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Magnetic properties of 0.4 monolayer Co grown epitaxially on Cu(001) were investigated by X-ray magnetic circular
dichroism (XMCD) using our newly constructed ultrahigh vacuum system equipped with a 7 T superconducting magnet and a
liquid He cryostat. The angle-dependent XMCD spectra for the saturated magnetization recorded at 6.0K allowed us to
evaluate separately the spin and orbital magnetic moments along the surface parallel and normal directions. Enhancements of
the magnetic moments compared with the corresponding bulk values were clearly elucidated: ~15% for the spin magnetic
moment and ~96 and ~53% for the orbital magnetic moments along the surface parallel and normal directions,

respectively. [DOI: 10.1143/JJAP.47.2132]
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1. Introduction

Enhancements of the magnetic moments of ultrathin films
have extensively been investigated both theoretically'~” and
experimentally®~'? because of their importance in funda-
mental physics as well as technological applications to
magnetic recording media. More recently, owing to the
improvement of experimental techniques, the magnetic
moments on nanorods,'? nanoclusters'® and atoms embed-
ded in alkali metals'> have also been studied. One of the
most promising experimental methods for the determination
of the magnetic moments in ultrathin films is X-ray magnetic
circular dichroism (XMCD)'® since it provides information
on spin and orbital magnetic moments separately evaluated
by applying so-called sum rules.!”'®

There have already been reported extensive XMCD works
concerning the enhancement of the orbital magnetic moment
Mo Tischer et al.® performed a pioneering XMCD work
on the enhancement of mq, for >2 ML (monolayer) Co films
on Cu(001) with respect to the effective spin magnetic
moment mSy, by measuring in situ Co L-edge XMCD in a
remanent magnetization state. From the thickness-dependent
measurements, the enhancement of m,/ msgn for the surface
Co atoms was estimated to be as much as ~100%. Weller
et al.” reported the ex situ XMCD results for the Au/Co/Au
ultrathin film at a magnetic field of 1T and again concluded
the enhancement of m,. Nakajima et al.'? also showed the
enhancement of mgy, in the Co/Pt multilayer system at
magnetic fields of 1.1-2.0T.

In contrast to the successful estimation of myy, the
determination of the spin magnetic moment mg;y, is typically
more complex in the XMCD analysis. To avoid difficulty in
the estimation of total magnetic moments by XMCD, Ney
et al.'" developed an excellent ultrahigh-vacuum (UHV)
compatible superconducting quantum interference device
(SQUID) magnetometer to determine the total magnetic
moment of Co/Cu(001). They discussed the relative spin
and orbital magnetic moments by combining the XMCD
results with the SQUID results. The spin magnetic moment
can however be evaluated directly by XMCD using the spin
sum rule given as

eff
Mypin = Mspin + Tmr, (1)

where m is obtained experimentally and mr is the
magnetic dipole moment. The difficulty in estimating mgpin
by XMCD is caused mainly by the determination of mr
since mr is typically not negligible in the ultrathin films or
nanoclusters. To overcome the difficulty, Stohr and Konig!'”
proposed angle-dependent measurements of XMCD at
saturation magnetization, which cancel the magnetic dipole
term owing to the absence of the angle dependence of mgyy
at saturation magnetization.

Saturation magnetization along the magnetically hard axis
typically requires a high magnetic field of a few Tesla.
Koide et al. designed and fabricated a high-magnetic-field
XMCD system equipped with a UHV-compatible super-
conducting magnet,’” and reported the direct determination
of both mgy, and mep for Co nanoclusters embedded in
Au.' They performed ex situ XMCD measurements at a
high magnetic field of £5T, and successfully revealed the
enhancements of both mgp, and mgw,.

In the present work, we have investigated the enhance-
ments of mgyn and mey, for submonolayer Co/Cu(001). In
the previous work of the Co nanoclusters in Au,' the
magnetic moments of the interface Co atoms were measured,
while in the present study, those of the surface Co atoms
were examined. The Co/Cu(001) system is one of the most
basic examples for the investigation of surface magnetism.
Although there have been many reports concerning >2 ML
Co, direct determination of the magnetic moments of
subomonolayer Co/Cu(001) has not yet been performed
because of the requirements of a high magnetic field and a
very low temperature. For this purpose, we have designed
and constructed a UHV-compatible XMCD system with a
7T superconducting magnet and a liquid He cryostat.
The system has been installed at Beamline 4B?" of the
synchrotron radiation facility UVSOR-II in Institute for
Molecular Science (IMS). We have recorded the angle-
dependent Co Ly y-edge XMCD of 0.4 ML Co films grown
epitaxially on Cu(001). The magnetization was confirmed to
be saturated even along the hardest [001] axis of the surface
normal. Through the analysis of the XMCD using the orbital
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Fig. 1. (Color online) Schematic rear view and image of XMCD meas-
urement system. The X-rays come from the back surface with a
configuration parallel to a magnetic field. The liquid He reservoir with
a 25L capacity is surrounded by a liquid nitrogen reservoir with a
nominal 10L capacity.

and spin sum rules, we have consequently found enhance-
ments of both mgyn and M.

2. Design and Performance of XMCD System

In this work, we have designed and fabricated a new
XMCD measurement system with a 7T UHV-compatible
superconducting magnet. The system consists of two
separated UHV chambers for XMCD measurement and
sample preparation. The schematic view and image of the
system are depicted in Fig. 1. The sample preparation
chamber is equipped with metal evaporators, reflection high-
energy electron diffraction (RHEED) or low-energy electron
diffraction and Auger electron spectroscopy (LEED/AES)
optics, an ion gun, a sample-heating system, and so forth.
The chamber is evacuated with a turbo molecular pump, a
non-evaporation getter pump and a Ti sublimation pump.
The base pressure is around 8 x 10! Torr.

The measurement chamber was constructed by JANIS
Research Company. The system (model 7THM-ST-UHV)
consists of a superconducting magnet and a variable
temperature insert. The magnet is a 7T (horizontal field)
split multifilamentary NbTi superconducting magnet with
a homogeneity of £0.5% over a 1 cm diameter sphere. The
sweep speeds are 1 T/min up to 5T and 0.25 T/min from 5
to 7T. A liquid helium reservoir with a 25L capacity and a
minimum of 12h static hold time (24 h hold time without
applying magnetic field) was used.

The sample cryostat has a built in heater and two
calibrated Cernox thermometers plus a two-section high-
efficiency continuous-flow-type liquid helium transfer line.
This offers the lowest sample temperatures of ~4.8 K for
accumulated He and ~3.8 K for pumped He. The sample
cryostat can be rotated 360°, allowing us to measure angle-
dependent XMCD spectra. A sample holder is a hexagonal
Mo with a screw. For future magneto-optical Kerr effect

(MOKE) and/or laser-induced photoemission MCD meas-
urements,’>?>3 the chamber possesses several ICF70 viewing
ports accessible to the center of the magnet. These ports
enable the MOKE measurements with the polar and trans-
verse configurations. The chamber is pumped with a turbo
molecular pump, which can be shut down during liquid He
insertion. The base pressure is below 2 x 107! Torr at the
ionization gauge position and should be much lower at the
sample position.

3. XMCD Measurements

The XMCD system was installed at Beamline 4B?" of
UVOSR-II in IMS. The beamline is a bending-magnet soft
X-ray station equipped with a varied line spacing grating
monochromator, which covers the photon energies of 25—
1000eV. The circularly polarized X-rays were obtained by
adjusting the vertical aperture upstream of the first mirror.
In the present experiment, negative-helicity X-rays were
used. The circularly polarization factor was estimated to be
P. =0.85+0.03 from the storage ring parameters, which
was verified by the XMCD measurement of a standard
sample. The energy resolving power was E/AE ~ 700 at
E =700eV.

A Cu(001) single crystal was cleaned in the preparation
chamber by repeated cycles of Ar" bombardment (900 V)
and annealing at ~800K. Cleanliness and order were
verified by X-ray absorption spectroscopy (XAS) and
RHEED, respectively. A submonolayer Co film was sub-
sequently deposited on a clean Cu(001) surface at <310K
from a commercial evaporator with a growth rate of 0.2 ML/
min. The Co thickness can be monitored with the RHEED
oscillation for >1 ML Co. In the present submonolayer case,
the thickness was estimated to be 0.4 ML by the subsequent
XAS measurements of 0.4 and 3.0 ML Co.

Co Ly -edge circularly polarized X-ray absorption spec-
tra were recorded with a total electron yield mode by
detecting a drain current from the sample. The spectra were
taken at 6.0 K by switching the magnetic fields H, leaving
the negative photon helicity unchanged. A magnetization
curve along the magnetically hardest [001] axis was first
measured in order to estimate the minimum magnetic field
H; at which the perpendicular magnetization is saturated.
Here, only the Co Ljj-edge region was recorded. Sub-
sequently, angle-dependent Co Lyj-edge XMCD spectra
were taken at the X-ray incidence polar angles 6; of 60°
(grazing incidence) and 0° (normal incidence). The X-ray
propagation direction is always parallel to H in the present
setup. The 6; = 60 and 0° spectra were recorded at H =
40.1 and +5.0 T, respectively.

4. Results and Discussion

It is known that the present sample shows the magneti-
cally easy axis of [110] (within the surface plane) and the
hardest axis of [001] (surface normal).%!-12.2425) Moreover,
Co is found to grow in a layer-by-layer fashion, and a
0.4 ML Co film shows mostly single-layer large islands with
a small amount of the second layer.”¥ This is in good
contrast to the previous Au/Co/Au system,'¥ where most
Co clusters form a double layer and the magnetically easy
axis is perpendicular to the surface. The present growth
conditions (the substrate temperature of <310K and the
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Fig. 2. (Color online) Magnetization curve of 0.4 ML Co on Cu(001) at
6.0K along surface normal [001] direction, recorded as Co Lyy XMCD
intensity. The red points are the experimental data, and the blue dashed
line is the fitted result using the second-order approximation of the
magnetic anisotropy energy.

growth rate of 0.2ML/min) indicate that the intermixing
with Cu is not significant in contrast to the growth at higher
temperatures.25‘27)

Figure 2 shows the magnetization curve of 0.4 ML Co on
Cu(001) at 6.0K along the [001] direction. The magnet-
ization is scaled using the area of the Co Ly peak. The
magnetization is found to increase linearly up to H =
+2.5T, while the magnetizations at H = +5.0T are
apparently weaker than those expected from the extrapolated
linear line. A magnetic anisotropy energy E, of a magnetic
thin film at a perpendicular external magnetic field is
phenomenologically expressed in the second-order approx-
imation as

E, = (LNMS2 — Kz) cos’ Om — MgH cosby, (2)
210

where 1 is the permeability of vacuum, M, the saturated
magnetization, N the demagnetizing factor (N =1 for an
infinitely wide film), and K, the second-order magneto-
crystalline and/or magnetoelastic anisotropic constant. The
perpendicular component of magnetization, M cos 6y, is
obtained by minimizing E, in eq. (2). This yields a linear
function up to H, while it turns flat above H;. By fitting the
experimentally obtained data points (|H| <2.5T) with a
linear function, Hj is estimated to be ~3.4T. The magnetic
fields of £5T are thus confirmed to saturate the magnet-
ization even along the [001] axis.

Figure 3 depicts the Co Lyyy-edge circularly polarized
X-ray absorption spectra, . and ., taken at 6; = 60 and
0°. ut and u~ denote those for the X-ray helicities parallel
and antiparallel to the electron spins in the specimen,
respectively. The spectra are obtained from a linear back-
ground at the preedge energy and a subsequent normal-
ization with the edge jump at the postedge energy. Self-
absorption correction®® is performed for all the spectra by
assuming a perfectly flat film. This procedure is however not
at all important since the present Co thickness of 0.4 ML is
small. The XMCD spectra are resultantly obtained by the
subtraction of the two circularly polarized spectra and the
normalization with a polarization factor. In the case of the
6; = 60° spectra, the magnetization M is still lying flat along
[110] with a negligibly small perpendicular component due
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Fig. 3. (Color online) Co Lyyy-edge circularly polarized X-ray absorp-
tion spectra of 0.4 ML Co on Cu(001) at 6.0 K recorded with total electron
yield mode (sample drain current). In the top spectra, magnetization is
along the easy axis of [110] within the surface plane (6 = 90°), and the
X-ray incidence and the external magnetic field (0.1 T) are directed to
6; = 60° from the surface normal. In the bottom spectra, the magnet-
ization, the X-ray incidence and the external magnetic field (£5.0 T) are
all aligned to the [001] hardest axis: Oy = 0° and 6; = 0°. The solid blue
and dashed red lines correspond to ut(6y) and ™ (6y), respectively,
while the black dotted lines are the background absorption BS. The
spectra were self-absorption- corrected, although the effect is essentially
negligible for the present thickness.
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Fig. 4. (Color online) Co Lyyy-edge XMCD spectra of 0.4 ML Co on
Cu(001) at 6.0K for the magnetization parallel (6y = 90°) and
perpendicular (6y; = 0°) to the surface.

to a weak magnetic field of H = 0.1 T. Thus, the angle
between M and the X-ray propagation direction is 30°. The
XMCD spectrum is normalized with a factor of P, cos30°.
On the other hand, the XMCD spectrum along the [001]
axis is taken at normal X-ray incidence at H = £5.0T
(H | [001]). The magnetization saturation is verified. The
spectrum is normalized with P.. Figure 4 shows the XMCD
spectra for Oy = 90 and 0°, where 6y; denotes the polar
angle of M. Although the two XMCD spectra are not very
different from each other, small dissimilarities can clearly be
seen around the Lyj-edge peaks, indicating small aniso-
tropic features in the present submonolayer film.
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eff

morb(eM) and mspin

rules!'”1®) as

(M) are obtained using the sum

2nn B
31

mase) = [ A 3)
Lm+Ly

et = DB (/ ApdE — 2f A/LdE), @)
3l Lm Ly

where ny, is the d-hole number, ug the Bohr magneton, and
A the experimentally obtained XMCD spectrum given in
Fig. 4. The normalization factors I,, correspond to the
average L peak area (2p — 3d) transition intensity) and

is given as
[
Iy = e——
Lin+Luy 2

is the background absorption spectrum expressed
and pB9).

and

BG> dE, 3)

where uB6
by the two step functions (see Fig. 3 for ut, u=,
I,y is proportional to ny.

To determine the absolute numbers of the magnetic
moments, we first estimate the proportional factor of ny /I,y
using a standard XMCD spectrum of 3.0 ML Co on Cu(001)
at 6.5K, where n;, = 2.50 is assumed.” The XMCD spectra
of 3.0ML Co/Cu(001), which were taken in a similar
grazing geometry, yield mfgfn = 1.754+0.10 pg and mey, =
0.21 £0.05 ug. Those results are consistent with those
previously reported,'" namely, mgyin = 1.77 £0.10 pp and
Mo, = 0.24 & 0.05 for 2.1 ML Co/Cu(001).>”

In 0.4ML Co, we obtain the d-hole numbers n,(90°) =
2.56 £ 0.15 and n,(0°) = 2.48 £ 0.15, implying that the d-
hole number of 0.4 ML Co is almost angle-independent of
and also similar to that of 3ML Co. Subsequently, we
evaluate the magnetic moments of 0.4 ML Co using the sum
rules to be mp(90°) = 0.29 £ 0.05 up, Mmyp(0°) = 0.23 +
0.05 ug, ;f,fn(90°) 1.86 £ 0.10 ug, and mign(OO) =
1.65 £ 0.10 up.

Consequently, mgp, can be estimated by subtracting the
mr term in eq. (1). Stohr and Konig'” proposed important
formulas in the angle- dependent XMCD measurement as

Mo (Oy) = m2, cos? Oy + morb sin? O, ©6)
my(Oy) = m cos? Oy + ml. sin® Gy, (7

and
mt +2ml) = 0, ®)

where the superscripts L and | denote the moment
directions perpendicular and parallel to the surface, respec-
tively. By using the numerical values obtained above, we
can eventually evaluate the magnetlc moments. The mag-
netlc dipole terms are given as m = 0.010£ 0.05 ug and
my = —0.020 + 0.05 pp. The spin magnetic moment of
Mgpin = 1.79 £0.10 up is around 12% larger than that of
bulk hcp Co (m';“llrlf = 1.55 ug), and the orbital magnetic
moments of mﬂrb =0.294+0.05 ug and mjrb =023+
0.05 pp are much more significantly greater than the bulk
value of m?%k = 0.15 pp.

Tischer et al.¥ reported ml o Jmet ~0.10 for 2ML Co.

spin

The present result is morb/metf = 0.16 £0.02, which is

spin
small but markedly larger than their result owing to a

smaller Co thickness in the present case. From the thick-

ness dependent XMCD measurements, they estimated

orb /mfgn ~0.19 for the surface Co atoms, while they
estimated m), /mef ~ 0.141 from their theoretical calcu-
lation. The agreement with the present result is acceptable.
Srivastava et al.'" reported m! = 0.2440.05 up and
Mgpin = 1.77 :I: 0.10 ug for 2.1ML Co/Cu(001).?” The
Mgpin and m! o values are similar to the present results
within the error bars. On the other hand, Ney et al.'? gave,
by SQUID measurement of >2ML Co/Cu(001), the total
magnetic moment ml‘m = Mgpin + m!rb of 1.87 £0.03 ug for
2ML Co, Wthh is slightly smaller than the present 0.4 ML
result of mtot =2.08+£0.15 ug.

There have also been reported theoretical estimations
for the spin magnetic moment of monolayer Co/Cu(001):
Mypin = 1.71 pp,” 1.78 g, and 1.85 up."> Although the
theoretical estimations are rather scattered depending on the
calculation method and the employed lattice constant, 10—
20% enhancement of mygpy;, compared with the bulk value is
in fairly good agreement with the present finding. Hjortstam
et al.” also evaluated the orbital magnetic moment of
mé‘rb = 0.261 up, assuming perpendicular magnetization for
calculational simplicity, which is consistent with the present

result of mE, = 0.23 £ 0.05 ug.

5. Conclusions

In this work, we have designed and constructed a new
UHV-compatible XMCD measurement system, by which the
XMCD spectra can be recorded at a magnetic field of
maximum =+7T and at a sample temperature of 4.8K
(accumulated He) or 3.8 K (pumped He). By using this
system, magnetic properties of submonolayer (0.4 ML) Co
grown epitaxially on Cu(001) have been investigated. The
angle-dependent XMCD spectra for the saturated magnet-
ization taken at 6.0 K allowed us to evaluate spin and orbital
magnetic moments separately along the surface parallel and
perpendicular directions. Their enhancements have clearly
been determined and compared with the corresponding bulk
values: ~15% for the spin magnetic moment and ~96
and ~53% for the orbital magnetic moments along the
surface parallel and perpendicular directions, respective-
ly. The enhancements of the orbital and spin magnetic
moments for the submonolayer Co atoms are as a whole
consistent with the previous theoretical and experimental
estimations.
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