has a magnetic moment in the compound.
peak height and the area under the peak in the XMCD sp
trum exhibit a temperature dependence suggesting tha
magnetization and the magnetic moment at the Ir site
temperature dependent in IrMnAl.

In order to obtain the magnetic moment of Ir from th
XMCD and x-ray absorption spectra~XAS!, we have nor-
malized these spectra such that the height of theL3 edge
jump in the XAS is unity. An arc tangent function, i.e.,
nearly step function, which smoothly connects the pree
and after-edge baselines of XAS, was subtracted from
malized XAS.16 The resulting difference spectra consisted
Lorentzian shaped white line and a broad satellite. The w
line intensity was obtained by integrating the differen
spectra and the normalized XMCD integrals forL3 and L2
were obtained with the integration range of640 eV around
the energyE0 of the edge, which is the energy correspondi
to a maximum inuDmtu.

FIG. 2. Ir L3 edge andL2 edge XAS (m1,m2) and XMCD
(Dmt5m12m2) in IrMnAl at ~a! 297 K, ~b! 100 K, and~c! 30
K.
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The orbital magnetic momentmorb and the spin magnetic
momentmspin can be extracted from the XAS and XMCD
spectra using the magneto-optic sum rules.16 To extractmorb
of Ir, we use the orbital angular momentumLZ sum rule:8

E
L3

~Dmt !dv1E
L2

~Dmt !dv

E
L31L2

~3mt !dv

5
^Lz&nh

2
~2!

and to extract the spin magnetic momentmspin of Ir, we use
the spin angular momentum sum rule:8

E
L3

~Dmt !dv22E
L2

~Dmt !dv

E
L31L2

~3mt !dv

5
~2^Sz&17^Tz&!nh

3
,

~3!

wherenh is the number of 5d holes,^LZ&, ^SZ&, and ^TZ&
are the expectation values of the orbital angular moment
the spin angular momentum and the magnetic dipole op
tor in the ground state, respectively.

Considering that IrMnAl exhibits metallic behavior, w
assume that the number of 5d holes for Ir as 2.7. Applying
the LZ sum rule, morb of Ir could be extracted as
20.0031(8)mB per atom in IrMnAl at 30 K. The small value
of morb for Ir in this compound is indicative of small spin
orbit coupling. This would mean that the orbital angular m
mentum of Ir is significantly quenched as a result of stro
crystal-field effects. To extractmspin from the spin angular
momentum sum rule, we need to know the expectation va
of the magnetic dipole operator^TZ& which represents the
electron induced magnetic field at the site of the nucleus
atom that is being probed, i.e., Ir.

In a mean-field theory, if the spatial distribution of spin
around the nucleus is spherically symmetric, the field at
nucleus is equal to the Lorentz fieldkSZ , in close analogy
with Lorentz’s approximation for the electric field.17 The
constantk depends on the macroscopic shape of the syst
For an integration over the Lorentz sphere,k has been shown
to be 1/3.17 Therefore, for cubic crystal structure and fo
polycrystalline samples, we approximate the field at
nucleus or^TZ& by the Lorentz local field,SZ/3.18 In the
above discussion, we have also assumed that the local fie
the nucleus is dominated by the spin polarization, which
supported by the small value of the orbital moment^LZ& of Ir
in IrMnAl found in the present XMCD experiment. The sp
moment values derived for Ir in Fe-Ir alloys, which form
the cubic structure,12 from the XMCD spectra with the Lor-
entz local field approximation of̂TZ& are found to be in
agreement with the theoretical spin moment values.

The XAS and XMCD data at 30 K yielded the value
spin momentmspin50.018(1)mB per atom. The ratio of or-
bital moment to spin moment comes out to be20.17(2).
Table I summarizes the orbital moment, spin moment,
total moment and the orbital moment to spin moment ratio
the three measured temperatures of 297, 100, and 30
3-3
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These results show that the total moment of Ir increases
the decrease of temperature. Note thatmorb /mspin,0. Al-
though the size of the spin and orbital components o
moment are smaller, they violate Hund’s third rule, similar
the case of Ir 5d moment in ferromagnetic Fe-Ir, Co-Ir, an
Ni-Ir alloys.12,13 Wilhelm et al., also found violation of
Hund’s third rule for the magnetic moment of W in Fe/W
multilayers.19 However, they found that the Hund’s third ru
was not violated for Ir in Fe/Ir multilayers. Therefore, th
magnetic behavior of Ir in IrMnAl is quite different as com
pared to the observed behavior of Ir moment in multilaye
These observations suggest that both the sign and the
nitude of the orbital moment of Ir is sensitive to the loc
magnetic environment and the dimensionality of the latti
The magnetic moment of Ir in IrMnAl is also smaller by a
order of magnitude as compared to the Ir moment in IrMn
which crystalizes in theC1b type crystal structure.20 It is
also smaller by a similar magnitude when compared to
magnetic moment of Ir in the Heusler compound Fe2IrSi,
measured by XMCD spectroscopy.21 Note that the measure
spin and orbital magnetic moments of Ir in IrMnAl demo
strate the sensitivity of XMCD to detect a spin moment
the order of 1022mB and an orbital moment of the order o
1024mB .

The reduction of magnetic moments in IrMnAl can b
attributed to strong hybridization of Alsp band conduction
electrons with the 3d electrons of Mn and the 5d electrons
of Ir. Since Al is expected to be in a valence state close
52, the conduction electrons in IrMnAl will be largely ofsp
character. Thesp electrons of Al, i.e., the conduction elec
trons couple antiferromagnetically with thed electrons and
destabilizes the local moment on Mn. As a result of t
antiferromagnetic coupling, the local moment of Mn ge
strongly suppressed. However, a small fraction of 3d states
of Mn which are partly delocalized can develop spin pol
ization and can order ferromagnetically as in the case of

*Present address: National Physical Laboratory, Dr. K.S. Krish
Road, New Delhi 110 012, India.
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~Springer, Berlin, 1988!, p. 385~Landolt-Börnstein series!.

TABLE I. The orbital momentmorb , the spin momentmspin ,
the total momentm tot , and the orbital moment to the spin mome
ratio morb /mspin of Ir in IrMnAl extracted from the XMCD data.

Temperature morb mspin m tot morb /mspin

~K! mB /Ir mB /Ir mB /Ir

297 20.00022(6) 0.0057~3! 0.0055~3! 20.039(13)
100 20.0012(3) 0.0098~6! 0.0097~6! 20.125(38)
30 20.0031(8) 0.018~1! 0.015~1! 20.17(2)
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weak itinerant ferromagnets such as Sc3In and ZrZn2.22 The
increase of XMCD intensity with the decrease of temperat
shown in Fig. 2 suggests an increase in the magnetizatio
Ir, consistent with the temperature dependence of the m
netization of Mn in the compound.

The small spin moment of Ir and the small net moment
0.123mB in IrMnAl may also be associated with a nonco
linear magnetic structure of Mn moments in this compou
In such a case, Mn atoms might have a much larger mom
than the net moment of 0.123mB observed in the magnetiza
tion with a noncollinear magnetic structure in the ferroma
netic state of IrMnAl. Electronic structure calculations usi
theab initio projector augmented plane wave~PAW! method
for noncollinear magnetism also suggest that the magn
moments of Mn in IrMnAl are ordered in a noncollinea
structure.23 We suggest neutron-diffraction measurement
the magnetic structure in order to further understand the
duced moment magnetism of IrMnAl.

IV. CONCLUSIONS

X-ray magnetic circular dichroism measurements, p
formed at IrL2,3 edges at room temperature, 100 K and 30
show a direct evidence for a small 5d moment on Ir in the
intermetallic compound IrMnAl. The total moment of Ir ha
been determined to be 0.015(1)mB at 30 K. Magnetization
measurements show that Mn has a small magnetic mom
of ;0.123mB . The small size of the Ir and Mn moments
IrMnAl suggest that thed bands are fairly delocalized in thi
compound. We attribute this delocalization to a strong h
bridization of 3d electrons of Mn as well as the 5d electrons
of Ir with the sp band electrons of Al. The small value of th
net magnetic moment and the large Curie temperature
IrMnAl can be reconciled with either a small and partly d
localized Mn moment in an itinerant electron picture or w
a large moment of Mn associated with a noncollinear m
netic structure.

ACKNOWLEDGMENTS

V. V. K. would like to acknowledge RIKEN Harima Insti
tute for funding this project. This research project is a
partially supported by the National Science Foundation M
terials Research Science and Engineering Center prog
through Grant No. DMR-0213985 and the United States D
partment of Energy through Grant No. DE-FG0
02ER45966.

n

-
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