
Orbital magnetic moment in Ir doped CaMnO3

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2009 J. Phys.: Condens. Matter 21 336001

(http://iopscience.iop.org/0953-8984/21/33/336001)

Download details:

IP Address: 129.252.86.83

The article was downloaded on 29/05/2010 at 20:45

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/21/33
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


IOP PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 21 (2009) 336001 (5pp) doi:10.1088/0953-8984/21/33/336001

Orbital magnetic moment in Ir doped
CaMnO3

S Mizusaki1,5, Y Toyoda1, T Ohnishi1, Y Nagata1, M Itou2,
Y Sakurai2, Y Noro3 and T C Ozawa4

1 Department of Electrical Engineering and Electronics, Aoyama Gakuin University,
Fuchinobe, Sagamihara, Kanagawa 157-8572, Japan
2 Japan Synchrotron Radiation Research Institute (JASRI/SPring-8), Sayo, Hyogo 679-5198,
Japan
3 Kawazoe Frontier Technologies, Co. Ltd., Kuden, Sakae, Yokohama, Kanagawa 931-113,
Japan
4 Nanoscale Materials Center, National Institute for Materials Science, Namiki, Tsukuba,
Ibaraki 305-0044, Japan

E-mail: smizusaki@ee.aoyama.ac.jp

Received 3 April 2009, in final form 25 June 2009
Published 24 July 2009
Online at stacks.iop.org/JPhysCM/21/336001

Abstract
The magnetism of CaMn0.55Ir0.45O3 has been studied using the magnetic Compton scattering
technique. The analysis of the magnetic Compton profile shows that the spin moments of Mn
and Ir form an antiparallel configuration, establishing ferrimagnetism. Moreover, the
experimental results indicate the existence of an orbital moment 0.2 μB/f.u.. The possible
model for these results has been discussed under the framework of the localized electron model
by taking account of the electronic states of the Ir4+ ion.

1. Introduction

Knowledge of the orbital magnetic moment permits us to
understand the relationship between the spin–orbit coupling
and magnetic properties of the substances. The behavior
of 4d or 5d transition metal elements in oxide systems has
attracted significant attention [1] due to the strong spin–orbital
coupling caused by their larger orbital extent as compared with
that of 3d metal ions. Already, many interesting phenomena
have been observed for iridium oxide systems [1–5, 8], and
the theoretical calculation for the electronic structure of Ir
oxides has been performed [6, 7]. The Ir oxide system is
very interesting to study for the magnetic contribution of 5d
electrons because of the remains of the orbital moment on the
Ir ion.

In the previous work on the CaMn1−x Irx O3 (0 � x � 0.6)
system [9], we reported that ferromagnetism was induced in
the antiferromagnetic Mott insulator CaMnO3 by Ir doping (see
figure 1), with the crystallography homogeneous in the range of
0 � x � 0.6. In this system, antiferromagnetism is observed
for samples with x = 0.05–0.2, however, ferromagnetism
appears at about x = 0.3 and persists up to x = 0.6. As
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Figure 1. Ir-content dependence of the Néel temperature TN and the
Curie temperature TC of CaMn1−x Irx O3 (0 � x � 0.6) [9].

shown in figure 1, in the transition from antiferromagnetism
to ferromagnetism, TN is superseded by TC without passing
0 K. The previous works leaves the issue of the interaction
between Mn and Ir ions and of the relation between the
magnetization and spin moment of the CaMn1−x IrxO3 system.
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Therefore, we investigate the magnetic ground states of the Ir
ion in CaMn0.55Ir0.45O3 using the magnetic Compton scattering
(MCS) experiment.

MCS is a powerful tool to study the magnetic structure
of materials [10–19] because the MCS samples only the
spin moment and provides the magnetic Compton profile
(MCP), Jmag(pz). The MCS experiment has yielded
the spin moment of the CaRu1−x Mnx O3 system [16–18],
CaRu0.85Fe0.15O3 [13, 14], and SmFe2 [19]. Therefore,
the magnetic Compton scattering experiment is a suitable
tool to obtain information on the magnetic ground state of
CaMn0.55Ir0.45O3.

2. Experiment

Polycrystalline CaMn0.55Ir0.45O3 was prepared by the usual
solid-state reaction method, which is described in detail in a
previous paper [9]. The crystal structure was characterized
by x-ray powder diffraction using Cu Kα radiation and
subsequent refinement by the Rietveld method. The XRD
profiles and the result of the refinement showed that the
sample was single phase and had a GdFeO3-type orthorhombic
perovskite structure of space group Pbnm.

The MCS experiment was performed using the beamline
BL08W of SPring-8 after cooling the specimen down to 10 K
under an applied field of 2.5 T. The energy spectrum of the
scattered flux was measured using a 10-element Ge detector
at a mean scattering angle of 175◦ through the Sn filter,
which absorbed the fluorescent x-ray flux from Ir. The overall
momentum resolution was 0.57 atomic units (a.u.), where
1 a.u. of momentum is defined as 1.99 × 10−24 kg m s−1.
The details of the experiment are described in [10]. The total
spin moment was assigned by comparing the MCP with that
obtained for polycrystalline Fe. The total number of counts for
each detector was 7 × 106 for 100 h in the charge Compton
profiles. The usual data correction procedures were applied to
the results, and, after the symmetry of the profiles was checked
with respect to the zero momentum, the MCP’s were folded at
zero momentum to increase the effective statistical precision
of the data. The amplitude of the MCP spectra, Jmag(pz),
was calibrated, using the data obtained for Fe under the same
experimental conditions, to correct for the partial circular
polarization of the incident beam and other geometrical factors.

The magnetic properties were characterized using a
SQUID magnetometer at temperatures between 5 and 350 K
under an applied magnetic field up to 5.5 T.

3. Results and discussion

3.1. Magnetic properties

The temperature dependence of magnetization, J , of CaMn0.55

Ir0.45O3 is shown in figure 2. FC and ZFC indicate the results
obtained with and without applying magnetic fields of 0.1 and
2.5 T. Ferromagnetic behavior, with TC of 110 K, was clearly
observed. The values of the magnetization J were 0.10 μB/f.u.

for ZFC cooling conditions and 0.30 μB/f.u. for FC cooling
conditions at 10 K under 2.5 T. The M(T ) under FC cooling

Figure 2. Temperature dependence dc magnetization for
CaMn0.55Ir0.45O3 measured under ZFC and FC (H = 2.5 T) cooling
conditions.

condition shows the typical characteristic of a ferromagnet
with a large thermal hysteresis.

In figure 2, the ZFC–M(T ) curve starts from very small
value and increases with increasing temperature; however, the
magnetization decreases after showing a maximum close to
the Curie temperature TC. On the other hand, the FC–M(T )

curve shows a typical ferromagnetic behavior. The FC and
ZFC curves coincide at higher temperatures. The irreversible
temperature, at which FC and ZFC curves split, decreases as
the applied field increases and is 100 K, 70 K, and 10 K at
0.1 T, 2.5 T, and 5.5 T, respectively. In general, polycrystalline
ferromagnetic oxides with relatively large magnetic anisotropy
show this type of thermal hysteresis. Therefore, the large
thermal hysteresis in the M(T ) curve suggests the existence
of a large magnetocrystalline anisotropy.

The inset of figure 2 shows the temperature dependence
of the reciprocal susceptibility, χ−1(T ), under fields of 0.1,
2.5 and 5.5 T. The Curie–Weiss fit for χ−1(T ) yields a
Weiss temperature θW ∼ +50 K and an effective moment
μeff = 3.17 μB/f.u.. Within the framework of the localized
electron magnetism, the positive θW indicates the existence of
a ferromagnetic interaction in CaMn0.55Ir0.45O3.

Figure 3 shows the magnetic hysteresis curves measured
under ZFC and FC conditions up to ±5.5 T. The sample has
a large coercive force, Hc, of about 4 T and no saturation
is observed up to 5.5 T. Moreover, the M(H ) curve of FC
condition shifts in the positive direction of the magnetization
axis. Similar phenomena have been observed for Sr3Ir2O7 [20],
Co2VO4 [21], LuVO3 [22], and LaFeO3 [23] and explained by
a model which assumes the coexistence of a hard magnetic
component with very large coercive force and a component
with a symmetrical hysteresis loop. For example, in the
LaFeO3 case, the hysteresis loop was explained by a two-phase
magnetic system containing α-Fe2O3 and LaFeO3, where the
symmetrical loop of α-Fe2O3 is superimposed on a hard
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Figure 3. The isothermal magnetization curve M(H) for
CaMn0.55Ir0.45O3 as a function of magnetic field measured under
ZFC and FC (H = 5.5 T) conditions.

magnetic component of LaFeO3. Our case seems different
from that case because our sample is characterized as a single
phase crystallographically homogeneous system, as mentioned
in the previous paper [9]. In the case of vanadium oxide [22],
a similar phenomenon is considered to be associated with the
unquenched orbital magnetic moment of the V3+ (3d2), and the
spin–orbit coupling aligns the spin moment and orbital moment
along the applied magnetic field direction. If a large orbital
magnetic moment exists, this model is suitable to explain the
results for CaMn0.55Ir0.45O3.

3.2. Magnetic Compton scattering

The MCS experiment provided the absolute value of the spin
moment under the ZFC cooling and FC cooling process. The
assigned magnetic moments are listed in table 1. The absolute
value of μS at 10 K under 2.5 T was 0.088 μB±0.005 μB/f.u.

for both cooling conditions. The fact is that the spin
moment is small for CaMn0.55Ir0.45O3. It was found that the
orbital moment for CaMn0.55Ir0.45O3 was 0.21 μB/f.u. for FC
conditions and ∼0 μB/f.u. for ZFC conditions, respectively.
Orbital magnetic moments, μL, were calculated from the
μS and the total bulk moment (magnetization; J ) by the
magnetization measurement. This result indicates that the spin
moment would be canceled out. It is very interesting that the
spin moment is very tiny and to consider whether this orbital
moment originates from the Mn or Ir ion.

The experimental magnetic Compton profile (MCP) is
shown in figure 4(a) to reveal the component of spin moment
of CaMn0.55Ir0.45O3. The distribution of experimental MCP,
Jmag, shows the Mn moment was induced along the applied
magnetic field direction, and it was a dominant component of
the spin moment rather than the Ir moment. The reason is that
the experimental MCP, Jmag, is distributed in the momentum
range between −6 and +6 a.u. with positive values. In general,

Figure 4. (a) The experimental magnetic Compton profile (MCP) at
10 K under 2.5 T together with the calculated Mn (3d electron)
profile, whose area was calibrated to the total spin moment. (b) The
experimental MCP are decomposed into RHF Mn 3d atomic and
Ir 5d atomic profiles.

Table 1. Experimental results of magnetic moment of
CaMn0.55Ir0.45O3 at 10 K. The errors for the estimated values are
±0.005 μB/f.u. for the spin moment and orbital moment,
respectively.

S(μB) J (μB) L(μB)

FC 0.088 0.300 0.212
ZFC 0.088 0.110 0.022

the Compton profile of the 3d, 4d or 5d electron orbital has
a characteristic distribution; for example, Jmag(pz) of 3d, 4d
or 5d electrons distributes in the range of |pz| < 6 a.u. or
|pz| < 4 a.u., respectively. Moreover, the agreement of the
calculated RHF profile of the Mn 3d electron [25] to within
the statistical error of the experimental results suggested that
the Mn moment was the major component on the experimental
MCP. Consequently, the MCS experiment suggested that
CaMn0.55Ir0.45O3 has an orbital moment, μL = 0.21 μB/f.u.

and a spin moment, μS ∼ 0.01 μB/f.u.

The results of the MCS experiment for CaMn0.55Ir0.45O3

shows a competing result for the existence of an orbital
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moment, μL = 0.21 μB/f.u., and a tiny spin moment,
μS ∼ 0.01 μB/f.u.. The induction of the orbital moment
would originate from the Ir ions, because the μL of the Mn
ion is generally almost quenched in the crystal. Therefore,
the competition for the MCS experiment would be indirect
evidence of the induction of the magnetic moment on Ir ion.

Figure 4(b) shows that the fit to the calculated profile,
assuming the contributions of Mn 3d and Ir 5d electrons,
agrees to the experimental MCP within the statistical error.
The accordance indicates that the tiny spin moments would
be consisted as a positive component on Mn, μMn

S , and
as a negative component on Ir, μIr

S , which would couple
antiferromagnetically. Therefore, the ferrimagnetism would
be described by the antiferromagnetic coupling from the
superexchange interaction between the Mn (3d3) ion with μMn

S
and the Ir (5d5) ion with μIr

S and μIr
L via the O2− ion.

As mentioned above, the origin of the orbital moment:
μL on the Ir ions should be attributed to the Ir4+ (5d5) ions.
In general, the μL of 3d ions is quenched by the crystal-
field effect, however, the μL of 5d ions often remains due to
their electron orbital having a larger spatial extent than that
of the 3d electrons [24, 26]. The Ir4+ (5d5) ion is considered
to prefer a low spin state in CaMn0.55Ir0.45O3, and the μL

of Ir4+ originates from the twofold degeneracy of the dxz

and dyz orbitals, which accommodate one hole [20]. The
strong spin–orbit coupling in the 5d transition metal ions
most likely stabilizes a certain complex orbital order with an
unquenched orbital magnetic moment [26]. The very hard
magnetic component in CaMn0.55Ir0.45O3 is considered to be
induced from the orbital component of Ir4+ ion. Consequently,
the discussion of MCS results indicates that the magnetism
of the CaMn0.55Ir0.45O3 domain would be established by
the combination between an orbital moment, μIr

L, and the
ferrimagnetic spin moment originating from the coupling
between the positive μMn

S and the negative μIr
S .

Here, a mechanism for the origin of ferromagnetism in
CaMn0.55Ir0.45O3 will be proposed based on the experimen-
tal results of MCS and magnetization measurements. When
Ir ions are replaced by Mn ions for CaMnO3, a ferrimagnetic
domain would be formed by the induction of the antiferromag-
netic superexchange interaction between μIr

S and μMn
S . Then,

the strong spin–orbit coupling (SOC) for the Ir ion between μIr
L

and μIr
S would generate the orbital moment of the Ir ion along

the parallel direction to the μMn
S direction. Additionally, the

SOC also induces a huge single-ion anisotropy in the IrO6 oc-
tahedron and generates a hard magnetic component. Therefore,
a huge magnetic anisotropy may be shown in the ferrimagnetic
domains. The hard component of the hysteresis loop (shown
in figure 3) seems to originate from the orientation of the IrO6

octahedron in a magnetic field.
Ferrimagnetic ground states of CaMn0.55Ir0.45O3 from

the MCS experiment compete with the ferromagnetic ground
states as suggested by the positive Weiss temperature,
θW, from magnetic properties measurements shown in
figure 2. The interpretation of the discrepancy is that
the dominant contribution of the ferromagnetic Mn3+–Mn4+
pairs of CaMn0.55Ir0.45O3 would be larger than that of the
antiferromagnetic pairs for Mn4+–Mn4+ pairs and Mn4+–Ir4+

pairs. The fraction of ferromagnetic Mn–Mn pairs would
be larger than that of antiferromagnetic pairs. A similar
case was shown in the CaRu1−x MnxRuO3 system [27]. This
interpretation indicates that the ferromagnetic Mn–Mn pairs,
antiferromagnetic Ir–Mn pairs, and antiferromagnetic Mn–Mn
pairs can coexist in the system.

The difference μIr
L was shown in the FC and ZFC cooling

condition in figure 3, as listed in table 1. The discrepancy
would suggest the mechanism of the magnetization process
of the Ir–Mn pair ferrimagnetic domain. This domain would
have a large magnetocrystalline anisotropy (see figure 3)
originating from the Ir4+ (5d5) ion because it has a stronger
SOC than that of the 3d or 4d elements. Then, the large
SOC will give rise to a huge magnetic anisotropy [26]. In
figure 2, under the ZFC cooling condition, the spontaneous
moments in each ferrimagnetic domains freeze by keeping
their random orientation and almost compensate each other.
As a result, the μIr

L and net moment becomes very small.
In contrast, under the FC cooling condition, the spontaneous
moments in the ferrimagnetic domains align to the direction
of the applied magnetic field. Therefore a μIr

L is observed
and will be dependent on the strength of applied magnetic
field. In addition, the results presented strongly suggest that
the Ir4+ ion has a magnetic moment and forms a magnetic
order, which is against the prediction of the paramagnetism
for Pbnm CaIrO3 [6]. These experimental results indicate
that CaMn0.55Ir0.45O3 is an orbital ferromagnet under FC
conditions.

4. Conclusion

The magnetic Compton scattering experiment for CaMn0.55

Ir0.45O3 shows the existence of an orbital magnetic moment
of 0.21 μB/f.u. The possible origin of the orbital moment was
discussed by taking account of the electronic states of the Ir ion
under the framework of the localized electron model.
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