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We have grown ultrathin films of Mn on fcc Co(001) substrates and have investigated their magnetic
properties using the element-specific techniques of soft-x-ray absorption (SXA) and x-ray magnetic circu-
lar dichroism (XMCD). We find that a one monolayer film of Mn is ferromagnetically ordered at room
temperature and magnetically aligned with the fcc Co (001) substrate. The absorption spectrum of
monolayer Mn is in excellent agreement with calculations for an isolated high-spin atom. By comparing
our XMCD and SXA results, we conclude that the surface layer of Mn is in a high-spin state. The fer-

romagnetic ordering of monolayer Mn results from this high-spin layer being in direct contact with the
ferromagnetic Co substrate.

One motivation for the study of the magnetic proper-
ties of ultrathin films is the possible existence of enhanced
local magnetic moments at interfaces and surface, which
could lead to ferromagnetic ordering of unusual materials
or artificial structures. Examples of searches for
enhanced surface moments include experimental investi-
gations of fcc Fe/Cu(001), ' Co/Pd multilayers, and the
c(2X2) Mn/Cu(001) surface alloy, as well as theoretical
investigations of c(2X2) Mn/Cu(001), ' the bcc Ni/Fe
interface, and transition-metal surfaces. While there is
much evidence for enhanced magnetic moments at sur-
faces and interfaces, there has yet to be direct experimen-
tal evidence of a link between an enhancement in local
magnetic moment and long-range ferromagnetic order-
ing. In this paper we use a combination of the element-
specific techniques of x-ray magnetic circular dichroism
(XMCD) and soft-x-ray absorption (SXA) to correlate
magnetic ordering to changes in the local magnetic mo-
ment. We report results from a study of the Mn/Co(001)
system, and find that the surface Mn layer has an
enhanced local moment. When this surface layer is in
direct contact with the ferromagnetic fcc Co(001) sub-
strate, it is ferromagnetically ordered. This study relies
directly on the capability of SXA and XMCD to measure
independently the magnetic moments and ordering of the
two elemental species Mn and Co. This is possible be-
cause of the large separation in energy of the L edges of
the two elements, and because of the large magnitude of
the XMCD effect, which makes submonolayer measure-
ments possible.

XMCD has been rapidly established as a powerful
method for investigating the element-specific magnetic
ordering of ultrathin films. " In XMCD of 3d transi-
tion elements, the L2 3 SXA spectrum is obtained on a
magnetized sample using circularly polarized photons.
The magnetic dichroism signal a ~ =o.+ —o. is the

difference between the SXA spectrum with the photon
spin parallel (o+) and antiparallel (o ) to the sample
magnetization. The average of the two spectra,
o'o= —,'(cr++o ), is in most circumstances identical to
the linearly polarized SXA spectrum. Recently, Thole
et al. ' and Carra et al. ' have derived sum rules which
relate the integrated intensity of the dichroism signal o M
at the L3 and L2 edges to the ground-state expectation
values (Lz ) and (Sz) for atoms, but the application of
these sum rules to solids exhibiting band ferromagnetism
is still controversial. ' For this study we need only rely
on the direct proportionality between o.~ and the net
vector magnetization of the sample; that is o'~-X.M,
where X is the photon spin and M is the net sample mag-
netization.

The fcc Co(001) substrate was grown epitaxially on a
Cu(001) single crystal. The Cu(001) was cleaned by re-
peated cycles of argon-ion bombardment and annealing
to 1000 K, which produces a very sharp (1X1) low-
energy electron diffraction (LEED) pattern, with spot
sizes at the instrumental limit. The Co was evaporated
from a high-purity (99.995%%uo) wire. Typically =8—10
monolayer (ML) of Co were deposited to reduce any Cu
diffusion to the surface. The Mn was evaporated from an
A1203 crucible at a rate of = 1 ML in 5 min. The Mn
evaporation rate was determined by monitoring the inten-
sity of the c(2X2) low-energy electron diffraction
(LEED) spots formed at —,

' ML coverage of Mn on
Cu(001). The deposition rate was checked throughout
the experiment using a quartz microbalance that could be
placed at the sample location. Cross checking of the de-
posited film thicknesses was done by comparing the x-ray
photoelectron spectrum (XPS) peak-height ratios, and by
measuring the relative x-ray-absorption L-edge intensi-
ties, as a function of deposition time. The latter (SXA)

0163-1829/94/50(5)/2963(7)/$06. 00 50 2963 1994 The American Physical Society



2964 %. L. O' BRIEN AND B. P. TONNER 50

experiments were calibrated by measuring L-edge absorp-
tion in structured "wedge" samples with known layer
thicknesses. We estimate the accuracy of our film
thicknesses to be within 20%. All depositions as well as
measurements were performed at room temperature. The
base pressure of the vacuum chamber was 5 X 10 "Torr,
and the pressure during evaporation was 2X10 ' Torr.
Sample cleanliness was monitored throughout the experi-
ment by core-level photoemission which showed no oxy-
gen or carbon contamination.

The growth mode of Co on Cu(001) at room tempera-
ture has been studied by x-ray photoelectron diffraction
(XPD), ' reflection high-energy electron diffraction
(RHEED), and CO titration. ' Li and Tonner, ' using
XPD, found that Co grows epitaxially in the fcc structure
on Cu(001), with a nearly layer-by-layer growth mode
after 2 ML. This was later confirmed by Kief and
Egelhoff' who also found, through RHEED analysis,
that the layer-by-layer growth mode after 2 ML contin-
ued to 10 ML. They also determined the amount of sub-
strate Cu-atom. diffusion through the cobalt film to the
surface, and found that this approaches zero after 6 ML
of Co deposition at room temperature. For these reasons,
we selected Co films of 8-10-ML thickness for our sub-
strates. The LEED pattern of the deposited substrate
showed a very sharp (1 X 1) pattern.

We are not aware of any growth mode investigations
for Mn deposition on fcc Co(001). However, our LEED
experiments show that the substrate (1 X 1) spots remain

up to a few ML coverage but that the background inten-
sity grows constantly with coverage. This suggests that
the Mn film does not sustain lateral coherent epitaxy with
the substrate Co, but rather relaxes to a bulk Mn-Mn
nearest-neighbor distance. The structure of Mn grown
on other, related substrates with similar lattice mismatch
suggests that Mn grows in tetragonal structures (fct or
bct) on (100) surfaces. We did not find evidence of forma-
tion of the c(2X2) surface alloy (present in both Mn on
Cu and Ni) with Mn on Co(001).

The SXA and XMCD experiments were performed on
the 10M toroidal grating monochromator beamline locat-
ed at the Synchrotron Radiation Center of the University
of Wisconsin. The beamline is equipped with a water-
cooled copper aperture which allows the selection of ei-
ther linear, left-handed or right-handed elliptically polar-
ized photons, with polarization of 85 5%%uo as determined

by calculations and comparison to other XMCD work. '

Due to the exceptional stability of the photon flux and
polarization at the SRC beamline, dichroism measure-
ments with very high reproducibility are obtained by
maintaining a constant incident photon spin direction
and measuring o.+ and o. by reversing the sample mag-
netization. The reliability of this method has been
checked explicitly by measuring nonferromagnetic Mn on
ferromagnetic Fe, which shows that absolute XMCD in-
tensities as sma11 as l%%uo can be detected. '

After growth, the samples were magnetized under
UHV conditions by a 2-KG electromagnet, with the field
either perpendicular to the surface or in plane a1ong any
chosen axis. All XMCD measurements were made on
the remnant sample magnetization at room temperature,
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FIG. 1. (Top) Co L» soft x-ray-absorption spectra for an 8-

MI. film of Co after Mn deposition, obtained with circularly po-

larized photons: o+, dashed line; and o, solid line. (Bottom)
The difFerence between cr+ and o. is the dichroism signal, o.~.
The sample is magnetized parallel to the surface plane along the

( 110) direction.

in a chamber with a background pressure of 6X10
Torr. For in-plane magnetization measurements the in-

cident photon beam was directed at 65' from the sample
normal. The absorption spectra were measured using to-
tal electron yield F (truo), which is related to the
absorption cross section according to the relation
Y(A'ro) ~ Sicko(Ace) T.he yield spectra were corrected for
the incident photon flux on the sample and the linear A~
dependence using a Au photodiode current, normalized
according to the tabulated Au photoyield. " This result
was confirmed using a Cu diode. A linear background
was subtracted from the Mn and Co Lz3 spectra to re-

move the contribution from the substrate.
In Fig. 1 we show the Co Lz 3 SXA spectra (cr+ and

o ) obtained from an 8-ML Co film after deposition of 1

ML of Mn. Magnetization was parallel to the surface
along the (110) direction. These spectra are shown with
minimal manipulation, incorporating only a normaliza-
tion to the incident photon flux. No corrections or al-

terations for incomplete photon polarization, smoothing,
or energy shifts are needed, and none have been applied.
The difference between these spectra, the XMCD spec-
trum o.~, is shown on the bottom of Fig. 1. The Co film

dichroism spectrum is characterized by two asymmetric
peaks of opposite sign at L3 and L2 edges. The relative
areas of the two peaks are far from the value of 1:1 ex-

pected for purely statistical branching ratios, and there is
substantial intensity at the high-energy side of both the

L3 and L2 edges, which is not correctly described by
single-particle band-structure calculations. The linear po-
larization SXA spectrum was found to be identical to the
average of the two circularly polarized spectra shown in

Fig. 1.
Several extensive tests of the experimental techniques

used to record XMCD spectra have been completed to
eliminate systematic errors, and will be reported in detail
elsewhere. We explicitly tested our method of using a
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FIG. 2. Comparison of circular dichroism signal from a fcc
Co(001) film using (separately) right- or left-handed circular po-
larization, obtained using light above or below the orbital plane.
Each polarization was used to measure SXA spectra with sam-
ple magnetization parallel and antiparallel to the photon spin.
The two difFerent helicity measurements are virtually indistin-
guishable.

fixed incident polarization to measure the XMCD signal
by reversing sample magnetization, with (separately) both
left- and right-handed polarized light, obtained by using
either the upper or lower portion of the x-ray beam (a to-
tal of four SXA spectra). The excellent agreement in the
XMCD spectrum for left- and right-handed polarization
is shown in Fig. 2. We also directly determined the
influence of the incident photon absorption length, and
outgoing secondary electron sampling depth, by a series
of experiments on samples with known film thickness and
varying incident photon angle. In order to correctly ac-
count for systematic errors in the measurement, it is
necessary to determine the efFective sampling depth, or
escape depth, of the secondary electrons that make up the
total electron yield. This was accurately accomplished by
measuring the yield of Ni and Co in a calibrated wedge
sample, consisting of a 50-A-thick Ni underlayer, covered
by a 0-30-A Co wedge. The intensity of the SXA spectra
is shown in Fig. 3, along with exponential fits for secon-
dary electron escape depths of about 20 A. Using the
measured secondary electron sampling depths, and pub-
lished photon absorption lengths, we found that the sys-
tematic error in the reported dichroism branching ratios
due to absorption effects is 10% or less. A detailed ex-
perimental study of the thickness and angle-of-incidence
dependence of dichroism branching ratios, which is in
good agreement with the model used to analyze the data
presented here, will be published elsewhere. '

All our magnetic studies were performed on samples at
room temperature. The absolute value of the XMCD in-
tensity at the L3 edge can be used to monitor the degree
of long-range magnetic ordering. The normalized
XMCD intensity is defined as the differential absorption,
divided by the linear absorption intensity at the L3 edge
maximum o sr(fuu)/o 0(L3 ). In Fig. 4 we plot
~g~(L3)/oo(L3)~ obtained for different coverages of
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cobalt with parallel magnetization. Below 2 ML, no
XMCD signal is found, in complete agreement with ear-
lier studies that find no ferromagnetic order below 2 ML
at room temperature. These films had zero perpen-
dicular remanence for these thicknesses at room tempera-
ture. Also in Fig. 4 is a plot of the linear polarization
SXA L3/L2 intensity ratio for Co, as a function of film
thickness. This ratio Ro =I (L 3 ) /I (L2 ) is found to be
essentially constant, which will be discussed below in
comparison to Mn.

In Fig. 5 we show the Mn Lg 3 (T+ cr, and crI spec-
tra for the same sample as in Fig. 1. These spectra are
similar in that they show a negative XMCD signal at the
L3 edge and a positive signal at the L2 edge. Due to the
cosine dependence of the XMCD signal on the relative
direction of the photon spin and sample magnetization
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FIG. 4. Magnitude of the linear x-ray-absorption intensity
ratio Ro (a), and of the magnetic dichroism signal cr~ (b), as a
function of film thickness for the fcc Co(001) substrate. The on-
set of ferromagnetic order is at 2 MI. at room temperature.

0
FIG. 3. Soft x-ray-absorption edge intensity from a 50-A-

0
thick Ni substrate covered by a 0-30-A-thick Co wedge, used to
determine the effective sampling depth (or escape depth) of
secondary electrons in total yield. The curves are exponential
model calculations, which assume effective depths of 15, 20, and
25 A.
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(X M}, we can directly infer from this result that one ML
of Mn on Co(001) is magnetically ordered and ferromag-
netically coupled to the Co substrate. In Fig. 6 we show
the Mn L2 3 0+, o, and o~ spectra for a 3-ML Mn
sample. No magnetic order is found for Mn in the 3-ML
film, while the underlying Co film remains magnetically
ordered.

The Mn dichroism line shape differs from that of Co in
a number of ways. The normalized MCD intensity is
smaller for the Mn film than for the Co substrate, which
is most likely due to a reduced remanence in the Mn lay-
er. This can be determined in a future experiment with a
field applied during the MCD measurement, and by vary-
ing the substrate temperature. The Mn L3 edge di-

chroisrn also shows a different type of asymmetry from
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FIG. 6. (Top) Mn L2 3 SXA spectra for 3-ML Mn/Co(001),
obtained with circularly polarized photons: o.+, dashed line;
and o. , solid line. (Bottom) The dotted curve shows the negli-
gible magnetic dichroism signal in this sample. Mn in a 3-ML
film is not ferromagnetically ordered at room temperature.

FIG. 5. (Top) Mn L2 3 soft x-ray-absorption spectra for same
sample as shown in Fig. 1, obtained with circularly polarized
photons: o+, dashed line; and o. , solid line. (Bottom) The
difference between o+ and o. is the magnetic dichroism spec-
trum o~ (XMCD). The Mn in the 1-ML film is ferromagneti-
cally ordered and aligned with the ferromagnetic Co substrate.
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FIG. 7. Normalized Mn L~ 3 XMCD intensity (o M /o. o mea-

sured at the L3 peak) vs film thickness. The dichroism intensity

abruptly drops to zero at 2-ML coverage. The experimental re-
sults are compared to three models assuming different magnetic
ordering behavior: (1) Only the Mn at the Co/Mn interface is

ferromagnetically ordered and remains ordered for thicker cov-

erage, dash-dot line. (2) Mn grows antiferromagnetically in a
layer-by-layer mode, dotted line. (3) The Mn at the Co/Mn in-

terface is ferromagnetically ordered but only when it is also on
the surface, solid line.

that of Co, with the signal reversing sign after the nega-
tive intensity maximum. This is due to a trend in the
periodic series (V to Ni) in which the post-L3 edge di-

chroism intensity goes from negative (Ni) to near zero
(Fe) to positive (Cr, Mn, and V). ' The dichroism
L3/L2 integrated intensity branching ratio is also very
different for Co and Mn.

The absolute value of the XMCD intensity at the L3
edge can be used to monitor the degree of long-range
magnetic order in the Mn film. In Fig. 7 we plot the nor-
malized Mn L3 XMCD intensity ~o~(L3)/eo(L3)~ ob-
tained for different coverages of Mn. Below 2-ML cover-
age we find a nonzero O.

M signal. Above 2 ML we detect
no 0.~ signal, signifying no ferromagnetic ordering of Mn
above 2 ML. The transition from magnetically ordered
to nonmagnetic behavior of the Mn film is very abrupt as
a function of film thickness. The data in Fig. 7 are com-
pared to three elementary models which assume different
magnetic ordering behavior. The model is based on an
incoherent addition of the XMCD signal expected from
each layer of a multilayer Mn film, assuming that the am-

p&itude of an individual layer is given by the measured
monolayer signal, and that the total-electron-yield sam-

pling depth is much larger than the film thickness. The
first growth model, represented by the dash-dot line, as-
sumes that the first monolayer of Mn remains in a fer-
romagnetic state, and the subsequent overlayers are mag-
netically disordered. The intensity of the normalized o~
signal at 4 ML, according to this model, is simply —, of
that at 1 ML. This model clearly does not fit the data.

Another possible growth mode of Mn is antiferromag-
netic ordering, in which each layer is magnetized in-plane
but opposite in direction to neighboring layers. This
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magnetic ordering sequence has been proposed to explain
spin-resolved electron scattering data for the growth of
Mn on Fe(001). The dotted line in Fig. 7 represents this
model. If instead of growing layer by layer (which is un-

likely in the present case) there is three-dimensional is-
landing (Volmer-Weber growth) with antiferromagnetic
ordering, the model curve would assume a form similar
to the shape of a decaying exponential, as has been pro-
posed to explain the XMCD data from Cr films. Be-
cause of the accuracy with which the absolute coverage is
known, and the limits placed on the amount of exposed
substrate by XPS and SXA intensity ratios as a function
of coverage, the three-dimensional islanding model is in
poor agreement with our data for reasonable estimates of
possible island heights at low coverage. A further argu-
ment against antiferromagnetic layering is that, in cases
for which it has been observed (Mn/Fe, Cr/Fe ), the
first layer is antiferromagnetically aligned with the sub-
strate. In Mn/Co, the alignment is ferromagnetic.

In the third model, represented by the solid line, the
first ML of Mn is assumed to be ferromagnetically or-
dered but only when it is also on the surface, in a low-
coordination site. Once the Mn/Co interface layer is
covered with additional Mn it becomes magnetically
disordered. This model is the only one of the three which
can explain the extremely abrupt transition from magnet-
ically ordered to magnetically disordered over a range of
thickness of only one monolayer, from 1- to 2-ML thick-
ness.

In addition to the direct information about long-range
magnetic ordering we obtain from the dichroism intensi-
ty, there is also information available about the local
magnetic properties of the linear (or polarization aver-
aged) SXA spectra. The average of the right- and left-
handed spectra, in most cases, are equivalent to the linear
absorption spectrum, and this was checked explicitly for
these experiments. The branching ratio of the L3 and L2
edges in the linearly polarized SXA spectrum of Mn can
be used to detect changes in the local magnetic moment.
This is accomplished by correlating the SXA branching
ratio with the ground-state spin, by reference to theoreti-
cal calculations. The validity of the comparison is
verified by showing a close agreement between the experi-
mental SXA spectrum for Mn and the corresponding cal-
culation.

In Fig. 8 we show the x-ray-absorption spectrum (00)
of 1.0 ML of Mn, in comparison to the theoretical calcu-
lation of high-spin atomic Mn d, S =—', . The theoretical
spectrum was rigidly shifted along the photon energy axis
to align the L3 peaks. The atomic spectrum matches the
experimental spectrum quite well, reproducing the broad
doublet of the L2 peak, and the intensity ratio of the L3
and L2 lines. We note that similar agreement has been
found for Mn in dilute AgMn and CuMn alloys, where
dilute Mn is known to have a high magnetic moment in
these noble metals. This agreement between experi-
ment and theory is particular to a 1-ML film. For exam-
ple, in Fig. 9 we show the Mn L2 3

o.
o spectra for three

different coverages of Mn. The spectra have all been nor-
malized to have the same integrated L2 intensity. It is
quite apparent that the relative intensity of the L3 line is
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FIG. 8. Mn L2 3 SXA spectra 00 compared to atomic calcu-
lations on high-spin Mn d', S=

z (Ref. 25). The comparison is

good, especially noting the doublet structure of the L2 peak,
and the intensity ratio I(L3 )/I(L& ). This suggests that the first
ML of Mn on Co(001) is in a high-spin state.
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FIG. 9. Mn L~ 3 SXA spectra o.o for different Mn coverages.
The spectra have been normalized to the integrated L2 intensi-
ty. The intensity ratio RO=I(L3)/I(L2) is greatly reduced for
thicker films implying a reduction in local magnetic moment.
(Inset) Details of the L2 peak for 1- and 10-ML-thick films. For
the thicker film, the L2 peak is sharper and does not appear as a
doublet.

reduced for thicker coverages. In addition, the L2 peak
becomes sharper, and does not appear to be a doublet, for
higher coverages (see the inset of Fig. 9).

We now consider the large change in the L3/L2 inten-
sity ratio Ro vs film thickness. Thole and van der Laan
have shown that Ro is larger for high-spin ground states
in atoms. This has been verified by experiment on FeGe
alloys, Fe compounds, dilute Mn alloys, and Mn
surface alloys. In Fig. 10 we plot the Mn L2 3 linear in-
tensity ratio Ro vs film thickness. Ro is obtained by in-

tegrating the L3 peak between photon energies of
637—648 eV, and the L2 peak between photon energies of
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are much smaller than the change at the high-spin layer.
Before discussing these results in greater detail, we ela-

borate on the possible effects of experimental artifacts. It
is known that total yield measurements are not strictly
proportional to the sample absorption. If the penetration
depth of the photon is not much greater than the escape
depth of the secondary electrons, the relative intensity of
the most intense features will be reduced. This experi-
mental artifact has been termed saturation, since it re-
sults in observed absorption peak intensities that are
smaller than the true value. It can lead to a change in the
intensity ratio Ro as a film thickness increases that is only
an artifact due to saturation. We have performed test ex-
periments and calculations to determine the magnitude of
this effect in our study.

The total electron yield Y(fico) can be written

g (iii~ )fg~ d —z [( 1 /ij. , )+ [n(iiro)p/coss] IYAco ~ e Z 7cos8 0
FIG. 10. Mn L-edge intensity ratio Ro =I(L3 )/I(L2 ) vs film

thickness. The solid line represents a parameterless model
which assumes that 1 ML of Mn has a large local magnetic mo-
ment, and that the remaining Mn has the local magnetic mo-
ment of bulk Mn. The dashed line is the calculated upper
bound to the change in Ro due to experimental artifacts (see
text). (Inset) Intensity ratio plotted vs inverse film thickness.
The solid line assumes ideal layer-by-layer growth, and the
dashed line is for a Poisson distribution three-dimensional
growth mode.

648-659 eV, using a linear background between the end-
points of integration. Ro drops off quickly after 1-ML
coverage, approaching a value of 2.5 after about 10 ML.
This data are compared to a simple model which assumes
that a Mn film of n ML thickness consists of 1 ML of
high-spin Mn and (n —1) ML of low-spin Mn, where RD
for high- and low-spin Mn are taken from the experimen-
tal data for 1- and 14-ML coverages, respectively. The
change in branching ratio with coverage is very well de-
scribed by this model, which has no free parameters.

We have calculated the expected thickness dependence
of the intensity ratio for nonideal growth modes as well.
Specifically, we assume that the film thickness follows a
Poisson distribution, and the limiting intensity ratios are
taken directly from the data for low and high coverage
This is again a parameter-free model. The inset to Fig. 10
shows the measured intensity ratio as a function of in-
verse coverage, compared to a layer-by-layer growth
mode model (solid line), and the Poisson distribution
model (dashed line). There is clearly a much better
match to the layer-by-layer model than to the three-
dimensional growth (Poisson) model. We have also
developed models which assume a more complicated
magnetic structure in the Mn films. In these models the
magnetic moment of each monolayer can be different.
These models are similar to those recently proposed for
the magnetism in thin films of Cr on Fe. The At to the
experiment is only slightly improved using these more
complicated models. The assumption of a single high-
spin layer appears to be accurate. There may be varia-
tions in the moment of other layers, but these variations

for a homogeneous film of thickness d. Here o is the ab-
sorption cross section, 8 the angle of incidence of the
photon beam, p the atomic density, and A,, the detection
depth for total electron yield (the effective escape depth
of secondary electrons}. The extension of this formula to
nonhomogeneous films is straightforward, as it simply in-
troduces a depth dependence to the cross section e and
atomic density p. We have calculated the effects of satu-
ration on Ro using (1}and assuming A,, =20 A, based on
our measurements in Fig. 3. To approximate 0 we use
the Mn oo spectra obtained for a 1-ML film, since
Y(%co) & iiicoo (iiico) in the zero-thickness limit. This spec-
trum was normalized using total atomic cross-section cal-
culations. Using this procedure, the cross sections at
the L3 peak maximum and just before the L3 peak were
assumed to be 3.2 and 0.2 Mb, respectively. The results
of this calculation are shown in Fig. 10 as the dashed line.
Saturation causes a very minor ( (3%) change in Ro for
films in this thickness range. We further note that satu-
ration would Batten out peaks for thicker film thickness,
which is opposite to the sharpening of the L2 peak in

thicker Mn filins that we observe, Fig. 9.
The change in intensity ratio R 0 from Mn, as shown in

Figs. 9 and 10, is a very large effect. Usually, changes in
the SXA spectra of metals of this order of magnitude are
associated with gross changes in chemical state. In these
samples, however, the changes are due only to changing
the coordination of the Mn atom from a surface atom to
a bulk atom. If we take the value of Ro for the mono-

layer as being that of purely high-spin Mn, and the value
for the 15-ML film to be purely low spin, then the magni-
tude of the high- and low-spin intensity ratios are in qual-
itative agreement with calculations for isolated Mn d
atoms by Thole and van der Laan. We believe the
agreement between theory and experiment for Ro of the
1-ML film is not fortuitous. This is based on the close
agreement to atomic theory, Mn d S=—,', of the 1-ML
Mn/Co absorption spectra. The spin in the 1-ML film is
near the maximum possible for d electrons, S =—', . The
agreement between bulk Ro for experiment and theory is

probably fortuitous. Valence mixing for bulk Mn atoms,
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due to the increased coordination, will introduce d and
d character and a variety of spin states. The spin mo-
ment of these states must be less than the moment in the
1-ML film. The low-spin d state probably has a very low
weight in the ground state.

The results in Fig. 10 establish that a high-spin layer of
Mn is present in the Mn films. This high-spin layer
should either be at the Mn/Co interface or on the sur-
face. The enhancement in the Mn moment at a buried in-
terface depends on the reduction of the Mn bandwidth
due to the interface. We assert that a greater reduction
in bandwidth will occur at the surface. This is consistent
with magnetic-moment calculations of 1- and 2-ML films
of Fe grown on Cu(001). The moment in the Fe layer
on the surface is 2.85pz for both the 1- and 2-ML films

while the moment at the buried interface is 2.6pz. Also,
if the high-spin layer was fixed at the Mn/Co interface,
we would expect to see ferromagnetic behavior for films
thicker than 2 ML. Since we clearly do not find this (see
Fig. 7), it must be the surface layer which has a high
magnetic moment. It is reasonable to assume that the
high-spin layer is on the surface since the reduced coordi-
nation can lead to a inagnetic moment of surface atoms
that is enhanced relative to the bulk value.

We also find that the enhanced surface moment model,
tested in Fig. 10, gives support to our preferred model
describing the ferromagnetic ordering of Mn on Co. A
1-ML film of Mn on Co has a high local magnetic mo-
ment. Since it is in direct contact with the ferromagnetic
Co the high-spin Mn is aligned ferromagnetically. Thick-
er films still have surface Mn atoms in a high-spin ground
state, but they are not coupled directly to the Co. The
Mn at the interface in these thicker films has a smaller lo-

cal magnetic moment and is not ferromagnetic ally
aligned. It is the enhanced magnetic moment of surface
Mn atoms and the direct coupling to the ferromagnetic
substrate that is responsible for the ferromagnetic order-
ing of 1 ML of Mn on fcc Co(001).

We believe this is the first example of a large branching
ratio change observed in an elemental sample as a func-
tion of film thickness. We have seen similar effects in
other systems which have been predicted to have
enhanced surface moments, such as Mn/Cu(100),
Mn/Ni(100), Mn/Fe(100), and Mn/Ir(111), ' but not in

systems for which theory predicts very small moment
enhancement, for example the Co/Cu(001) sample re-
ported here [Fig. 4(a)]. We find that subsurface Mn
atoms do not have enhanced moments, so that Mn films

that are "capped" by additional overlayers, or Mn layers
in sandwich structures and superlattices, will not exhibit
the enhanced surface moment. This experimental ap-
proach, which combines measuring local moments as
rejected in the linearly polarized branching ratio with
measuring long-range ordering with circular polarization,
is applicable to a number of transition-metal epitaxial
film systems. An important future experiment is to mea-
sure the XMCD as a function of temperature, to deter-
mine the nature of the magnetic coupling of the Co sub-
strate and Mn monolayer.
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