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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
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The electronic and magnetic structures of a Mn ultrathin film grown on a 3aMdnolayey Co film have
been investigated during stepwise oxidation by means &, n L, -, and ColL, , -edge x-ray-absorption
spectroscopy and M-, and Col,,-edge x-ray magnetic circular dichrois®XMCD). Without O,,
strong interaction between the Mn and Ca 8rbitals was suggested and Mn-Co ferromagnetic coupling was
confirmed. We observed significant suppression oftthele number and the spin and orbital moments of Co
after Mn deposition compared to those before Mn deposition. These findings imply that ttielgetrons are
transferred to the minority-spin levels of Co. At 0.5dLangmuipy O, exposure, the spin and orbital moments
of Co do not change noticeably, while the NIy, , -edge XMCD almost completely vanishes. After 5.5-b O
exposure, an antiparallel spin alignment between Mn and Co was observed. The estimated orbital moments of
Mn is reduced from 0.06before oxidationto <0.005ug (after oxidation. It is concluded that unoxidized Mn
is in thed®+ d® state while oxidized Mn is in thd® 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 thed® high-spin configuration of Mn rather than from the superexchange interaction
between Mn and Co via the O atom.
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[. INTRODUCTION the ferromagnetic alignment in the Mn film was found only
on Ni, indicating that the large structural change cannot be
Thin 3d transition-metal films often show enhanced mag-attributed to the ferromagnetic alignment. They also found
netic moments compared to those in bulk materidls. an enhancement of the Mn magnetic moment caused by the
Among them, ultrathin Mn films have been of interest pbe-localization of the Mn @l orbital for both Mn/Cu and Mn/Ni.
cause Mn forms an ideally two-dimensional surface alloylt was concluded that Mn is in the high-spiHS) d° state
and the magnetic property is considered to affect geometrignd that the buckling originates from the increasing atomic
structure strongly. During the last decade, many experimerfadii of Mn due to the change in electronic structure.
tal and theoretical studies have been performed in An attractive subject was whether the magnetic moment
order to clarify the relation between the magnetism anoOf the Mn film is parallel or an't|paraIIeI with respect to that
structure of the Mn films such as Mn/Ci90) 3 of the substrate and what kind of mechanism works on
Mn/Cu(110,1213  Mn/Cu(11D,*  Mn/Ni(100) 10-121516 the magnetic coupling. I\_/Iany inves_tigati_ons _using
' A 2.12,17-30 ’ 6.31.35 .. XMCD12172022 (x_ray magnetic circular dichroism spin-
Mn/bcc-F€100),7 Mn/fcc-Ca(100),> and Mn/Pt 3 . )
(111).% These investigations suggest that the 0.54¢Hono- resolved x-ray photoelectron spectrosc f))apln—polanz_ed
Iayeo. Mn film deposited at room temperatl.Jre forms aelectron energy-loss _ spectroscdfy, and _ theoretical
' G calculationd®2*%for Mn/Fe films showed an antiferromag-
c(2x2) substitutional alloy;1011:16:21.343%3yhere half of g

. ; netic coupling, whereas Andrieet al. found ferromagnetic
the outermost layer of the substrate is substituted by Mn. inieraction®® O'Brien, Zhang, and Tonner also suggested

Although the formation of the surface alloy has been ob+yhat the Mn/Co film shows ferromagnetic couplihdl On
served for many other systems such as Al00) and Pd/  the other hand, Noguekt al. obtained no ferromagnetic so-
Cu(100, the Mn surface alloy exhibits considerably large jutions in their calculations using a tight-binding
buckling. LEED (low-energy electron diffractionexperi-  Hamiltonian32
ments indicated that the amounts of the buckling are 0.30 These discrepancies between experiments can now be ex-
and 0.25 A for Mn/Cu and Mn/Ni, while they are 0.10 and plained by the effect of oxidation. Recent XMCD studies on
0.02 A for Au/Cu and Pd/Cu, respectivelySuch a large both the Mn/Fe(Ref. 29 and Mn/Co(Ref. 33 films indi-
difference cannot be explained only by the variance of thecated that observed antiferromagnetic coupling between Mn
atomic radii, so that the magnetic property of Mn should beand Fe(or Co is just due to oxidation of the Mn films.
taken into account. Although ferromagnetic coupling was observed just after the

A theoretical study concerning the relation between strucdeposition, the magnetic coupling was found to be reversed
ture and magnetism revealed that the driving force for theas oxidation of the Mn film proceeded. They concluded that
large surface buckling is the enhancement of the Mn magantiferromagnetic Mn-Co interaction originates from MnO,
netic moment.Recently, O'Brien and Tonner comparatively while ferromagnetic Mn-Co interaction is attributed to bare
investigated the Mn films grown on €100 and Ni(100.2°  Mn. It is interesting that in the Mn/Co and Mn/Fe films the
They observed a large buckling on both the substrates, whil®n-Mn interaction is ferromagnetic not only for MnO but
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also for bare Mn, because the bulk MnO and Mn metal areonsistent with the previous repdftA little higher back-
both antiferromagnets. Andrieet al?® suggested that anti- ground is possibly attributed to the formation of small Mn
ferromagnetic Mn-Co coupling originates from superex-islands. We estimated the deposition rate of Mn by assuming
change interaction via oxygen atoms, although the mechahat the 0.5-ML Mn film gives the sharpes{2x2) LEED
nism of the magnetic coupling has not yet been understoogattern. Only a (X 1) LEED pattern originating from the
because of the lack of detailed electronic and structural insubstrate could be observed after oxygen exposure.
formation. It can be expected that the change in the Mn All the spectroscopic measurements were performed at
electronic configuration due to oxygen exposure causes thiae beamline 11A of the Photon Factory in the Institute of
magnetic coupling reversal. The magnetic and electronidMaterials Structure Science, High Energy Accelerator Re-
properties of the Mn film and the effect of oxidation deservessearch OrganizatiotKEK-PF).3’~*® We employed x rays
much more attention. with a positive helicity by setting the slit 0#40.1 mrad
Stimulated by these investigations, we have in the presergbove the synchrotron orbit plane. The circular polarization
work studied @+Mn/Co/Cu100 by means of OK-, Mn  factor was estimated to ble.=0.60 by measuring the total
Ly~ and Co Ly, -edge x-ray-absorption spectroscopy electron yield Cd., , -edge XMCD spectra of bulk Co pre-
(XAS) and XMCD techniques. The aims of the present studyparedin situ. All the spectra of the thin Mn/Co films were
are as follows. First, we will confirm the reversal of the recorded in a partial electron yield mode using a detector
magnetization of Mn films by oxidation by measuring the consisting of a 25-mm diameter microchannel ple¢CP)
Mn L, -edge XAS and XMCD spectra before and afterand two Au-coated W grids that were placed just below the
oxygen exposure. This is a reexamination of the previousample. Retarding voltagés 400, —450, and—500 V for O
studies?®33 Second, we will investigate the change of elec-K, Mn L, and CoL edges, respectivelyvere applied to the
tronic and magnetic properties of Co between before angecond grid(closer to the MCR while the first one was
after Mn deposition by recording the @, -edge XAS and ~ grounded.
XMCD spectra as well. In the previous studf@s?the Co The XMCD spectra were obtained by reversing the mag-
films employed might be too thick to detect any change. Weetization of the film leaving the helicity of the incident x
chose Co thickness of 3 ML, which is thin enough to observeéays unchanged. Since the Co films investigated here are
the electronic change of the Co films. Third, by measuringnown to be magnetized along the surface pfénehe
the O K-edge XAS, we will identify the oxide species grazing-incidencgd=30° or 1509 XMCD spectra were re-
formed that could be dependent on the O coverage. Cons€orded. Heref is the angle between the magnetization and
quently, from the observed XAS and XMCD spectra for thethe x-ray wave vector. In this paper, XMCD is defined as the
Mn films, we will clarify the close correlation between mag- difference between two spectra with the photon helicity par-
netism and electronic structure and will conclude that theallel (o,) and antiparallel ¢ ) to the majority spin of the
variance of the @-electron number of Mn causes these un-sample, while XAS is given by, + o _)/2. The saturation
usual magnetic properties. effect originating from the self-absorption of x r&yss neg-
ligible for the thin film investigated here.

Il. EXPERIMENTS

A Mn ultrathin film was prepared on a Co thin film grown [ll. RESULTS AND DISCUSSION
on a C§100 single crystal according to the following pro-
cedure. The CU00 substrate was cleaned by repeated A Co Ly, -edge XMCD
cycles of Ar” ion bombardment and annealed at 920 K in an  Figure 1 shows the Cby,, edge circularly polarized and
ultrahigh vacuum chamber. Sample annealing was performe§MCD spectra of a 3-ML Co film, taken before and after the
by electron bombardment from the rear side of the crystafleposition of 0.4-ML Mn. Although the features of the cir-
and the temperature was monitored with a chromel-alumegularly polarized spectra were almost unchanged by Mn
thermocouple. No contamination was observed by XAS andleposition, a considerable decrease in the peak intensities
the order of the surface was confirmed by reflection highwas observed especially at thg, edge; when the average is
energy electron diffractioRHEED). A 3-ML Co film was  taken between the-, ando_ spectra in Fig. 1, the maxi-
grown at 300 K on C(1.00) by evaporation from a resistively mum absorption at the,, edge is~4.09 before Mn deposi-
heated Co wire. The morphology and growth mode werdion and reduced te~3.92 after Mn deposition. Since the
monitored byin situ RHEED observation. Distinct oscilla- peak intensity is proportional to thed3hole number, this
tions were observed up to 3 ML, confirming the layer-by-implies a decrease in the Ca $iole that can be attributed to
layer growth of a fcc Co film. An ultrathin Mn film was electron transfer from Mn toward Co. Moreover, thg
subsequently grown at the substrate temperature of 300 K byeak of the spin antiparallel spectruror () shows a larger
resistively heatig a W cage containing small Mn fractions. decreasdéthe maximum absorption is reduced fron%.49—
The Mn coverage was chosen to be (006L1) ML. ~4.21), while theo, spectrum changed slightighe maxi-

The structure of the film and the deposition rate of Mnmum absorption is reduced from3.69—~3.63, suggesting
had been checked in another ultrahigh vacuum chambehat only the Co 8 minority-spin(]) hole decreases by Mn
equipped with LEED optics prior to the spectroscopic ex-deposition. This can be interpreted to mean that(theslec-
periment. After the Mn evaporation, @2x2) LEED pat- trons of Mn are transferred to the Qg) hole. Since the
tern with a little higher background was observed, this beingnagnetic moment of Co originates from the unpaireld(3)

214406-2



MAGNETISM OF AN ULTRATHIN Mn FILM ON . .. PHYSICAL REVIEW B 63 214406

4l (a) |\ Before Mn deposition |

Intensity (Arb. units)
XAS Intensity (Arb. units)

AA 2

ﬁ§ Mn* HS
A

Y

a

(calculation)

640 o
Photon Energy (eV)

‘7‘70 780 790 800 810

Photon Energy (eV) FIG. 2. MnL,,,-edge XAS spectra taken with increasing oxy-

gen exposure, together with the Rinhigh-spin(HS) atomic calcu-
FIG. 1. (@ and(b) CoL-edge circularly polarized spectra of |ation. The bulk Mn spectrum is also shown for comparison.

3-ML Co film before and after Mn deposition. Solid lines and open
circles, respectively, correspond to the spin antiparatiel)(and  {he fact that bulk cobalt oxide is an antiferromagnetic mate-
parallel (o) spectraa) before andb) after Mn deposition(c) CO yi5| the Mn film should preferably be oxidized prior to the
Lu,i-edge XMCD spectra taken befofsolid line) and after(open g hstrate, and excess oxygen subsequently reacts with Co
triangles Mn deposition. around 5.5-L’ exposure.

electrons and is limited by the number ofl $oles, this
charge transfer causes a large decrease in the Goeedge
XMCD intensity. Figure 2 shows the M, ,-edge XAS spectra taken
For quantitative discussion, the number @fholesny  With increasing @exposurg0, 0.5, and 5.5 ), together with
must be known. This can be estimated from the integratethat of bulk Mn. The XAS peak intensity for bare MFig.
intensity of the XAS white line. Since the saturation effect1(a)] is much larger than that of bulk, which implies a sig-
(self-absorption effegtof bulk Co cannot be neglected, the nificant difference in the electronic configuration between
spectra were modified by assuming infinite thickness of bulkhe film and bulk Mn. In order to investigate the electronic
Co and the electron escape depth of 251,Z13y using ny structure of the Mn film, we estimate the branching ratio for
—2.50 for bulk Co"2 we obtainedhy=2.39 and 2.21 for Co the Mn L, -edge XAS spectra'?***°Here the branching
films before and after Mn deposition, respectively. This detatio is defined byRg=(fLy)/(SL;+ L)), where [L,
crease clearly supports the charge transfer described abowd [L, are the integrated intensities of thg and L,
The results of the numerical analyses using the wellWwhite lines, respectively, obtained after subtracting the back-
established sum rul&$“° are summarized in Fig. Bshown  ground. We estimated the error fBg to be less than 0.05.
laten), which confirm the decrease in both the spin and orbital As indicated in Fig. 2, the estimatd} for the Mn film is
magnetic moments of Co due to Mn deposition. 0.79 before @exposurdFig. 2(a)], which is consistent with
Similar spin moment changes caused by charge transféhe previous study for Mn/G@00).*? Rg for a nearly half
have also been reported for other thin metal films. Recenfilled 3d shell such as Mn is strongly influenced by electro-
studies on Ni/Co systems, where the electron transfers frorgtatic interaction and is very sensitive to the change in elec-
Co to Ni, have revealed the enhancement of the spin motronic structure. In fact, it reaches the maximum value of
ments for Cd'®*” On the contrary, theoretical studies for ~0.8 for thed® high-spin(HS) state}® while it is 0.73 for
Mn/Co and Mn/Fe have shown suppression of the momentbulk Mn (d®+d®+d7").5! Accordingly, the Rg value ob-
of the substrate$32*8in accordance with our finding. As for tained here(0.79 suggests that the electronic configuration
the orbital moment, the situation is different. The orbital mo-of the bare Mn film is close to th@® HS state. This can be
ment is usually strongly dependent on environment, so thatxplained by the strength of interaction between Mn atoms.
simple discussion cannot be applied. It is safe to remarkior bulk, the electronic configuration @&+ d®+d’ and the
however, that Mn is a strong magnetic killer for the Ry is smaller due to strong Mn-Mn interactidhin the case
substraté:3248 of the present film, the Mn-Mn interaction is considerably
Next, the Mn/Co film was dosed with 0.5- and subse-weaker and the Mn @ orbital is more localized because of
quently 5.0-L Q. We found slight changes in the Co the c(2x2) structure® leading to a nearlyd® HS
Lyn-edge XMCD spectra, consistent with the previousstate?*33°0>233This interpretation is supported by the fact
work.2® Both the spin and orbital moments are almost un-that vapor Mn with no interaction shows characteristics of a
changed after 0.5-L Qexposure, but slightly decrease after pure d® HS state’® The observed XAS line shape is, how-
5.5-L O,, as shown later in Fig. 5. Taking into consideration ever, broader than that of vapor MAThis can be attributed

B. Mn L, -edge and OK-edge XAS
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FIG. 3. (3) O K-edge XAS spectra of CoO, oxygen adsorbed onXAS Spectra.

Co (O/Co and MnO.(b) O K-edge XAS spectra of Mn/C¢-L
0,), 0.5-L O,+Mn/Co, and 5.5-L G+Mn/Co. C. Induced moment on Mn

The MnL,,,-edge XMCD spectra are shown in Fig. 4,
to strong Mn-Co interaction that makes Mul 3tates itiner- where one can clearly find significant changes caused by
ant, indicating that the electron number is slightly larger tharoxygen exposure. For 0-L the XMCD shows a negative
five. sign at thel ), edge. Although a theoretical study for Mn/Co

After exposure to 0.5-L § the MnL,, ,-edge XAS spec- indicates that the magnetic moment of Mn is antiparallel to
trum [Fig. 2(b)] shows some multiplet peaks, narrowing of that of substrate C# the observed XMCD spectrum clearly
peaks, and a small increaseRg (to 0.8. This implies that implies ferromagnetic coupling between the Mn and Co
the Mn 3d orbital is more localized and closer to a pute ~ films. After 0.5-L O, exposure, the XMCD almost com-
HS state compared to the bare Mn film. Moreover, the Mnpletely vanished. Moreover, a clear XMCD signal with an
Ly -edge XAS for 5.5-L Q@ [Fig. 2(c)] shows excellent OPPOsite sign reappeared by subsequent exposure to further
agfeement with the calculated spectrum for atomicMn 5.0-L OZ (5.,5Lin t.otab. Thesg observations are all consis-
with the d® HS state’s~*implying that there is little Mn-Co tent with the previous experimental Wosgks on the Mn/Co
hybridization and MnO is dominant. system by O'Brien, Zhang, and Tonrfet!*3and are also in

In order to obtain information on the oxidation state, Wegood accordance with the ones on the Mn/Fe sy§?em.

measured the B-edge XAS spectra. They are shown in Fig. Fég' 4, the ML, -edge XMSZC_E,)4 spectrum from the Mﬁ

. . d® HS atomic calculatior§ is also depicted, which
3, together with those for bulk MnO and CooO films, anda rees well with that for 5.5-L © This confirms that MnO
oxygen adsorbed on €00 (O/Co) for comparisor’® It is 9 '

K that the XAS tra. of Bt i tal oxid is formed at 5.5-L @ exposure. It is concluded that the
nown that the spectra orgstransition-metal oxXides ;. fiim (corresponding to O-L ¢ shows ferromagnetic

eé@'_'g;} double peaks Iabelt?d\_() and @) for MnO in Fig.  \1n_ 6 coupling, while the MnO/Co cags.5-L O,) shows
3.>°7"The former(A) or (A’) is attributed to the transition  ynhtiterromagnetic Mn-Co interaction. As for 0.5-L,Qvhere
to the hybridized orbital between (p2and metal 8, while  the XMCD signal vanishes, it is appropriate to recognize that
the latter(B) or (B’) originates from O P and metal 4p.  half of the Mn film is oxidized and the XMCD signal of the
Peak(B) was not observed for O/Co because the spectruminO film is canceled with that of unoxidized Mn. In fact,
was measured with grazing x-ray incidence and the transitiogimilar disappearance of the XMCD signal was reported for
moment for peakB) is nearly parallel to the surface plarie. Mn/Fe and the ratio of oxygen with respect to Mn was found
As can be seen in Fig. 3, a small KOXAS signal was to be 0.5 when the XMCD signal vanish@&s.
observed even at O-L oxygelas deposited This may be Although the reason for the reversal of the magnetic cou-
mainly due to residual CO in the UHV chamber as previ-pling has been an open question, Andrefal. attributed it
ously pointed out®33 The presence of peak&\() and B’)  to the superexchange Mn-Co interaction via oxygen atoms.
means that a small part of Mn is already oxidized to MnO.Both MnO and CoO are typical antiferromagnetic materials
Note that other Mn oxides such as p@y and MnG, show  with rocksalt structure. They show a parallel spin alignment
no peaks around these energi&=? After the 0.5-L oxygen  within the (111) plane, while the magnetic moment of each
exposure, peaksA’) and B’) can clearly be observed, layer aligns antiferromagnetically. Accordingly, the coupling
while peak(A) does not appear. This also implies that only between Mn and Co should be antiparallel if the Mn-O-Co
MnO is present and the Co film is not yet oxidized. Péak  bond were formed and the surface should shawld) facet.
appears only after 5.5-L £{exposure, the energy of which is In such a situation, however, a considerable change in the Co
identical to that of O/Co. The oxidation state of Mn is con- L, -edge XMCD spectra should be observed because of the
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Co-O bond formation as well as the Mn-O one. This contra- i C
dicts our present observation as described above. We cai 2 9, deposition Co . o1 +Mn deposition Y
thus propose here that the reversal of the magnetic coupling=x =7
is caused by the change in Mn electronic structfihe d® 2t = o8 | Lo e I
+d® state to a® HS state rather than by the superexchange £ A e Thswork G:.) 1
Mn-O-Co interaction. A detailed discussion will be given & 18 [ sukGofpeten £ 014

below after obtaining the spin and orbital moments of Co & 3;+ Mn 1= 008 Mn
and Mn. It should also be noted here that the appearance o= 2 pT—— = 006

Mn L, -edge XMCD signals means that the Mn-Mn cou- %_ 1 fgjc“ﬁ:m“n’(c;ef;;%) = 0.04

pling in both the Mn and MnO films is ferromagnetic, ¢ g : S :
whereas it is antiferromagnetic in the bulk. For bulk Mn, the p 002
antiferromagnetism originates from strong interaction be- - 0.00

tween Mn atomél*° On the contrary, the Mn and MnO 0123456 01 23 4 5 6
films have only weak Mn-Mn interaction because of a longer Oxygen Exposure (L)

Mn-Mn distance and a smaller coordination number. There-
fore, Mn-Co interaction could induce ferromagnetic coupling  FIG. 5. Results of the numerical analyses of magnetic moments
between Mn atoms for both the bare and oxidized Mn films (in units of ug) for Co and Mn films, together with reference val-
In order to clarify the mechanism of the magnetic- ues. Experimental and analyyc_al e_rrors were estimated and thg_ re-
moment reversal, we performed a numerical analysis for théultant tot.al error bars containing inaccuracy of the transferability
spin and orbital moments on Mn. Unfortunately, the usuafUl® &€ given.
spin sum rul& 4 cannot be applied directly to the Mn
Lyn-edge XMCD spectra because of overlap of thg;2 ~ Again assuming thaB* is the same for Mn and Co, one can
and 2,, levels(jj coupling. Although the previous study  obtain bothmg andm; . In the present case, bare Mn is domi-
ignored the coupling, this should be important because thaantly in thed® HS state and MnO is purely in thé® HS
spin sum rule is rigorously correct in the case ofjpoou-  state. This indicates that the transferability rule can be simi-
pling. It was suggested that the sum rule considerably undefarly applied to both phases with similar accuracy.
estimates the spin magnetic moment on Mn due to significant The obtained values fang andm, are indicated in Fig. 5.
ji coupling® The spin moment obtained by using the usualThe sign ofm, for the MnO film (5.5-L O,) is opposite to
sum rule should thus be multiplied by a compensation factothat for the Mn film(0-L O,), as mentioned above. As for the
x. Previous studi¢$® indicate y~1.5. size of the magnetic moment, Nogueeaal? predicted
Another problem is that the sum rule analysis requires anheoretically thatmg for the Mn film is ~3ug, which is
standard sample with known moments. Bulk Mn is, howeversignificantly larger than our result. One possible reason for
an antiferromagnetic material and there is no adequate stathis difference can be found in the structure of the Mn film.
dard for Mn. Therefore, we utilize the transferability rule They calculated with the assumption that Mn does not form
proposed by Samarett al®* The spin moment derived from an alloy with Co but grows as a complete monolayer film,
the sum rul&* can be expressed as while our LEED pattern supports the alloy formation. We
cannot rule out, however, the possibility of an island forma-
tion. Because bulk Mn is an antiferromagnet, the island
formatior® should reduce the spin moment observed as an

, . average over the whole Mn film. Another possible reason is
whereC is the constant depending on the angular momentg,e oxidation as mentioned above. Since the magnetic mo-

of the p andd shells.Myq and ms are the radial transition ment of MnO is opposite to that of Mn, even a small amount

matrix element and the spin magnetic moment, respectivelyss oxidation greatly affects the observen, value. More-

X were measured at 300 K, which might be too high for the
film to be magnetically saturated.

m =i( J L,—2 J L
s C* I I m, for the Mn film (0-L O,) is 0.06ug, while it is quite

small (~0.005«g) for the MnO film (5.5 L). Note that these

atomic numbers and one can assume @atfor Mn is al-  spould be parallel to the spin angular momentum if tie 3

mated from a bulk Co spectrum, one can determine the Mghoyld be zero in a purd® state. Therefore, the positive

spin magnetic moment. The orbital magnetic moment can b@a|ye for the Mn film implies that the electron configuration

C|Mpd|2ms:f Llll_zj Li, (1)

The equation can be rewritten by using compensation factgyer, it must be taken into account that the XMCD spectra
) As for the orbital moments, it should be emphasized that

whereC* =C|M ,4* and x~1.5:**According to the trans-  yalyes are possibly underestimated as mentioned above. Ac-

most identical to that for Co. Sinc€* can be easily esti- sypshell is occupied by more than five electrons, while

described as well: is not pured® but is mixed withd®. In contrast, the MnO
flm seems to be almost in a pud® state. The spectral

m :i<f L +f L ) 3) shapes of XAS also suggest the difference in electronic

T B* i " structure between the Mn and MnO films; rather broad peaks
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were observed for Mn due to hybridization with Co, whereasminority-spin levels of Co. The Mn film showed ferromag-
the XAS for MnO showed sharper peaks because of the dazetic coupling with the substrate and a considerable change
crease in hybridization. was observed in the electronic configuration compared to
Many previous studies showed that Mn couples ferromagbulk Mn. Oxygen preferably reacts with Mn and the MnO
netically with Fe or Co hosts, while Cr shows antiferromag-film is formed, which is also ferromagnetic with other Mn
netic coupling®®?=%*This is explained as follows. In early atoms but is antiferromagnetic to the Co substrate. Ferro-
transition metals such as Mn, thel 3tates are located at magnetic Mn-Mn coupling in the Mn and MnO films implies
higher energies than those of Fe or Co because the nucletrat Mn-Mn interaction is weaker compared to a bulk Mn
charge pulls 8 electrons stronger in later transition metals. metal and that Mn-Co interaction is predominant.
The minority-spin(]) levels in Fe or Co are more unstable  We performed numerical analyses for the My, -edge
than the majority ong7) due to the exchange splitting. XMCD spectra by using the sum rule and the transferability
Therefore, the(]) electrons in Fe or Co can be hybridized rule. It was indicated that the electron configuration of the
more significantly with the electrons of early transition-metalbare Mn film is thed® HS state with a little mixing ofi®,
atoms, leading to antiferromagnetic coupling. If the guest is avhile the MnO film shows a purd® HS state. This change
late transition metal, the situation is reversed and ferromagn the electronic configuration should cause the reversal of
netic coupling is preferred. The reversal of magnetic couthe Mn magnetic moment upon oxygen exposure, rather than
pling occurs between Mnn;~6) and Cr o4~5).*® In the  superexchange interaction between Mn and Co via oxygen.
present case, the electron configuration of the bare Mn filnThe present study has revealed interesting magnetic proper-
corresponds tmy>5, leading to ferromagnetic coupling. On ties of the Mn film in the oxidation process and suggested a
the contrary, the Mn atom of the MnO film is in the puté  close relation between magnetism and electronic configura-
state (i4=>5) and could show antiferromagnetic coupling astion. Proper quantitative structural investigations and more
do early transition metals withy<5. Consequently, we can refined theoretical calculations including oxygen are needed
remark that the reversal of the Mn magnetic moment uporior a more detailed discussion.
oxygen exposure should be derived from the change in the
electronic configurations from th#®+ d® state tod®, rather
than Mn-Co superexchange interaction via oxygen. ACKNOWLEDGMENTS
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