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Large magnetic circular dichroism using circularly polarized synchrotron radiation has been 
observed at the I!& absorption edges of thin ( 1-12 monolayers) fee Fe films grown on Cu( 00 1). 
Dramatic changes in the 2p branching ratio are observed when the orientation of photon helicity 
and sample magnetizat.ion are varied from parallel to antiparallel. The temperature and film 
thickness dependence of the perpendicular anisotropy in these films could be monitored by 
variations in the 2p branching ratio. Finally, our results are described in a simple theoretical 
framework that allows a determination between the predicted low- and high-spin phases for fee 
Fe. Our data suggest a high-spin phase with a moment of2.0-2.5 ~Jatom. Interestingly, thicker 
films with remanant magnetic. moments in the film plane present smaller branching ratio 
variations consistent with either a reduced moment or with domain closure for these films. The 
surface sensitivity and elemental specificity of this technique make it particularly attractive for 
the study of surface and thin film magnetism. 

The recent availability of highly circularly polarized 
photons in the soft x-ray regime provides a unique oppor- 
tunity for the st.udy of magnetic materials. Pioneering ef- 
forts have used the circuharly polarized x-rays for x-ray 
absorption’*’ and core-level photoemission.3’4 Each of these 
studies measures the relative change in cross section as the 
incident x-ray polarization is varied. These changes are 
referred to as x-ray magnetic circular dichroism. 

In the x-ray absorption measurements, varying the 
x-ray polarization from right to left circular gives rise to 
relative intensity changes in the I., and L, absorption 
edges for 3d transition metals and in the &f4 and 1cri5 edges 
for rare earths. The results are qualitatively explained by 
an exchange-split valence-band model.’ Simple single- 
electron atomic calculations which include crystal-field in- 
teractions can be used to extract an approximate local 
magnetic moment from the absorption spectra.“s6 Further- 
more, in addition to offering elemental specificity, when 
collected in an electron partial yield mode, the absorption 
spectra also offer surface sensitivity and can be used to 
estimate local moments for magnetic surfac.es and thin 
films. 

In this paper, we show results of x-ray absorption mea- 
surements for the Fe/Cu(OOl) system. This system has 
been studied by a number of techniques including spin- 
polarized electron spectroscopies,’ inverse photoemission,” 
surface extended x-ray-absorption fine structure (SEX- 
AFS),’ low-energy electron diffraction,** x-ray photoelec- 
tron diffraction,” and surface magneto-optic Kerr effect 
(SMOKE).” 

All films in this study are grown at - 150 K where Fe 
forms a relatively poorly ordered metastable fee film.” At 
low coverage and low temperature, the perpendicular an- 
isotropy of these films exceeds the magnetic dipole energy 
giving rise to a magnetic easy axis normal to the surface. 
This perpendicular anisotropy has a complex temperature 
and coverage dependence which can be followed by observ- 

ing the switching transition between perpendicular and 
planar remanent magnetization.’ 

All measurements were performed at the Stanford Syn- 
chrotron Radiation Laboratory (SSRL) using the spheri- 
cal grating monochromator that is part of the facilities of 
the University of California-National Laboratories Yartic- 
ipating Research Team.13 It is well known that radiation 
just above and below the electron orbital plane in the stor- 
age ring is highly circularly polarized.‘” The capability of 
this monochromator to produce usable intensities of highly 
circularly polarized x rays was first demonstrated by Wu 
ef al. ” The degree of x-ray polarization for the results pre- 
sented here is estimated to be .-90%.16 

The Fe was evaporated from a W basket located -50 
cm from the sample. Typical evaporation rates, as moni- 
tored with a quartz crystal microbalance, were - 1 ML/ 
min. at pressures ~10~~ Torr. Fe coverages were further 
calibrated using the relative intensities of the Fe and Cu 3p 
core levels which were cross calibrated with previous Au- 
ger electron spectra from this system.” 

The Fe film was magnetized by applying current pulses 
to a c.oil whose axis could be oriented either perpendicular 
to or along the sample surface. The maximum applied field 
was -3 kOe and all measurements were made in rema- 
nence. 

X-ray magnetic circular dichroism in the 2p absorption 
spectra of 3d transition metals is a consequence of the 
dipole transition selection rules. It can easily be shown that 
excitation with left-circularly polarized x rays permits only 
transitions with Amj= - 1, and right-circularly polarized 
x rays only those with A~nj= + I. Thus, in the case where 
large initial-state spin-orbit splitting exists the absorption 
spectra with right- and left-circularly polarized x rays will 
be different. More precisely, the spectra will depend upon 
the relative orientation between the x-ray helicity vector 
and the sample magnetization. 

Examples of Fe 2p absorption spectra for 2 ML Fe/ 
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FJG. 1. x-ray absorption spectra for 2 ML Fe/Cu(OOl) at 150 K. The 
left panels show results for parallel helicity and sample magnetization, 
and the right paneis show the same for the antiparallel alignment. The 
four eQremea of alignment, i.e., left- and right-circ&rJy polarized x raya 
for a magnetization both into and out of the sample, are shown. In each 
case the Fe Zp branching ratio changes from 0.83 for pamlIe photon 
h&city and sample magnetization to 0.64 for antiparallel photon helicity 
and sample magnetization. 

Cu[OOl j at 150 K are shown in Fig. 1. One immediately 
notices the dramatic difference in relative intensities of the 
2~~~~ and 2p1;2 manifold when the orientation of the pho- 
ton h&city and sample magnetization are changed from 
parallel (left panels) to antiparallel fright panels). For 
these films at this temperature the magnetic easy axis is 
along the surface normal and these spectra were acquired 
with normal photon incidence. 

Table I summarizes the experimental x-ray absorption 
daPa for 2 ML Fe films at 150 K and compares them with 
a simple one-electron atomic theory which parallels the 
pioneering efforts of Erskine and Stern.5 The results are 
expressed as a branching ratio which is defined as the per- 
centage ofthe 2p absorption intensity in the 2~~~~~ manifold. 
Within this model, this value is 5 for linear polarized x rays 
or nonmagnetized samples. The experiment gives a value of 
0.74 for linearly polarized s rays which can be explained by 
incorporation of spin-orbit interaction in the valence band. 
This, of course, produces an orbital component to the total 
magnetic moment. It has, however, been demonstrated 
that for Fe, Co, and Ni the orbital moment is - 10% or 
less of the spin moment. I8 Our approach is to remove these 

effects by normalizing the experimental data to the linear 
results. The implicit assumption is that the “nonstatistical” 
effects are not dependent on the x-ray polarization.* It is 
important to note that recent calculations have demon- 
strated t.hat x-ray absorption dichroism directly measures 
the shell-specific orbital moment’” and thus provides the 
opportunity for assessing both the orbital and spin contri- 
butions to the total magnetic moment. Currently, extrac- 
tion of the spin moment is not as direct as for the orbital 
moment. The results herein represent a simplistic approach 
predicated on the relatively small magnitude of the orbital 
moment and the applicability of atomic models to these 
films. The two theoretical branching ratio columns in Ta- 
ble I are for moments of 4 and 2 pH/Fe and x-ray poiar- 
ization of 100%. The agreement between experiment and 
theory for 2 y B/Fe is quite remarkable. A slightly more 
sophisticated analysis” which includes adjustable x-ray po- 
larization and electron spin populations in the unoccupied 
d states yields the following expression for the magnetic 
moment (MM) of Fe: 

MM(,uCLR) = -8j3 BRP’ -2) 

where BR ’ is the normalized experimental branching ra- 
tio and P is the x-ray polarization. From our data with 
P= 10.90 we get -2.2 pB/Fe. The accuracy of this de- 
termination is probably no better than AO.5 pub/atom. 
Nevertheless, in the case of fee Fe films, it allows us to 
distinguish between the predicted low- and high-spin 
phases with moments of - 1 PJatom and 2.5 ,~,/atom.” 

We now turn to the temperature dependence of the 
perpendicular anisotropy of the Fe films. We use the 2p 
branching ratio taken with circularly polarized x rays to 
follow the loss of perpendicular magnetization as t.he sam- 
ple is warmed. If, for example, at 150 K the photon heiicity 
and sample magnet.ization are antiparallel and the 2p 
branching ratio is -0.83, then as the sample is warmed 
above -200 K the branching ratio decreases until at - 230 
K it reaches a final value of -0.72. This indicates that the 
magnetic easy axis has switched from normal to the surface 
to parallel to the surface. This transition is reversible pro- 
vided the sample is not warmed above - 350 K, and these 
results are consistent with earlier electron spin- 
polarization’ and SMOKE’” measurements. 

Finally, we turn to the coverage dependence of the 
perpendicular anisotropy. In Fig. 2 we present results for 

TABLE I. 2 ML Fe film. Comparison of experimental and theoretical branching ratios. The normalized experimental values are obtained from the 
esperimentaJ values by multiplying by (0.6710.74). The theory values are for Fe moments of 4 pLR and 2 /.A~ and 100% circular polarization. 

Branching ratio 

Polarimdon Magnetization Orientation EXjX 

Norm. 
Exp. 

4ctf3 
Theory 

2 Pa 
Theory 

Left out Parallel 0.64 0.58 0.50 0.58 
Left In Antiparallel 0.83 0.75 0.83 0.75 

Right In Parallel 0.65 0.59 0.50 0.58 
Right out Antiparallel 0.83 0.75 0.83 0.75 
Linew 0.74 0.67 0.67 0.67 

6749 J. Appl. Phys., Vol. 73, No. IO, 15 May 1993 Waddill, Tobin, and Pappas 6749 



G 
‘E 3 
d 
2 
c 
.o 
3% 
8 ln 
8 
a 
2 

10 ML Fe/C&(001 j . - . . . .../_ - .“._ . ..-.,......_ _ ..__ ._-..... j ..-. .._ 

-~~ Parallel 
I _  Antiparailel 

L.” ..__ /_ -, .- .  .  .  .  . .A - - - . . . . . . . . .  -...- .~ .-.- 

: j 
j 
I 
? 
:! I I... 

6% 715 
Photon Energy (eV) 

735 

FIG. 2. X-ray absorption spect.ra for 10 ML Fe/Cu(OOl) at 150 K. 
Sample magnetization was along the surface, and the spectra were ac- 
quired for lo” grazing photon incidence. The solid (dashed) curves are for 
helicity and magnetization approximately parallel (antiparallel j ~ 

10 ML Fe/Cu(OOl) at 150 K. This film is fee, but its 
magnetic easy axis is now along the surface. Table II shows 
that the branching ratio for tO” glancing incidence (left 
side) varies from 0.66 to 0.74 for photon helicity and sam- 
ple magnetization approximately parallel and antiparallel 
respectively. On the right side of Table Ii we show the 
branching ratio as a function of incident photon angle to 
demonstrate the dependence of the branching ratio on the 
alignment of photon helicity and sample magnetization. 
Again, using the simple theory of Kefs. 2 and 20, and 
compensating for the misalignment of photon helicity and 
sample magnetization, we get a reduced value for the Fe 
magnetic moment of - 1.4 pB/atom. This result is consis- 
tent with a recent study of a 15 .& fee Fe film on Cu(OO1) 
(Ref. 7) which postulated a reduced moment for these 
films. However, it is also possible that the apparent reduc- 
tion in the Fe moment is due to domain closure in these 
films. For the films with perpendicular magnetization mac- 
roscopic single domains should exist for sufficiently high 
perpendicular anisotropy.?” 

We have presented results that exploit the availability 
of circularly polarized soft x rays in the study of magnetic 
materials. The x-ray absorption measurements probe the 
spin-split density of states just above the Fermi energy and 
contain information about the magnetic moment of the 
sample. Simple one-electron theories are sufficient to pro- 
duce semiquantitative agreement with experiment. This 
method combines elemental specificity and surface sensi- 
tivity and is therefore particularly suited to the study of 
surface and thin-film magnetism. It is complementary to 
existing spin-polarized photoemission techniques and its 
use should become increasingly prevalent in the study of 
3d and 4f magnetism. 

TABLE II. 10 ML fee Fe film. Fe 2p branching ratio for a thick fee film 
with magnetic easy axis along the surface, The left side shows the vatid- 
tion for lo” glancing incidence as the orientation of the photon helicity 
and sample magnetization is changed from approximately parallel to an- 
tiparailel and compared to nornnal incidence (perpendicular). On the 
right side we show the branching ratio as a function of photon incidence 
angle. The normalized experimental branching ratio is obtained as in 
Table I. 

Orientation Exp. 

Parallel 0.66 
Antiparallel 0.74 
Perpendicular 0.70 

Norm. 
EXP. 

0.63 
0.70 
0.67 

0 Exp. 

lo” 0.66 
55” 0.48 
90” 0.70 

Norm. 
Exp. 

0.63 
0.65 
0.67 
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