PHYSICAL REVIEW B 77, 115128 (2008)

X-ray magnetic circular dichroism and photoemission studies of ferromagnetism
in CaMn_,Ru,Oj thin films
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We have studied the electronic and magnetic properties of epitaxially grown CaMn;_.Ru,O5 thin films
(x=1.0,0.75,0.5) by soft x-ray absorption, soft x-ray magnetic circular dichroism (XMCD), and hard x-ray
photoemission spectroscopy (HXPES) measurements. The XMCD studies indicated that the spin moments of
Mn and Ru are aligned in opposite directions. The valence-band HXPES spectra revealed that the Ru 4d 1,,
states around the Fermi level and the Mn 3d t,, up-spin states centered ~2 eV below it showed systematic
concentration dependences. From these results, we propose that the localized Mn 3d 1,, states and the itinerant
Ru 4d 1,, band are antiferromagnetically coupled and give rise to the ferromagnetic ordering, which is in
analogy to the mechanism proposed for double perovskite oxides, such as Sr,FeMoOg.

DOLI: 10.1103/PhysRevB.77.115128

I. INTRODUCTION

Perovskite-type ruthenium oxides show various interest-
ing physical properties, such as the triplet superconductivity
in Sr,RuO, (Ref. 1) and the itinerant ferromagnetism in
SrRu0;.>? Ferromagnetic correlations among the itinerant
Ru 4d electrons are considered to play a critical role in caus-
ing these properties. In the paramagnetic metal CaRuOj;
(CRO), substitution of a small amount of magnetic Fe, Mn,
and Ni or nonmagnetic Ti for Ru induces ferromagnetism.*
In particular, the pseudobinary alloy system CaMn;_,Ru, O3
(CMRO) shows ferromagnetism with the maximum transi-
tion temperature 7, (150-210 K) and the maximum magnetic
moment at x=0.5.*> Both end members are not, however,
ferromagnetic; that is, CaMnO; (CMO) is a G-type antifer-
romagnetic insulator® and CRO is a paramagnetic metal.”
The origin of ferromagnetism in CMRO with x<<0.5 has
been explained by a double exchange mechanism between
Mn** and Mn3*, where Mn3* ions are created when Ru at-
oms are replaced by Mn atoms.* However, this explanation
needs charge transfer from Ru to Mn, which seems difficult
considering the higher electronegativity of Ru than that of
Mn. CMO and CRO superlattices have also been shown to
exhibit ferromagnetism.® The total magnetic moment of su-
perlattices does not depend on the thickness of layers, but
only on the number of interfaces, suggesting that ferromag-
netism occurs in the interfaces between the CRO and CMO
layers.

In order to understand the unique physical properties of
CMRO, it is important to obtain information about the elec-
tronic structure and its relationship to ferromagnetism. Pho-
toemission spectroscopy and x-ray absorption spectroscopy
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(XAS) are useful methods to investigate the electronic struc-
ture of solids. Conventional photoemission spectroscopy, in
which the photon energy is less than ~1 keV, is sensitive to
the surface region because the probing depth of photoexcited
electrons is less than ~10 A in this electron kinetic energy
range. On the other hand, hard x-ray photoemission spectros-
copy (HXPES) has the great advantage of bulk sensitivity
due to the large probing depth of photoelectrons of several
nanometers. Soft x-ray magnetic circular dichroism (XMCD)
using the core-level absorption process is an element specific
probe sensitive to the magnetic moments of each element
and, therefore, is a powerful experimental method for the
investigation of magnetism in complex materials. Another
advantage of XMCD is its capability to separately evaluate
the spin and orbital magnetic moments. Recently, high qual-
ity single-crystal thin films with atomically flat surfaces have
been grown by the pulsed laser deposition (PLD) method.
This method is one of the most promising sample fabrication
methods for electron spectroscopy measurements,”'? such as
XAS, XMCD, and photoemission spectroscopy. In this pa-
per, we have fabricated CMRO thin films by using the PLD
method and studied their electronic structure by using
HXPES and XAS and their magnetic properties by using
XMCD. The results of these measurements showed system-
atic dependences of the electronic and magnetic properties
on Mn concentration.

II. EXPERIMENT

Epitaxial CMRO (x=1.0,0.75,0.5) thin films were fabri-
cated by the PLD method. Sintered ceramics of CaMnO; and
CaRuO; were used as ablation targets. Sample concentra-
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FIG. 1. Magnetic properties of CaMnsRuysO5 thin films for
magnetic fields applied perpendicular to the sample surface. (a)
Temperature dependence of the magnetization measured at 500 Oe
showing the transition temperature of ~200 K. (b) Magnetization
curves for the same thin film measured at 20 K, showing a hyster-
esis loop. (c) Ru concentration dependence of the magnetization of
CaMnl,xRuxO}

tions were controlled by the laser pulse ratio. LaAlOs (100)
single crystals were used as substrates, which had been an-
nealed at 900 °C prior to deposition. The oxygen pressure
was 107 Torr during the substrate annealing. A Nd:YAG
(where YAG denotes yttrium aluminum garnet) laser was
used for ablation in the frequency-tripled mode (N
=355 nm) with a repetition rate of 1 Hz. The oscillation of
the reflection high-energy electron diffraction intensity dur-
ing the film growth indicated that the growth was made in a
layer-by-layer mode. The CMRO thin films with 200 A
thickness were deposited on the substrates at 700 °C at an
oxygen pressure of 1X 107 Torr. The fabricated samples
were quickly transferred through the atmosphere to the
XMCD chamber. The sample surface morphology was
checked by ex situ atomic force microscopy (AFM). The
AFM image showed straight steps and terraces, which means
that our thin films provided a smooth surface for photoemis-
sion spectroscopy.

The magnetization of the samples was measured by a su-
perconducting quantum interference device (SQUID) magne-
tometer before the measurements of XAS and XMCD. Fig-
ure 1(a) shows the temperature dependence of the
magnetization of the CMRO (x=0.5) thin film under a mag-
netic field applied perpendicular to the sample surface. The
figure shows T,~200 K in the thin film. As shown in the
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FIG. 2. (a) MnL,; XAS spectra of CaMn;_Ru,0; (x
=0.5,0.75) thin films compared with those of MnO,,
Lag 7Sr) 3sMnO;_s (Ref. 15), and LaMnO; (Ref. 16), which are ref-
erence materials for Mn**, Mn?*, and Mn**+ Mn**, respectively. (b)
Magnified plot of the Mn Lz XAS spectra of CMRO (x=0.5,0.75).
The spectrum of CMRO (x=0.5) has been shifted by —0.15 eV for
comparison.

hysteresis curve of CMRO (x=0.5) in Fig. 1(b), the magne-
tization saturates above ~0.5 T to =0.15 up/fu. at 20 K.
Figure 1(c) shows the concentration dependence of the maxi-
mum magnetization at 20 K, which is consistent with the
largest magnetization for x=0.5 in the previous report on
bulk samples.*?

The XAS and XMCD measurements were performed at
BL23-SU of SPring-8.!! Spectra were recorded by the total
electron yield method. XMCD spectra were obtained by re-
versing the photon helicity at each photon energy. The
degree of circular polarization of the x rays was determined
by polarization measurements using a Cr/Sc multilayer
detector,'? and was estimated to be greater than 90% at 400
eV. An external magnetic field was applied perpendicular to
the thin film surfaces. The measurements were performed at
20 K under the external magnetic field of 2 T. The HXPES
measurements'>!# were performed at BL22-XU of SPring-8.
The sample temperature was 30 K during the measurements.
The total energy resolution was about 270 meV at a photon
energy of 3.5 keV. The position of the Fermi level (Er) was
determined by measuring gold spectra.

II1. RESULTS
A. Mn 3d L, ;-edge x-ray absorption spectroscopy

Figure 2(a) shows the Mn L, ; XAS spectra of CMRO
(x=0.5,0.75). The spectra show a multiplet structure, sug-
gesting that the Mn 3d electrons have a strongly localized
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FIG. 3. Concentration dependence of (a) XAS and (b) XMCD
spectra at the Mn L, 3 edges. The XAS spectra have been normal-
ized to the peak height of the corresponding XAS spectra. The
XMCD spectra have been normalized to the peak height of the
corresponding XAS spectra. The measurements were performed at
20 K under a magnetic field of 2 T.

character as in typical Mn compounds in the literature.!>6

The spectral line shape of CMRO is different from that of
LaMnO; (Mn?*) but is similar to those of MnO, (Mn**) and
La, ;Sty sMnO;_s (Mn**+Mn**). Therefore, the Mn atoms in
CMRO are considered to be in the tetravalent state 4+ or in
a mixed-valence state of 3+ and 4+. Figure 2(b) shows a
magnified plot of the Mn L; XAS spectra of CMRO (x
=0.5,0.75). The spectrum of CMRO (x=0.5) has been
shifted by —0.15 eV for comparison. The left shoulder of
Mn Ly for x=0.5 is slightly larger than that for x=0.75. On
the other hand, it was difficult to determine the Ru valence
from the RuL,; XAS spectrum because the spectrum
showed a broad line shape due to the itinerant nature of the
Ru 4d electrons.

B. X-ray magnetic circular dichroism

Figures 3 and 4 show the XAS spectra and the XMCD
spectra of the Mn L, 3 (2p—3d) and Ru M, 3 (3p—4d) ab-
sorption edges normalized to the corresponding XAS peak
intensity. The structure of the Ca 2s core level more rapidly
increased than the chemical compositions imply as the Mn
concentration increased, as shown in Figs. 3(b) and 3(c). It
may suggest that more excess Ca atoms were segregated as
impurity phases as the Mn concentration increased. The
XMCD spectra were obtained as the differences of the XAS
spectra, u*—pu~, where " and ™ denote the XAS spectra
measured with right-handed and left-handed circularly polar-
ized light, respectively. The XMCD spectra have been nor-
malized to the peak height of the corresponding XAS spec-
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FIG. 4. Concentration dependence of (a) XAS and (b) XMCD
spectra at the Ru M, 5 edges. The spectra have been normalized in
the same way as the Mn L, 3. The measurements were performed at
20 K under a magnetic field of 2 T.

tra. The XMCD signal for x=0.5 was the strongest among
the studied concentrations, which is consistent with the mag-
netization measurements shown in Fig. 1. The sign of the
Ru M, ; XMCD signal was opposite that of the Mn L, ;
XMCD, indicating that the direction of the Ru 4d magnetic
moment is opposite that of the Mn 34 magnetic moment.

Quantitatively, the spin and orbital magnetic moments of
the Mn and Ru atoms were estimated as follows by using the
XMCD sum rules:!”!8

4J (u" = p)dw
Ly+Lo[My+M5]
Mopig=— 7 (10-N,),

3
f (1" + p)dw
La+Ly[M3+M,]

Mg+ TM 1

2] (0" = p)do— 4f (M= p)do
Ly[M;] Ly[M)]

f (1" + pw)dw
La+Ly[M3+M5]

X(10-N,).

Here, Mwia and Mgy, are the orbital and spin magnetic
moments in units of wg/atom, respectively. The magnetic
dipole moment M; was neglected for simplicity because it
was estimated to be small (less than 1% of My,) in the
ligand-field theoretical calculation of 3d tradition elements.'?
N, is the d electron occupation number, which was assumed
to be 3 to 4 both for Ru 4d and Mn 3d. The XAS spectra in
Fig. 2 indicate a mixed-valence state of 3+ and 4+, which
implies that the N; of Mn is intermediate between 3 and 4.
Because one cannot precisely estimate the valence of Mn
from the XAS spectra, M and Mgy, were calculated
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FIG. 5. Spin and orbital moments of the (a) Mn and (b) Ru
atoms as functions of Ru concentration x. N; of Mn is assumed to
be 4, 3.5, and 3 in the calculations using the sum rules. (c) The total
magnetic moment from XMCD has been derived as described in the
text. Filled and empty symbols show results with and without a
correction factor, respectively.

using the sum rule under different assumptions of N (Mn)
=3, 3.5, and 4. As for Ru, we assume Ny(Ru)=[(3+x)
—(1-x)N4(Mn)]/x.

Figures 5(a) and 5(b) show the concentration dependence
of M yypicar and M g,ip, of Mn or Ru, in units of ug/f.u. One can
see that M ;i 1s only 0.01 upg/f.u. for Ruand 0.03 wp/f.u.
for Mn at x=0.5. The small M ;. is consistent with the
Mn** state.?” M, for both elements linearly increases with
decreasing Ru concentration.

Figure 5(c) shows the concentration dependence of the
total magnetic moment calculated from M i, and M. In
the case of x=0.5 and Ny (Mn)=3.5, the Mn and Ru spin
moments were estimated to be 0.58 and —0.51 up/f.u., re-
spectively. Therefore, the total magnetic moment was esti-
mated to be 0.07 wp/f.u. However, the magnetic moment of
Mn calculated using the sum rules contained an error due to
the L,-L; mixing. Teramura et al.'® discussed this problem
and derived correction factors for various transition metals.
Because the correction factor for Mn3* was not reported, the
correction factors for Mn** (0.587) have been used here.
Therefore, the total magnetic moment per f.u. is estimated to
be 0.48uz [=(0.58/0.587)-0.51]. A wide-range scan of
x-ray photoemission spectroscopy measurements indicated
that Ca concentration increased with Mn concentration. It is
possible that the decrease in total magnetic moments in our
film was caused by this nonstoichiometry.

C. Valence-band hard x-ray photoemission spectroscopy
and O 1s x-ray absorption spectroscopy

Figure 6 shows a combined plot of the valence-band
HXPES spectra and the O 1s XAS spectra of CMRO
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FIG. 6. Combined plot of the valence-band HXPES spectra and
the O 1s XAS spectra of CMRO (x=1.0,0.75,0.5).

(x=1.0,0.75,0.5), representing the electronic state below
and above Er. The position of the Fermi level of the HXPES
and XAS spectra has been determined by the Au 4f positions
for each measurement. The HXPES and XAS spectra have
been normalized to the intensity of the O 2p and Ca 3d
bands, respectively.

The intensity of the structure near Er in the HXPES spec-
tra decreased as the concentration of Ru decreased. At the
same time, the intensity of the structure near Ej in the XAS
spectra increased as the Mn concentration increased. These
structures are attributed to the Ru 4d 1,, states because the
previous band-structure calculations?’:?? and photoemission
measurement® on CRO have indicated that the Ru 4d 1,,
states are located near E. The occupied Ru 4d states were
more clearly observed than in the previous study,?® which
implies that we succeeded in measuring a dominantly bulk
electronic structure. The band between —8 and -3 eV is
mainly composed of O 2p states. The peak intensities of the
two peak structures between around —5 and -8 eV changed
with the Ru concentrations. These peaks can be assigned to
the Ru-O (-5.5 eV) and Mn-O (=7 eV) bonding states. This
assignment was made based on the cross sections of the
Ru 4d and Mn 3d orbitals, which are relatively larger than
those of the O 2p orbitals for the high photon energy hv
=3.5 keV. On the other hand, the peak intensity at around
-3 eV did not depend on the Ru/Mn ratio and, thus, can be
assigned to O 2p nonbonding states. These peak positions
were consistent with the previous report.> The intensity of
the structure at around —2.5 eV increased as the Mn concen-
tration increased. Hence, the structure can be attributed to
Mn 3d t,, up-spin states by a comparison to the previous
calculation.’* By the same token, the peak structures at
around 0-2 eV above Ef can be assigned to the Mn 3d 1,,
down-spin and Mn 3d e, up-spin states. The concentration
dependence of the peak structure around 0-2 eV would be
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caused by the overlap between the hybridized O 2p-Ru 4d
states and the hybridized O-Mn 3d states.

IV. DISCUSSION

The antiferromagnetic coupling between the magnetic
moments of Mn and Ru observed by XMCD cannot be ex-
plained by the conventional double exchange mechanism,
which has been used to explain the ferromagnetism in the
Mn perovskite systems.>>?¢ Furthermore, the Ru spin mo-
ment increases with Mn concentrations. This indicates the
existence of Ru 4d-Mn 3d spin coupling. The concentration
dependence of XAS [Fig. 2(b)] shows that the change of the
Mn valence is very small. This implies that the double ex-
change model is inadequate for the CMRO system.

Instead, we consider that the antiferromagnetic coupling
can be explained by a model proposed for half-metallic
double perovskite systems, such as Sr,FeMoOy (Refs. 27 and
28) and A,CrWOg (A=Sr, Ba, and Ca),” at least in the Ru-
rich region. In the case of Sr,FeMoOg, the spin moments of
Fe and Mo are aligned in the antiparallel directions.*® The
Fe L, ; XAS spectra have implied that the Fe electrons are in
the localized trivalent states and that the Mo electrons are
itinerant.”” Recently, a similar mechanism has been proposed
for the ferromagnetism in the pyrochlore-type Tl,Mn,0-,3!
where the Mn atoms are in the Mn** state. These behaviors
are similar to the present CMRO case, where the Mn 3d 1,,
electrons are basically localized and the Ru 4d t,, electrons
are itinerant, as demonstrated by the photoemission spectra.
In addition, the proximity of the Ru 4d 1,, electrons in CRO
to ferromagnetism may enhance the ferromagnetic
instability.’

The electronic structure that induces the Mn-Ru antiferro-
magnetic coupling discussed above is schematically shown
in Fig. 7. The density of states is influenced by the
Mn 1,,-Ru 1,, hybridization. In order to explain the magnetic
coupling between the Mn and Ru atoms, we consider that the
hybridization between neighboring Mn and Ru atoms is im-
portant. Due to the Ru 4d-Mn 3d hybridization, the Ru 1,,
up-spin states are pushed up, while the Mn 1,, up-spin states
are pushed down. Consequently, the antiparallel spin polar-
ization at the Ru and Mn sites is induced due to the half-
filled Mn 1,, states; thus, the ferromagnetic coupling is in-
duced between the Mn atoms. The electronic structure
described above is important to realize the ferromagnetism in
CMRO despite the absence of ferromagnetism in both end
compositions. The success of the similar models to explain
the ferromagnetism in TI,Mn,0,; and CMRO may suggest
that the model is applicable to other ferromagnetic oxides of
complex perovskite type such as the Cu-Re perovskites.*
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alignment of the magnetic moments between the Ru and Mn atoms.
This model was used in Refs. 27-29 to describe the antiferromag-
netic coupling between Fe and Mo or between Cr and W in the
half-metallic double perovskites Sr,FeMoO; and Sr,CrWO;. The
inherent ferromagnetic instability of the Ru 4d ,, band in CaRuO;
may also contribute in order to stabilize the ferromagnetic spin
polarization in CMRO.

V. CONCLUSION

We have performed XAS and XMCD studies on epitaxial
thin films of CaMn;_,Ru,O; grown by the PLD method. The
Mn L, 5 and Ru M, ; XMCD spectra indicated that the or-
bital magnetic moments on Mn and Ru were almost
quenched and that the spin moments of Mn and Ru were
aligned in the antiparallel directions. Therefore, we consider
that the small total magnetic moment of CaMn;_,Ru,O5 re-
sults from the cancellation of the Ru and Mn spin moments.
The O Is XAS and valence-band HXPES indicate a clear
concentration dependence of the valence-band structures that
originated from the Ru 4d and Mn 3d states near Ej.

Our results do not exclude the double exchange model as
a possible mechanism of ferromagnetism in CMRO. Never-
theless, the Ru spin moment increases with Mn concentra-
tions, clearly indicating a Ru 4d-Mn 3d spin coupling. On
the other hand, the present results can be explained by a
model analogous to that proposed for the half-metallic
double perovskite systems.?’"2° We suggest that the antipar-
allel coupling of the spin moments between the Mn 3d and
Ru 44 electrons and, hence, the ferromagnetic coupling be-
tween the Mn 3d electrons in CaMn;_,Ru,O5 are the origin
of the ferromagnetism.
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