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Magnetic circular dichroism (MCD) has been observed at the L3 absorption edges of fer-
romagnetic nickel by use of circular-polarized soft-x-ray synchrotron radiation. The MCD inten-
sity ratio between the L, and the L; edges is found to differ appreciably from that predicted by a
simple exchange-split-valence-band model. Fine MCD features, imperceptible in the absorption
spectra, are also observed and a tentative interpretation is given. This work, demonstrating the
feasibility of MCD measurements in the soft-x-ray region, provides a new approach to study 3d
and 4f ferromagnetic systems with their respective dipole-permitted 2p — 3d and 3d — 4f transi-

tions.

Synchrotron radiation from the bending magnets of
electron storage rings has the desirable property that the
radiation emitted just above or just below the plane of the
ring has a high degree of circular polarization. In the ul-
traviolet region, this property has been exploited in spin-
polarized photoemission measurements on gases and
solids,! and in circular dichroism and magnetic circular
dichroism (MCD) studies of both inorganic and biological
molecules.? Starting with a paper by Erskine and Stern,?
there has been increasing agitation to perform dichroism-
type experiments with synchrotron radiation in the soft-
x-ray region. The attractive feature of this region is that
it admits access to the strong dipole-permitted (core
2p) — (valence 3d) excitations in transition-metal fer-
romagnets, and (core 3d)— (valence 4f) in rare-earth
magnetic materials. Following the pioneer observation of
linear magnetic x-ray dichroism in 4f rare-earth magnetic
compounds by Laan etal.,* x-ray magnetic circular di-
chroism in a large number of rare-earth and transition-
metal systems has been reported by Schiitz and co-
workers who have used circularly polarized synchrotron
hard x-rays,’ and by Kao et al. who have used linearly po-
larized soft x-rays to observe resonant magnetic exchange
scattering at the L, 3 edges in Fe.®

In this paper we report the observation of a strong
MCD at the L ; edges of ferromagnetic nickel. The mea-
surements were performed by means of a straightforward
adaptation of our Dragon monochromator at the National
Synchrotron Light Source.” The results are qualitatively
consistent with a simple exchange-split-valence-band
model.3 Quantitatively, however, the intensity ratios of
the L, and L3 white lines and their MCD counterparts do
not agree with this simple model, suggesting that the
spin-dependent density of states near the Fermi level is
substantially modified by the LS coupling and the Zee-
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man effect. This, as well as the observation of fine struc-
tures in the MCD spectra, indicates the sensitivity and
usefulness of soft-x-ray MCD in the study of the electron-
ic structure of magnetic materials.

The beamline optical arrangement is illustrated in Fig.
1(a). The decoupled horizontal and vertical focusing mir-
rors (HFM, VFM) of the Dragon beamline allow us to
select any center for the vertical angular acceptance
within a range y =4 mrad without affecting the horizontal
focusing of the monochromator. By translating the VFM
vertically, one can position the center of radiation at a
specific offset angle, yog, with respect to the orbit plane.
To restore full illumination of the grating, the entrance
slit must then be translated vertically in proportion to the
translation of the VFM. For any given y.g, the grating
scanning angle and exit-slit distance were recalculated to
take into account the change in the grating-incidence an-
gle. The data presented here were taken with 12 mrad
horizontal angular acceptance and 0.44 mrad vertical an-
gular acceptance (Ay).

The Ni L, ; photoabsorption spectra were taken at nor-
mal incidence on a Ni(111) single crystal by monitoring
the sample photocurrent. As shown in Fig. 1(b), the sam-
ple was rigidly attached to a view port at the back of a
small vacuum chamber. In this way, the sample was elec-
trically isolated and its surface was only a short distance
(~4 mm) from a permanent magnet held outside the
chamber. The magnetic field at the surface of the sample
was measured to be ~2000 G, a value sufficient to fully
align the bulk magnetic domains at room temperature.
The parallel or antiparallel orientation between the spin
direction of the photons and that of the majority 3d elec-
trons was selected by simply reversing the orientation of
the external permanent magnet. Two metal rings, posi-
tioned in front of the sample, were biased to prevent the
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FIG. 1. (a) Beamline optical arrangement for obtaining circularly polarized soft x-rays. (b) Experimental setup for measuring the

magpnetic circular dichroism in nickel.

sample from recapturing the photoemitted electrons as
well as from collecting electrons generated at the alumi-
num window. During the absorption measurements, the
Iy beam intensity was continuously monitored by detect-
ing the total electron yield of a 90% transmission gold
mesh, mounted in a y-metal-shielded /o chamber [see Fig.
1(b)].

With this setup, no observable influence of the per-
manent magnet was observed in either the sample or the
I, signals. Our measurements on the L; 3 edges of non-
magnetic Ti and Cu samples at any y,q and on magnetic
Ni samples at y,q =0 all showed the same signal readings
regardless of the location and orientation of the magnet.
When taking data for a given g, a single-sweep spec-
trum was taken alternately for the two different magnet
orientations to minimize any possible time-dependent drift
in our apparatus. The data-acquisition time for a single
sweep was 9 min, and more than 15 spectra were recorded
for each magnet orientation to secure the reliability of /g
normalization and to improve the data statistical accura-
cy.
The L, 3 photoabsorption spectra of the nickel crystal
taken for the two different magnetization orientations are
displayed in Fig. 2(a). The solid curve is the spectrum
taken with the spin direction of the photons parallel to
that of the majority 3d electrons, while the dashed curve is
taken with these two spins being antiparallel to each oth-

er. In these data, taken with yo,s=0.75 mrad above the
orbit plane, the circular polarization of the monochroma-
tized light is calculated to be 85% * 5%. Since there is no
significant MCD effect expected below and above the L3
and L, white lines, the nearly perfect match of these two
spectra at photon energies below 850 eV and above 880
eV demonstrates that our detection scheme is not
influenced by the magnetic field, and that the /¢ normali-
zation is very reliable.

As observed in Fig. 2(a), the intensities of the L; and
L, white lines, due to essentially the 2p3»— 3d and
2p\/,— 3d transition, respectively, are different for oppo-
site magnetic-field orientations, and the enhancement or
decrease observed at the L3 line is reversed at the L, line.
This effect is more visible in the difference spectrum
shown in Fig. 2(b), and referred to as the MCD spectrum.
By collecting radiation below the orbit plane the effect ob-
served at the two white lines is reversed in sign, and, at
any o, spectra taken with no magnetic field are equal to
the average of those taken with opposite magnetic field.

In broad outline, our results are consistent with the sim-
ple exchange model of Erskine and Stern.? The essence of
this model is the observation that the unoccupied 3d states
of ferromagnetic Ni occupy a very narrow energy range
just above the Fermi level and are (with neglect of spin-
orbit interaction) exclusively of minority spin character
(3d}). A straightforward application of dipole-selection
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FIG. 2. (a) L,; absorption spectra of nickel taken at two
different orientations between the spin direction of the incident
photons and that of the majority 3d electrons. Peaks observed
at 853 and 871 eV are the L3 and L, white lines. These two
spectra are obtained by normalizing the Ni(111) photocurrent
with the /o beam intensity and then scaled to make the averaged
peak height of the L3 white line equal to 100. (b) Magnetic cir-
cular dichroism of nickel obtained from the intensity difference
of the two spectra shown above. The solid curve is a smoothing
of the data. Fine features labeled as 4,4’ and B,B’' are dis-
cussed in the text.

rules yields the following expressions for the total cross
sections (0++0-) and the MCD cross sections (o+
—-0-):

o++o-=%34A+3B+3%C,
L2(2pyp— 3d )1 ) )
oyr—06-=5A—5C,

o+r+o_=%A+%$B+4%C,
L3(2p3/2—* 3dl)‘ ) )
oyr—o-=—5A+5C.

The quantities 4, B, and C are proportional, respective-

ly, to the squared dipole matrix elements

Ky 2lx £iply =12 Ky x 2iy|yD)]2,
and

K¥2lxiylY D12,

where Y7 are spherical harmonics and the x % iy is the di-
pole operator of circularly polarized photons. No matter
how the A, B, and C terms are weighted,® the model pre-
dicts that the ratio of total cross sections for L3 and L,
white lines be 2:1, and the corresponding ratio for the
MCD cross sections be — 1:1. Qualitatively, these predic-
tions are not too bad. Quantitatively, the measured peak
area ratios are about 2.6:1 for the total cross sections and
about —1.6:1 for the MCD cross sections. This apprecia-
ble difference could be related to the change of spin
dependent unoccupied density of states near the Fermi
level caused by the LS coupling and the Zeeman effect. It
has been noted previously in the related case of Pt that
spin-orbit interaction within the valence d band will
enhance the proportion of j= 3 character at the top of
the d band and therefore favor the L3 over the L, edge.9
Thus we may conclude that the MCD measurements are
sensitive to details of the electronic and magnetic struc-
ture beyond elementary atomic-dipole selection rules, and
call for more sophisticated calculations of the kind which
are now beginning to appear in the literature.*!°

In support of this conclusion, we note the existence of
weaker features in the spectra at about 4 and 6 eV above
their respective white lines. The 6 eV feature [labeled as
A,A' in Fig. 2(a)] appears only in the total spectrum, and
as has been noted before,'! is attributed to an edge in the
density of states starting at the onset of band 7 at the sym-
metry point L;. Exchange splittings are negligible this
high in the unoccupied band structure, and so it is not
surprising that these features have no counterparts in the
MCD spectrum. By way of contrast, the 4 eV feature [la-
beled as B,B' in Fig. 2(b)] is imperceptive in the total
spectrum but manifests a distinct shoulder in the MCD
spectrum. We tentatively attribute this feature to ex-
change-split d states weakly hybridizing with the unoccu-
pied s, p states above the nominal top of the 4 band.

In summary, we have observed MCD at the L; 3 edges
of ferromagnetic Ni. The results are sensitive to the de-
tails of the electronic and magnetic structure, thus
confirming the optimism expressed earlier by others.> ¢
The strong MCD at the L, 3 edges of nickel, approximate-
ly 2 orders of magnitude larger than those at the K edges
of transition metals,? motivates the further use of circu-
larly polarized soft x-rays to study magnetically ordered
3d ferromagnets and 4f rare-earth materials.

We thank N. V. Smith for his enthusiastic encourage-
ment, M. Wong and M. Hong for useful discussions, and
E. E. Chaban for skillful technical assistance. Y.M. ac-
knowledges stimulating discussion with E. A. Stern. The
National Synchrotron Light Source is supported by the
U.S. Department of Energy under Contract No. DE-
AC02-76CHO00016.




RAPID COMMUNICATIONS

42 SOFT-X-RAY MAGNETIC CIRCULAR DICHROISM AT THE . .. 7265

1See, for example, U. Heinzmann, Phys. Scr. 17, 77 (1987), and
references therein; J. Garbe and J. Kirschner, Phys. Rev. B
39,9859 (1989), and references therein.

2See, for example, P. A. Snyder and E. M. Rowe, Nucl. In-
strum. Methods 172, 345 (1980); J. C. Sutherland, P. C.
Keck, K. P. Griffin, and P. Z. Takacs, ibid. 195, 375 (1982);
T. C. Van Cott, J. L. Rose, G. C. Misener, B. E. Williamson,
A. E. Schrimpf, M. E. Boyle, and P. N. Schatz, J. Phys.
Chem. 93, 2999 (1989).

3J. L. Erskine and E. A. Stern, Phys. Rev. B 12, 5016 (1975).

4G. van der Laan, B. T. Thole, G. A. Sawatzky, J. B. Goedkoop,
J. C. Fuggle, J.-M. Esteva, R. Karnatak, J. P. Remeika, and
H. A. Dabkowska, Phys. Rev. B 34, 6519 (1986); This effect
was predicted earlier by B. T. Thole, G. van der Laan, and G.
A. Sawatzky, Phys. Rev. Lett. 55, 2086 (1985).

5G. Schiitz, W. Wagner, W. Wilhelm, P. Kienle, R. Zeller, R.
Frahm, and G. Materlik, Phys. Rev. Lett. 58, 737 (1987); G.
Schiitz, M. Kniille, R. Wienke, W. Wilhelm, W. Wagner, P.
Kienle, and R. Frahm, Z. Phys. B 73, 67 (1988); G. Schiitz,
R. Wienke, W. Wilhelm, W. Wagner, P. Kienle, R. Zeller,
and R. Frahm, ibid. 75, 495 (1989).

6C. Kao, J. B. Hasting, E. D. Johnson, D. P. Siddons, G. C.

Smith, and G. A. Prinz, Phys. Rev. Lett. 65, 373 (1990).

’C. T. Chen, Nucl. Instrum. Methods Phys. Res. Sect. A 256,
595 (1987); C. T. Chen and F. Sette, Rev. Sci. Instrum. 60,
1616 (1989).

8In Ref. 3, for example, the A4, B, and C terms are weighted in
the proportions 1, 1, and 0, respectively.

9N. F. Mott, Proc. Phys. Soc. London, Sect. A 62, 416 (1949);
L. F. Mattheiss and R. E. Dietz, Phys. Rev. B 22, 1663
(1980).

10For examples, P. Carra and M. Altarelli, Phys. Rev. Lett. 64,
1286 (1990); H. Ebert, P. Strange, and B. L. Gyorffy, J.
Appl. Phys. 63, 3055 (1988); J. P. Hannon, G. T. Trammell,
M. Blume, and D. Gibbs, Phys. Rev. Lett. 61, 1245 (1988); T.
Jo and S. Imada, J. Phys. Soc. Jpn. 59, 1421 (1990).

!IC, Bonnelle, Ann. Phys. (N.Y.) 1, 439 (1966); D. J. Nagel, in
Band Structure Spectroscopy of Metals and Alloys, edited
by D. J. Fabian and L. M. Watson (Academic, New York,
1973), p. 457; R. D. Leapman, L. A. Grunes, and P. L. Fejes,
Phys. Rev. B 26, 614 (1982); J. Fink, Th. Miiller-
Heinzerling, B. Scheerer, W. Speier, F. U. Hillebrecht, J. C.
Fuggle, J. Zaanen, and G. A. Sawatzky, ibid. 32, 4899
(1985).



