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Magnetism of an ultrathin Mn film on Co „100… and the effect of oxidation studied
by x-ray magnetic circular dichroism

Yoshiki Yonamoto, Toshihiko Yokoyama,* Kenta Amemiya, Daiju Matsumura,
and Toshiaki Ohta

Department of Chemistry, Graduate School of Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, J
~Received 28 November 2000; published 2 May 2001!

The electronic and magnetic structures of a Mn ultrathin film grown on a 3-ML~monolayer! Co film have
been investigated during stepwise oxidation by means of OK-, Mn L III,II -, and CoL III,II -edge x-ray-absorption
spectroscopy and MnL III,II -, and CoL III,II -edge x-ray magnetic circular dichroism~XMCD!. Without O2,
strong interaction between the Mn and Co 3d orbitals was suggested and Mn-Co ferromagnetic coupling was
confirmed. We observed significant suppression of thed hole number and the spin and orbital moments of Co
after Mn deposition compared to those before Mn deposition. These findings imply that the Mnd electrons are
transferred to the minority-spin levels of Co. At 0.5-L~Langmuir! O2 exposure, the spin and orbital moments
of Co do not change noticeably, while the MnL III,II -edge XMCD almost completely vanishes. After 5.5-L O2

exposure, an antiparallel spin alignment between Mn and Co was observed. The estimated orbital moments of
Mn is reduced from 0.06~before oxidation! to ,0.005mB ~after oxidation!. It is concluded that unoxidized Mn
is in thed51d6 state while oxidized Mn is in thed5 high-spin state. Such variance of the electron configuration
of Mn can explain the unusual magnetic properties. Antiferromagnetic coupling between Co and oxidized Mn
may originate from thed5 high-spin configuration of Mn rather than from the superexchange interaction
between Mn and Co via the O atom.

DOI: 10.1103/PhysRevB.63.214406 PACS number~s!: 87.64.Ni, 61.10.Ht, 75.70.Ak
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I. INTRODUCTION

Thin 3d transition-metal films often show enhanced ma
netic moments compared to those in bulk materials1,2

Among them, ultrathin Mn films have been of interest b
cause Mn forms an ideally two-dimensional surface al
and the magnetic property is considered to affect geome
structure strongly. During the last decade, many experim
tal and theoretical studies have been performed
order to clarify the relation between the magnetism a
structure of the Mn films such as Mn/Cu~100!,3–11

Mn/Cu~110!,12,13 Mn/Cu~111!,14 Mn/Ni~100!,10–12,15,16

Mn/bcc-Fe~100!,2,12,17–30 Mn/fcc-Co~100!,6,31–35 and Mn/Pt
~111!.36 These investigations suggest that the 0.5-ML~mono-
layer! Mn film deposited at room temperature forms
c(232) substitutional alloy,3–5,10,11,16,21,34,35where half of
the outermost layer of the substrate is substituted by Mn

Although the formation of the surface alloy has been o
served for many other systems such as Au/Cu~100! and Pd/
Cu~100!, the Mn surface alloy exhibits considerably larg
buckling. LEED ~low-energy electron diffraction! experi-
ments indicated that the amounts of the buckling are 0
and 0.25 Å for Mn/Cu and Mn/Ni, while they are 0.10 an
0.02 Å for Au/Cu and Pd/Cu, respectively.7 Such a large
difference cannot be explained only by the variance of
atomic radii, so that the magnetic property of Mn should
taken into account.

A theoretical study concerning the relation between str
ture and magnetism revealed that the driving force for
large surface buckling is the enhancement of the Mn m
netic moment.7 Recently, O’Brien and Tonner comparative
investigated the Mn films grown on Cu~100! and Ni~100!.10

They observed a large buckling on both the substrates, w
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the ferromagnetic alignment in the Mn film was found on
on Ni, indicating that the large structural change cannot
attributed to the ferromagnetic alignment. They also fou
an enhancement of the Mn magnetic moment caused by
localization of the Mn 3d orbital for both Mn/Cu and Mn/Ni.
It was concluded that Mn is in the high-spin~HS! d5 state
and that the buckling originates from the increasing atom
radii of Mn due to the change in electronic structure.

An attractive subject was whether the magnetic mom
of the Mn film is parallel or antiparallel with respect to th
of the substrate and what kind of mechanism works
the magnetic coupling. Many investigations usin
XMCD12,17,20,22 ~x-ray magnetic circular dichroism!, spin-
resolved x-ray photoelectron spectroscopy,25 spin-polarized
electron energy-loss spectroscopy,24 and theoretical
calculations18,21,30for Mn/Fe films showed an antiferromag
netic coupling, whereas Andrieuet al. found ferromagnetic
interaction.26 O’Brien, Zhang, and Tonner also suggest
that the Mn/Co film shows ferromagnetic coupling.6,31 On
the other hand, Nogueraet al. obtained no ferromagnetic so
lutions in their calculations using a tight-bindin
Hamiltonian.32

These discrepancies between experiments can now be
plained by the effect of oxidation. Recent XMCD studies
both the Mn/Fe~Ref. 29! and Mn/Co~Ref. 33! films indi-
cated that observed antiferromagnetic coupling between
and Fe~or Co! is just due to oxidation of the Mn films
Although ferromagnetic coupling was observed just after
deposition, the magnetic coupling was found to be rever
as oxidation of the Mn film proceeded. They concluded t
antiferromagnetic Mn-Co interaction originates from MnO
while ferromagnetic Mn-Co interaction is attributed to ba
Mn. It is interesting that in the Mn/Co and Mn/Fe films th
Mn-Mn interaction is ferromagnetic not only for MnO bu
©2001 The American Physical Society06-1
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YOSHIKI YONAMOTO et al. PHYSICAL REVIEW B 63 214406
also for bare Mn, because the bulk MnO and Mn metal
both antiferromagnets. Andrieuet al.29 suggested that anti
ferromagnetic Mn-Co coupling originates from supere
change interaction via oxygen atoms, although the mec
nism of the magnetic coupling has not yet been underst
because of the lack of detailed electronic and structural
formation. It can be expected that the change in the
electronic configuration due to oxygen exposure causes
magnetic coupling reversal. The magnetic and electro
properties of the Mn film and the effect of oxidation deserv
much more attention.

Stimulated by these investigations, we have in the pres
work studied O21Mn/Co/Cu~100! by means of OK-, Mn
L III,II -, and Co L III,II -edge x-ray-absorption spectrosco
~XAS! and XMCD techniques. The aims of the present stu
are as follows. First, we will confirm the reversal of th
magnetization of Mn films by oxidation by measuring t
Mn L III,II -edge XAS and XMCD spectra before and aft
oxygen exposure. This is a reexamination of the previ
studies.29,33 Second, we will investigate the change of ele
tronic and magnetic properties of Co between before
after Mn deposition by recording the CoL III,II -edge XAS and
XMCD spectra as well. In the previous studies,29,33 the Co
films employed might be too thick to detect any change.
chose Co thickness of 3 ML, which is thin enough to obse
the electronic change of the Co films. Third, by measur
the O K-edge XAS, we will identify the oxide specie
formed that could be dependent on the O coverage. Co
quently, from the observed XAS and XMCD spectra for t
Mn films, we will clarify the close correlation between ma
netism and electronic structure and will conclude that
variance of the 3d-electron number of Mn causes these u
usual magnetic properties.

II. EXPERIMENTS

A Mn ultrathin film was prepared on a Co thin film grow
on a Cu~100! single crystal according to the following pro
cedure. The Cu~100! substrate was cleaned by repeat
cycles of Ar1 ion bombardment and annealed at 920 K in
ultrahigh vacuum chamber. Sample annealing was perfor
by electron bombardment from the rear side of the cry
and the temperature was monitored with a chromel-alu
thermocouple. No contamination was observed by XAS a
the order of the surface was confirmed by reflection hi
energy electron diffraction~RHEED!. A 3-ML Co film was
grown at 300 K on Cu~100! by evaporation from a resistivel
heated Co wire. The morphology and growth mode w
monitored byin situ RHEED observation. Distinct oscilla
tions were observed up to 3 ML, confirming the layer-b
layer growth of a fcc Co film. An ultrathin Mn film was
subsequently grown at the substrate temperature of 300 K
resistively heating a W cage containing small Mn fraction
The Mn coverage was chosen to be (0.460.1) ML.

The structure of the film and the deposition rate of M
had been checked in another ultrahigh vacuum cham
equipped with LEED optics prior to the spectroscopic e
periment. After the Mn evaporation, ac(232) LEED pat-
tern with a little higher background was observed, this be
21440
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consistent with the previous report.34 A little higher back-
ground is possibly attributed to the formation of small M
islands. We estimated the deposition rate of Mn by assum
that the 0.5-ML Mn film gives the sharpestc(232) LEED
pattern. Only a (131) LEED pattern originating from the
substrate could be observed after oxygen exposure.

All the spectroscopic measurements were performed
the beamline 11A of the Photon Factory in the Institute
Materials Structure Science, High Energy Accelerator R
search Organization~KEK-PF!.37–40 We employed x rays
with a positive helicity by setting the slit 0.460.1 mrad
above the synchrotron orbit plane. The circular polarizat
factor was estimated to bePc50.60 by measuring the tota
electron yield CoL III,II -edge XMCD spectra of bulk Co pre
paredin situ. All the spectra of the thin Mn/Co films were
recorded in a partial electron yield mode using a detec
consisting of a 25-mm diameter microchannel plate~MCP!
and two Au-coated W grids that were placed just below
sample. Retarding voltages~2400,2450, and2500 V for O
K, Mn L, and CoL edges, respectively! were applied to the
second grid~closer to the MCP!, while the first one was
grounded.

The XMCD spectra were obtained by reversing the m
netization of the film leaving the helicity of the incident
rays unchanged. Since the Co films investigated here
known to be magnetized along the surface plane,33 the
grazing-incidence~u530° or 150°! XMCD spectra were re-
corded. Hereu is the angle between the magnetization a
the x-ray wave vector. In this paper, XMCD is defined as
difference between two spectra with the photon helicity p
allel (s1) and antiparallel (s2) to the majority spin of the
sample, while XAS is given by (s11s2)/2. The saturation
effect originating from the self-absorption of x rays41 is neg-
ligible for the thin film investigated here.

III. RESULTS AND DISCUSSION

A. Co L III,II -edge XMCD

Figure 1 shows the CoL III,II edge circularly polarized and
XMCD spectra of a 3-ML Co film, taken before and after th
deposition of 0.4-ML Mn. Although the features of the ci
cularly polarized spectra were almost unchanged by
deposition, a considerable decrease in the peak intens
was observed especially at theL III edge; when the average
taken between thes1 and s2 spectra in Fig. 1, the maxi
mum absorption at theL III edge is;4.09 before Mn deposi-
tion and reduced to;3.92 after Mn deposition. Since th
peak intensity is proportional to the 3d hole number, this
implies a decrease in the Co 3d hole that can be attributed t
electron transfer from Mn toward Co. Moreover, theL III
peak of the spin antiparallel spectrum (s2) shows a larger
decrease~the maximum absorption is reduced from;4.49–
;4.21!, while thes1 spectrum changed slightly~the maxi-
mum absorption is reduced from;3.69–;3.63!, suggesting
that only the Co 3d minority-spin~↓! hole decreases by Mn
deposition. This can be interpreted to mean that the~↓! elec-
trons of Mn are transferred to the Co~↓! hole. Since the
magnetic moment of Co originates from the unpaired 3d ~↑!
6-2
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MAGNETISM OF AN ULTRATHIN Mn FILM ON . . . PHYSICAL REVIEW B 63 214406
electrons and is limited by the number of 3d holes, this
charge transfer causes a large decrease in the CoL III,II -edge
XMCD intensity.

For quantitative discussion, the number ofd holes nd
must be known. This can be estimated from the integra
intensity of the XAS white line. Since the saturation effe
~self-absorption effect! of bulk Co cannot be neglected, th
spectra were modified by assuming infinite thickness of b
Co and the electron escape depth of 25 Å.41 By using nd
52.50 for bulk Co,42 we obtainednd52.39 and 2.21 for Co
films before and after Mn deposition, respectively. This d
crease clearly supports the charge transfer described ab
The results of the numerical analyses using the w
established sum rules43–45 are summarized in Fig. 5~shown
later!, which confirm the decrease in both the spin and orb
magnetic moments of Co due to Mn deposition.

Similar spin moment changes caused by charge tran
have also been reported for other thin metal films. Rec
studies on Ni/Co systems, where the electron transfers f
Co to Ni, have revealed the enhancement of the spin
ments for Co.46,47 On the contrary, theoretical studies fo
Mn/Co and Mn/Fe have shown suppression of the mome
of the substrates,2,32,48in accordance with our finding. As fo
the orbital moment, the situation is different. The orbital m
ment is usually strongly dependent on environment, so
simple discussion cannot be applied. It is safe to rem
however, that Mn is a strong magnetic killer for th
substrate.2,32,48

Next, the Mn/Co film was dosed with 0.5- and subs
quently 5.0-L O2. We found slight changes in the C
L III,II -edge XMCD spectra, consistent with the previo
work.33 Both the spin and orbital moments are almost u
changed after 0.5-L O2 exposure, but slightly decrease aft
5.5-L O2, as shown later in Fig. 5. Taking into considerati

FIG. 1. ~a! and~b! Co L III,II -edge circularly polarized spectra o
3-ML Co film before and after Mn deposition. Solid lines and op
circles, respectively, correspond to the spin antiparallel (s2) and
parallel (s1) spectra~a! before and~b! after Mn deposition.~c! Co
L III,II -edge XMCD spectra taken before~solid line! and after~open
triangles! Mn deposition.
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the fact that bulk cobalt oxide is an antiferromagnetic ma
rial, the Mn film should preferably be oxidized prior to th
Co substrate, and excess oxygen subsequently reacts wit
around 5.5-L exposure.

B. Mn L III,II -edge and OK-edge XAS

Figure 2 shows the MnL III,II -edge XAS spectra taken
with increasing O2 exposure~0, 0.5, and 5.5 L!, together with
that of bulk Mn. The XAS peak intensity for bare Mn@Fig.
1~a!# is much larger than that of bulk, which implies a si
nificant difference in the electronic configuration betwe
the film and bulk Mn. In order to investigate the electron
structure of the Mn film, we estimate the branching ratio
the Mn L III,II -edge XAS spectra.5,12,49,50Here the branching
ratio is defined byRB5(*L III )/(*L II1*L III ), where *L II
and *L III are the integrated intensities of theL II and L III
white lines, respectively, obtained after subtracting the ba
ground. We estimated the error forRB to be less than 0.05.

As indicated in Fig. 2, the estimatedRB for the Mn film is
0.79 before O2 exposure@Fig. 2~a!#, which is consistent with
the previous study for Mn/Cu~100!.12 RB for a nearly half
filled 3d shell such as Mn is strongly influenced by electr
static interaction and is very sensitive to the change in e
tronic structure. In fact, it reaches the maximum value
;0.8 for thed5 high-spin ~HS! state,49 while it is 0.73 for
bulk Mn (d51d61d7).51 Accordingly, the RB value ob-
tained here~0.79! suggests that the electronic configurati
of the bare Mn film is close to thed5 HS state. This can be
explained by the strength of interaction between Mn atom
For bulk, the electronic configuration isd51d61d7 and the
RB is smaller due to strong Mn-Mn interaction.51 In the case
of the present film, the Mn-Mn interaction is considerab
weaker and the Mn 3d orbital is more localized because o
the c(232) structure,4 leading to a nearly d5 HS
state.29,33,50,52,53This interpretation is supported by the fa
that vapor Mn with no interaction shows characteristics o
pure d5 HS state.52 The observed XAS line shape is, how
ever, broader than that of vapor Mn.52 This can be attributed

FIG. 2. Mn L III,II -edge XAS spectra taken with increasing ox
gen exposure, together with the Mn21 high-spin~HS! atomic calcu-
lation. The bulk Mn spectrum is also shown for comparison.
6-3
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YOSHIKI YONAMOTO et al. PHYSICAL REVIEW B 63 214406
to strong Mn-Co interaction that makes Mn 3d states itiner-
ant, indicating that the electron number is slightly larger th
five.

After exposure to 0.5-L O2, the MnL III,II -edge XAS spec-
trum @Fig. 2~b!# shows some multiplet peaks, narrowing
peaks, and a small increase inRB ~to 0.8!. This implies that
the Mn 3d orbital is more localized and closer to a pured5

HS state compared to the bare Mn film. Moreover, the
L III,II -edge XAS for 5.5-L O2 @Fig. 2~c!# shows excellent
agreement with the calculated spectrum for atomic Mn21

with thed5 HS state,51–54 implying that there is little Mn-Co
hybridization and MnO is dominant.

In order to obtain information on the oxidation state, w
measured the OK-edge XAS spectra. They are shown in F
3, together with those for bulk MnO and CoO films, a
oxygen adsorbed on Co~100! ~O/Co! for comparison.55 It is
known that the XAS spectra of 3d transition-metal oxides
exhibit double peaks labeled (A8) and (B8) for MnO in Fig.
3.56–58 The former~A! or (A8) is attributed to the transition
to the hybridized orbital between O 2p and metal 3d, while
the latter~B! or (B8) originates from O 2p and metal 4sp.
Peak~B! was not observed for O/Co because the spect
was measured with grazing x-ray incidence and the transi
moment for peak~B! is nearly parallel to the surface plane.59

As can be seen in Fig. 3, a small O-K XAS signal was
observed even at 0-L oxygen~as deposited!. This may be
mainly due to residual CO in the UHV chamber as pre
ously pointed out.29,33 The presence of peaks (A8) and (B8)
means that a small part of Mn is already oxidized to Mn
Note that other Mn oxides such as Mn2O3 and MnO2 show
no peaks around these energies.56–58 After the 0.5-L oxygen
exposure, peaks (A8) and (B8) can clearly be observed
while peak~A! does not appear. This also implies that on
MnO is present and the Co film is not yet oxidized. Peak~A!
appears only after 5.5-L O2 exposure, the energy of which i
identical to that of O/Co. The oxidation state of Mn is co

FIG. 3. ~a! O K-edge XAS spectra of CoO, oxygen adsorbed
Co ~O/Co! and MnO.~b! O K-edge XAS spectra of Mn/Co~0-L
O2!, 0.5-L O21Mn/Co, and 5.5-L O21Mn/Co.
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sidered to be divalent because of the presence of peaksA8)
and (B8), consistent with the results of the MnL III,II -edge
XAS spectra.

C. Induced moment on Mn

The Mn L III,II -edge XMCD spectra are shown in Fig.
where one can clearly find significant changes caused
oxygen exposure. For 0-L O2, the XMCD shows a negative
sign at theL III edge. Although a theoretical study for Mn/C
indicates that the magnetic moment of Mn is antiparallel
that of substrate Co,32 the observed XMCD spectrum clearl
implies ferromagnetic coupling between the Mn and
films. After 0.5-L O2 exposure, the XMCD almost com
pletely vanished. Moreover, a clear XMCD signal with a
opposite sign reappeared by subsequent exposure to fu
5.0-L O2 ~5.5 L in total!. These observations are all consi
tent with the previous experimental works on the Mn/C
system by O’Brien, Zhang, and Tonner,6,31,33and are also in
good accordance with the ones on the Mn/Fe system.29 In
Fig. 4, the MnL III,II -edge XMCD spectrum from the Mn21

d5 HS atomic calculations50,52–54 is also depicted, which
agrees well with that for 5.5-L O2. This confirms that MnO
is formed at 5.5-L O2 exposure. It is concluded that th
Mn/Co film ~corresponding to 0-L O2! shows ferromagnetic
Mn-Co coupling, while the MnO/Co case~5.5-L O2! shows
antiferromagnetic Mn-Co interaction. As for 0.5-L O2, where
the XMCD signal vanishes, it is appropriate to recognize t
half of the Mn film is oxidized and the XMCD signal of th
MnO film is canceled with that of unoxidized Mn. In fac
similar disappearance of the XMCD signal was reported
Mn/Fe and the ratio of oxygen with respect to Mn was fou
to be 0.5 when the XMCD signal vanishes.29

Although the reason for the reversal of the magnetic c
pling has been an open question, Andrieuet al. attributed it
to the superexchange Mn-Co interaction via oxygen atom29

Both MnO and CoO are typical antiferromagnetic materi
with rocksalt structure. They show a parallel spin alignme
within the ~111! plane, while the magnetic moment of eac
layer aligns antiferromagnetically. Accordingly, the couplin
between Mn and Co should be antiparallel if the Mn-O-C
bond were formed and the surface should show a~111! facet.
In such a situation, however, a considerable change in the
L III,II -edge XMCD spectra should be observed because of

FIG. 4. Mn L III,II -edge XMCD spectra taken with increasin
oxygen exposure, together with the Mn21 HS atomic calculation.
6-4
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MAGNETISM OF AN ULTRATHIN Mn FILM ON . . . PHYSICAL REVIEW B 63 214406
Co-O bond formation as well as the Mn-O one. This cont
dicts our present observation as described above. We
thus propose here that the reversal of the magnetic coup
is caused by the change in Mn electronic structure~the d5

1d6 state to ad5 HS state! rather than by the superexchan
Mn-O-Co interaction. A detailed discussion will be give
below after obtaining the spin and orbital moments of
and Mn. It should also be noted here that the appearanc
Mn L III,II -edge XMCD signals means that the Mn-Mn co
pling in both the Mn and MnO films is ferromagneti
whereas it is antiferromagnetic in the bulk. For bulk Mn, t
antiferromagnetism originates from strong interaction
tween Mn atoms.21,30 On the contrary, the Mn and MnO
films have only weak Mn-Mn interaction because of a long
Mn-Mn distance and a smaller coordination number. The
fore, Mn-Co interaction could induce ferromagnetic coupli
between Mn atoms for both the bare and oxidized Mn film

In order to clarify the mechanism of the magnet
moment reversal, we performed a numerical analysis for
spin and orbital moments on Mn. Unfortunately, the us
spin sum rule44,45 cannot be applied directly to the M
L III,II -edge XMCD spectra because of overlap of the 2p3/2
and 2p1/2 levels~jj coupling!. Although the previous study33

ignored the coupling, this should be important because
spin sum rule is rigorously correct in the case of nojj cou-
pling. It was suggested that the sum rule considerably un
estimates the spin magnetic moment on Mn due to signific
jj coupling.60 The spin moment obtained by using the usu
sum rule should thus be multiplied by a compensation fac
x. Previous studies12,60 indicatex;1.5.

Another problem is that the sum rule analysis require
standard sample with known moments. Bulk Mn is, howev
an antiferromagnetic material and there is no adequate s
dard for Mn. Therefore, we utilize the transferability ru
proposed by Samantet al.61 The spin moment derived from
the sum rule44 can be expressed as

CuM pdu2ms5E L III 22E L II , ~1!

whereC is the constant depending on the angular mome
of the p and d shells.M pd and ms are the radial transition
matrix element and the spin magnetic moment, respectiv
The equation can be rewritten by using compensation fa
x:

ms5
x

C* S E L II22E L II D , ~2!

whereC* 5CuM pdu2 andx;1.5.12,60According to the trans-
ferability rule,61 M pd is transferable for atoms with simila
atomic numbers and one can assume thatC* for Mn is al-
most identical to that for Co. SinceC* can be easily esti-
mated from a bulk Co spectrum, one can determine the
spin magnetic moment. The orbital magnetic moment can
described as well:

ml5
1

B* S E L III 1E L II D . ~3!
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Again assuming thatB* is the same for Mn and Co, one ca
obtain bothms andml . In the present case, bare Mn is dom
nantly in thed5 HS state and MnO is purely in thed5 HS
state. This indicates that the transferability rule can be si
larly applied to both phases with similar accuracy.

The obtained values forms andml are indicated in Fig. 5.
The sign ofms for the MnO film ~5.5-L O2! is opposite to
that for the Mn film~0-L O2!, as mentioned above. As for th
size of the magnetic moment, Nogueraet al.32 predicted
theoretically thatms for the Mn film is ;3mB , which is
significantly larger than our result. One possible reason
this difference can be found in the structure of the Mn fil
They calculated with the assumption that Mn does not fo
an alloy with Co but grows as a complete monolayer fil
while our LEED pattern supports the alloy formation. W
cannot rule out, however, the possibility of an island form
tion. Because bulk Mn is an antiferromagnet, the isla
formation3 should reduce the spin momentms observed as an
average over the whole Mn film. Another possible reason
the oxidation as mentioned above. Since the magnetic
ment of MnO is opposite to that of Mn, even a small amou
of oxidation greatly affects the observedms value. More-
over, it must be taken into account that the XMCD spec
were measured at 300 K, which might be too high for t
film to be magnetically saturated.

As for the orbital moments, it should be emphasized t
ml for the Mn film ~0-L O2! is 0.06mB , while it is quite
small (;0.005mB) for the MnO film ~5.5 L!. Note that these
values are possibly underestimated as mentioned above
cording to the Hund rule, the orbital angular momentu
should be parallel to the spin angular momentum if thed
subshell is occupied by more than five electrons, whileml
should be zero in a pured5 state. Therefore, the positiveml
value for the Mn film implies that the electron configuratio
is not pured5 but is mixed withd6. In contrast, the MnO
film seems to be almost in a pured5 state. The spectra
shapes of XAS also suggest the difference in electro
structure between the Mn and MnO films; rather broad pe

FIG. 5. Results of the numerical analyses of magnetic mome
~in units of mB! for Co and Mn films, together with reference va
ues. Experimental and analytical errors were estimated and th
sultant total error bars containing inaccuracy of the transferab
rule are given.
6-5
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were observed for Mn due to hybridization with Co, where
the XAS for MnO showed sharper peaks because of the
crease in hybridization.

Many previous studies showed that Mn couples ferrom
netically with Fe or Co hosts, while Cr shows antiferroma
netic coupling.2,62–64 This is explained as follows. In early
transition metals such as Mn, the 3d states are located a
higher energies than those of Fe or Co because the nu
charge pulls 3d electrons stronger in later transition meta
The minority-spin~↓! levels in Fe or Co are more unstab
than the majority one~↑! due to the exchange splitting
Therefore, the~↓! electrons in Fe or Co can be hybridize
more significantly with the electrons of early transition-me
atoms, leading to antiferromagnetic coupling. If the guest
late transition metal, the situation is reversed and ferrom
netic coupling is preferred. The reversal of magnetic co
pling occurs between Mn (nd;6) and Cr (nd;5).48 In the
present case, the electron configuration of the bare Mn
corresponds tond.5, leading to ferromagnetic coupling. O
the contrary, the Mn atom of the MnO film is in the pured5

state (nd55) and could show antiferromagnetic coupling
do early transition metals withnd,5. Consequently, we can
remark that the reversal of the Mn magnetic moment up
oxygen exposure should be derived from the change in
electronic configurations from thed51d6 state tod5, rather
than Mn-Co superexchange interaction via oxygen.

IV. CONCLUSIONS

We have studied the magnetic behavior of a Mn ultrat
film grown on a Co~100! surface with increasing oxyge
exposure by using XAS and XMCD. It was found that th
magnetic moment on Co is significantly reduced by M
deposition. This is attributed to hybridization between C
and Mn 3d orbitals. The Mnd electrons are transferred to th
21440
s
e-

-
-

ar
.

l
a
g-
-

m

n
e

n

minority-spin levels of Co. The Mn film showed ferromag
netic coupling with the substrate and a considerable cha
was observed in the electronic configuration compared
bulk Mn. Oxygen preferably reacts with Mn and the Mn
film is formed, which is also ferromagnetic with other M
atoms but is antiferromagnetic to the Co substrate. Fe
magnetic Mn-Mn coupling in the Mn and MnO films implie
that Mn-Mn interaction is weaker compared to a bulk M
metal and that Mn-Co interaction is predominant.

We performed numerical analyses for the MnL III,II -edge
XMCD spectra by using the sum rule and the transferabi
rule. It was indicated that the electron configuration of t
bare Mn film is thed5 HS state with a little mixing ofd6,
while the MnO film shows a pured5 HS state. This change
in the electronic configuration should cause the reversa
the Mn magnetic moment upon oxygen exposure, rather t
superexchange interaction between Mn and Co via oxyg
The present study has revealed interesting magnetic pro
ties of the Mn film in the oxidation process and suggeste
close relation between magnetism and electronic config
tion. Proper quantitative structural investigations and m
refined theoretical calculations including oxygen are nee
for a more detailed discussion.
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