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Magnetic dichroism in UV photoemission at off-normal emission: Study of the valence bands
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Magnetic dichroism of angle-resolved UV photoemission from fcc C@QC1) thin films has been measured
using linearlyp-polarized light, and a coplanar geometry where the light and photoelectron wave vectors are
antiparallel, and both are perpendicular to the in-plane sample magnetization. This geometry emphasizes
information about state dispersion due to the crystalline symmetry. An orderly dispersion of the features in the
magnetic dichroism over a wide rangeaif-normalangles of electron emission is related in detail to the bulk
band structure of fcc Co. The measurements confirm the practical utility of magnetic dichroism experiments as
a relatively simple complement to spin-resolved photoemis$®0163-18207)04303-9

[. INTRODUCTION ever, since electron spin polarization measurements are time
consuming and require a rather specialized apparatus,
Magnetic dichroism in the angular distribution of photo- MDAD has a role as complementary technique, which per-
electrongMDAD) offers the possibility of studying the elec- mits a rapid survey of the electronic structure with some
tronic valence states of magnetic solids using a simple exdegree of spin sensitivity. Detailed spin-polarized photo-
tension of widely known methods for angle-resolvedemission experiments could then pursue selected experimen-
photoemission. This technique involves the comparison ofal conditions of particular interest.
two photoelectron energy distributions measured for oppo- Little systematic work investigating the valence bands of
site senses of remanent magnetization of a magnetiferromagnets using MDAD has been reported thus far. A
samplet? and requires no special detectors or light mono-number of groups have reported the observation of MDAD
chromators (if linearly polarized or unpolarized light is using ultraviolet lightt and have shown that the dichroism is
used. A practical advantage of MDAD is that it is a differ- of order 1% to 5% without correction for the effects of the
ential spectroscopy dependent upon magnetization. It is thusecondary electron background. There has been little analy-
ideally suited for the study of the flat, tightly spaced valencesis of these results, with the emphasis being instead on quan-
bands of the @ ferromagnets near the Fermi level, where atifying the size of the dichroism and confirming its symmetry
number of photoelectric transitions may be allowed simultaproperties. A few very recent studies have demonstrated the
neously, and the resulting peaks will overlap in the photo-utility of MDAD in normal photoelectron emission. One
electron energy distribution. The differential changes ob-such work investigates nickel films on @@1), as a function
served in MDAD may allow separation of the various of the photon energylt uses circularly polarized light and a
component transitions and permit a more detailed study ofiighly symmetrical geometry where the magnetization, pho-
the electronic states that support the macroscopic magnetioelectron, and light wave vectors are all parallel to the sur-
moment in the 8 ferromagnets. Such a separation of over-face normal. The experimental separation of the small spin-
lapping transitions was accomplished using MDAD from orbit splitting of valence bands of different double-group
shallow 3 core states,where neither the exchange splitting symmetry is impressive, as is the agreement with quantita-
nor the spin-orbit interaction is large enough to be discerntive one-step photoemission calculations of the MDAD. A
able in the intensity distribution, but the differential nature of second work presents an analysis of a single MDAD spec-
MDAD reveals the internal structure of the core multiplet. trum for normal emission from the in-plane magnetic system
The technique is in some ways similar to full spin-polarizedCo/Cu001). It uses unpolarized light and off-normal illumi-
photoemission experiments, another differential spectrosnation, and demonstrates the ability to detect a point of band
copy that gives improved state resolution through spin conhybridization. One-step photoemission calculations are again
trast. Spin-polarized photoemission vyields, in addition, then good agreement, but predict an absolute spin polarization
absolute sign and magnitude of spin polarization, and cathat cannot be understood, and that MDAD does not address.
therefore provide a deeper insight into both the electronic The present paper investigates the practical usefulness of
structure and spin-dependent scattering mechanisms. HoWADAD for valence-band mapping in emission directions of

0163-1829/97/581)/25946)/$10.00 55 2594 © 1997 The American Physical Society



55 MAGNETIC DICHROISM IN UV PHOTOEMISSION A . .. 2595

low symmetry, that is, foroff-normal photoelectron emis- Z
sion. Despite expectations, the one existing study describing
the angular dependence of MDAD is discouraging: signifi-
cant magnetic dichroism from Co/@01) using unpolarized
He! radiation is observed only for normal emissioand
there is no indication that the technique will be useful for
following band dispersion away from a high symmetry line. ,Exy// y
This is particularly surprising, since previous results for the
angular dependence of MDAD from core levels is encourag- /q
ing: even for emission from deeper @ core levels of the X e
3d ferromagnets, the influence of the crystalline symmetry is +0 k
observabl& in the case of the shallowep3evels, the effect
of crystallinity on the final statéalternatively viewed, dif-
fraction effect$ is strong® It is not clear why MDAD of the ) . _ .
valence bands should be an effective technique for normaﬁ_x's’ and has crystalline mirror planes in both xzeandxy planes.
emission, but not for off-normal emission. One-step photo- inearly polarized light is incident with wave vectq_rln _the Xy
S . . . plane at an angl® to the surface normal. The polarization vector
emission calculations of MDAD for emission along direc- E,, is also in thexy plane. Photoelectrons with wave veckor —q
tlons_ Of. low symr_netry are not yet a_vallable, but a recenta;‘é collected in an angle- and energy-resolving spectrometer and
qualitative analysf® suggests that this should not be the o energy distribution is measured for both senseld of
case. MDAD is expected whenever there is initial state hy-
bridization of band states by the spin-orbit interaction. It is Figure 1 illustrates the geometry of the angle-resolved
also expected in any dipole-allowed transition due to spinphotoemission measurements. Linearly polarized light from
orbit coupling in the final statéoften termed spin-dependent e BESSY synchrotron source was incident at amgtethe
surface transmissioh. These initial and final state effects g face normal, with both the light wave vecigrand the

should have distinct signatures. The present experimentsy|arization vector lying in the synchrotron plane and normal
therefore revisit the Co/GQ01) system, and use the system- {5 the magnetizationM. The cylindrical-mirror electron
atic dependence of MDAD on photon and photoelectronspectrometéf had a hole in the outer cylinder that allowed
wave vector, cry;tallme orientation, and light po!arlzatlon tothe light to pass through the spectrometer and electron lens,
choose an experimental geometry that emphasizes magneliq thus allow analysis of photoelectrons with wave vektor
dichroism due to band effects. Significant MDAD in off- antiparallel tog. This geometry has a number of advantages.
normal emission for Co/G00Y) is observed, and is shown Fjrst models of magnetic dichroism based on emission from
to have a systematic dispersion related in detail to bandyriented atoms predict no effect in this geometry when lin-
structure calculations. early polarized light is usetiSince models based on crystal-
line symmetry predict nonzero MDAD even in this geometry
wherek, g, andM are coplanat? it is expected to emphasize
information about the electron bands and their dispersion due
Face-centered cubic Co films with thicknesses of 5—-6 MLto crystallinity. Second, the experimental geometry is pre-
were grown epitaxially by atomic deposition onto a(@d1)  dicted to have specific symmetry properties as the adge
single-crystal substrate at room temperafdr@he growth varied. Since thexz plane is a mirror plan®, of the crys-
and thickness were monitored using medium-energy electrot@lline structure, the dichroism upon magnetization reversal
diffraction oscillations and Auger electron spectroscopy, andPbey
the film quality was assessed by low-energy electron diffrac-
tion. Thg filmg were remanentl}; magneti?gd using an elec.D"(k=—ar=la=m=-D"k'=—q'r=la=—m),
tromagnet with a soft iron core, and the magnetic state was (1)
characterized by measuring a hysteresis loop using thetherer and « denote the ellipticity and orientation of the
magneto-optical Kerr effedMOKE). It was found that, for polarization ellipse(r =1, a==* for linear polarization in
this substrate crystal, the in-plane magnetization was rathéhe xy plang, andk—k’, g—q’, 6—— 6 under reflection in
independent of magnetization axis, and that a robust remd, . This reversal of the dichroism upon reversal of the angle
nent magnetization alongl00] was stable for long times. @ allows an independent check of the correctness of measure-
This behavior has been previously reportédjthough it is  ments of small asymmetries that could be sensitive to a num-
more common for the remanent axis to be al¢agO] for  ber of experimental artifacts. Third, variations éhmay be
these films:® The photoelectron distributions were measuredaccomplished by sample rotation about a single axis, thereby
in an adjoining chamber, where the magnetic field from theminimizing the difficulties of comparing data taken with dif-
magnetizing solenoid was carefully screened. The magnetiterent arrangements of the spectrometer and monochromator
dichroism measurements were therefore performed as a septics. Finally, linearly polarized light is used to enhance the
ries of spectral measuremertsach occupying a few min- surface sensitivity? There are two disadvantages to this ex-
uteg followed by a magnetization reversal. Upon every re-perimental geometry. First, it is not possible to study normal
versal, MOKE was used to confirm both that the sample hagmission, since according to E@) the magnetic dichroism
held its original remanent magnetization and that the remawill be zero. However, the experiments mentioned
nent state had been reversed for the subsequent measupeeviously'® have shown that these experiments present no
ments. problem under different conditions. Second, the light passing

+M

FIG. 1. The Co fcc film is remanently magnetized along zhe

II. EXPERIMENTAL PROCEDURE
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FIG. 2. (a) Photoelectron intensity distributions are shown for

¢=15° and a photon energy of 16 eV, for both senses of remanent g 3 A series of photoelectron energy distributi¢iest-hand
magnetization. The_magnetlc dlc_hr0|sm is de_flned as the dlfferen_chis) and magnetic dichroism curvésght-hand axisare presented

of the two curves divided by their sum, and is shown by the solidi, 5ngje_resolved photoemission with linearly polarized light with
symbols in part(b). The magnetic dichroism measured in this way a photon energy of 16 eV. The angleshown in Fig. 1 is varied
for §=—15° is shown as the open symbols in pénx from curve to curve. The curves are displaced for clarity; zero lines

for the dichroism are shown explicitly, and those for the intensity
through the spectrometer produces more secondary eIEECtrOHEtributions are indicated by the data above about 0.5 eV.

than would normally be present, and results in a large sec-
ondary electron background in the intensity spectra at larger ll. VALENCE-BAND DISPERSION
binding energies. This effectively limits the dichroism mea-
surements to within a few eV of the Fermi energy. This, The angular variation of the MDAD was measured for a
however, is precisely the region of interest. wide range of angles, with a constant photon energy of 16
Sample magnetic dichroism measurements are presente. The data for negative values of the angle are displayed in
in Fig. 2. A photon energy of 16 eV was used, af#15°.  Fig. 3. On the left is the average intensity distribution, and
The intensity distributions in pafe) show a peak close to on the right is the corresponding intensity asymmetry. The
the Fermi energy due to the Ca bands, and a further intensity distributions are unremarkable—it would be very
smaller peak at about2.5 eV that arises from overlapping difficult to discern band dispersion within the broad feature
Co and Cu bands. The strong secondary electron backgroumgar the Fermi level using a traditional analysis. One could
previously mentioned is also evident. The two distributionsonly say that the shape of the peak changes somewhat with
for the two senses of remanent magnetization show smal, leading to a suspicion that more than one transition is
differences that are quantified in p&p) of the figure, where involved. However, the MDAD measurements on the right
their normalized difference is plotted as an asymmetry irof the figure give a clear quantification of these subtle shape
solid symbols. Since the observed intensity asymmetry upoohanges, and, since the asymmetry is due to the reversal of
magnetization reversal is only a few percent, it is prudent tg¢he sample magnetization, imply that they have a magnetic
verify that it is not the result of experimental artifacts. To origin. There is also significant magnetic dichroism in the
this end, the measured asymmetry for data measure@for region from—1 to —2 eV, implying the presence of transi-
—15° is also plotted using open symbols. According to Eqtions that are not discernable as peaks in the intensity distri-
(1), the magnetic dichroism should reverse signéds re-  butions. The features in the MDAD show definite dispersion
versed. The data show that this is indeed the case for bindings would be expected from band dispersiorkagelectron
energies less than about 2.5 eV, and that reproducibleave vector parallel to the surfgcis varied.
MDAD features exist at=—0.1 and~—0.75 eV. Near-1.7 The magnetic dichroism data are replotted in Fig. 4 as a
eV there is no MDAD within experimental error, but below function of the binding energy and parallel wave vedtpr
~2.5 eV there is a small asymmetry that does not reversg is normalized td, , the distance front" to X in the bulk
upon reversal ob). The latter is likely an artifact due to the Brillouin zone. An individual spectrum taken at constant
secondary electrons produced in the spectrometer. emission angle traces a curved line on this plot. The contour
These results confirm that MDAD using UV light is ex- plot in Fig. 4 is made by interpolating between the twelve
perimentally practical, even though the observed asymmedata sets in Fig. 3 and another five sets for positive values of
tries are rather small. Furthermore, it illustrates how MDAD 6. Solid contour lines denote positive asymmetry, while dot-
due to band-structure effects is present in the geometried lines denote negative asymmetry. The asymmetry inter-
wherek=—q is coplanar withM, even though an atomic val between contours is 0.5%, and the zero contour is not
model appropriate to emission from core levels predicts glotted to aid in the clarity of presentation. The overall struc-
null result. ture of the plot is in agreement with E€L). In the range of
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FIG. 4. Contours of constant magnetic dichroism interpolated

from the data in Fig. 3 are plotted as a function of binding energy  r. 5. The bulk band structure for fcc Co is presented for a line
and electron wave vector parallel to the surface. Positive contourﬁara”el toA, which lies in thexy mirror plane, and hals,/k,=0.35
are shown as solid lines; negative contours are shown as dottegl)iq jines indicate majority bands and dotted lines indicate minor-

lines; the zero contour is not plotted. The interval between contourﬁy bands. Many bands are labeled by the letgrdor the even-
is 0.5%. The dashed lines are guides to the eye, which delineate ﬂb‘?oup representation, ar for the odd-group representation. The

dispersion of features of maximum magnetic dichroism. thick solid line is a minority-majority spin pair of bands with neg-

k, where a comparison can be made, reversa{,afhanges t%'::]e tf:ﬁ;g?g; jp\l/:;[rt_]'nﬁ arr:d reveg spiegtualvsy%me_tri/, Wh'f.h has
the sign of the asymmetry without affecting the main Shapthou hf mark osc;ible bu?k eh%):oe?/ectricetrénsiti?)nlsn Freeee
of the contours. There is some disparity in the absolute g P P '
asymmetry for*k,, as can already be seen from Fig. 2.
However, noting the size of the statistical error bars in thasis may be performed using a two-step model of photoemis-
figure, a difference of a single contour line is close to the sizesion and the widely available band structure calculations,
of the error bars. There are also a few features in the plot thathich neglect relativistic effect®. Figure 5 presents a spin-
do not show the expected reversal of asymmetry. These amolarized, nonrelativistic, calculation of the bulk band struc-
either above the Fermi level, where the statistical uncertaintyure of fcc Co, along the low symmetry line parallel4gin
in the asymmetry is large, or in a semicircular regionthexy mirror plane, withk,/k,|=0.35. A nonrelativistic ver-
bounded byE<-2 eV, |k/k,/<0.5, where the secondary sion of the Koringa-Kohn-Rostoker method described in Ref.
electron background can produce a false asymmetry as pré6 was used. The solid curves on this plot denote majority
viously discussed with reference to Fig. 2. (spin down bands and the dotted curves denote minority
Concentrating on the contours for negatike there is  (spin up bands. Many of the occupied bands have been la-
unambiguous dispersion of the major regions of positive andbeled as either §” (for I'y, the even representatipor as
negative dichroism withk,. Approximate lines following the *“u” (for I'y, the odd representatianThe thick solid line
maxima and minima of the magnetic dichroism contoursshows a pair of final-state bands of even symmetry, opposite
have been sketched in as dashed lines to aid in the followingpin, and negligible exchange splitting, which have been
discussion. A positive maximum disperses rapidly fromshifted down by 16 eV. The intersections marked by the
ki/ky=—1, E~—2 eV until it crosses the Fermi level at lettersa throughf indicate possible bulk photoelectric tran-
k,/ky=—0.25. It is accompanied by a negative maximumsitions. Indeed, the intersections labeledcand f in Fig. 5
that disperses along a roughly parallel line, displaced to aepresent transitions from a pair of exchange-split bands of
lower energy. The displacement is in the range of 0.9—1.2ven symmetry, which occur at initial-state energies in good
eV, depending on which angle is chosen in the asymmetragreement with the energies at which the two magnetic di-
data for its evaluation. This pair of features is suggestive othroism extrema in Fig. 4 cross througfik,=—0.35. The
minority and majority spin bands separated by an exchangmagnetic dichroism observed for these bands is likely due to
splitting. Since both the photoelectron wave vector and théhe presence of spin-orbit coupling in the final state, which in
light polarization vector lie within the&y mirror plane, these the context of an analysis based upon bulk states, is spin-
bands must be of even reflection symmetry if dipole transi-dependent transmission at the surface.
tions are to be allowed. In order to see if this interpretation is The other two extrema in magnetic dichroism may also be
reasonable, it would be best to compare the dispersion dfiterpreted as dispersing initial-state bands. A second posi-
these features to one-step photoemission calculations dfve maximum starts above the Fermi level at large
MDAD, which include both the exchange interaction, thecrosses it ak;/k,=—0.6, and continues to smalléy with
spin-orbit interaction, and all other relativistic effects in arather flat dispersion until it intersects the rapidly dispersing
consistent, nonperturbative manner. Such calculations existinority band discussed above. The energy position at
for some system®!° but not for the low symmetry direc- k;/k,=—0.35 suggests that this is the transition labedeid
tions probed in these experiments. A more qualitative analyFig. 5, and that both positive maximum contours represent
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minority bands. Transitiom is from a band of odd symme- emission experiments for normal emission from similar fcc
try, and would not be observed in the absence of spin-orbi€o/Cu001) films,1’ using a photon energy of 16 eV, reveal
coupling. However, MDAD exists only because of the pres-minority and majority peaks at these energies, and so are at
ence of spin-orbit coupling, so its effects should be considleast consistent with the present results.

ered. In a mirror plane normal to the magnetization, spin-

orbit coupling hybridizes only states of opposite spin and IV. CONCLUSIONS

opposite parity. The observation of transit@mmplies that a
transition to a majority band of even symmetry must also b%ic

allowed with very similar coordinates k) and energy. Then ferromagnets in directions of low emission symmetry. Use of
the two states will be hybridized by spin-orbit coupling, so 9! y Y-
gn experimental geometry wheke=—q appears to empha-

MDAD using linearly polarized light proves to be a prac-
al and useful method to study the valence bands @f 3

that both bands have a sizeable admixture of even symmet Lo the maanetic dichroism arising from band states and
character and both transitions should be observed. The ma i_scriminatesga ainst maanetic dich?oism which has its ori-
netic dichroism observed at such hybridization points is an..” . S ag 9 RN
initial-state effect most analogous to MDAD observed fromdin in atomic models. Because of its differential nature, the

emission from core states. The signature of such a hybridizarpagnetlc dichroism reveals structure within rather broad

fon poit shouid be a plsiinus eaure n e magneuD1CC%TISIoL eV becke o1 slon orelebRG tar,
dichroism. Reference to Fig. 5 shows that transitiohas '

precisely the required attributes. In fact, the convergence olrf]aégg 3:2R?olig;siﬁgcvd:rny:rlgg:[or:jsié T;rzi{)enawli;?r:gttﬂgsmag-
transitionsa, b, andc at k,/k,=—0.35 creates overlapping y disp !

contours of magnetic dichroism that are difficult to interpret.been relateq g:hrectly to calculations of the bulk band SUU.C'
However, moving to more negativg/k, in Fig. 4, it is evi- ture. The origin of these features can be understood qualita-
dent that'the final dispersing negativexmaxim.un’"l of magnetict,lvely with reference to widely available band-structure cal-

dichroism at approximately-0.7 eV, which merges with the culatlpns for &l metals, which _do not include sp|n—orb|t.
others atk,/k,=—0.35, in fact represents the majority band coupling. Because of the complicated nature of photoemis-

of even symmetry which leads to transitionAs predicted, sion, this approximate form of analysis cannot be expected to

the magnetic dichroism is negative, so that the two hybrid_hold true in all cases—still, the present results verify the

ized bands form a blus/minus asvmmetry pair with Sma”predictions of the qualitative model and encourage the devel-
energy separation P y yp opment of more sophisticated calculations of MDAD in ge-
The contour plét does not give clear evidence of band ometries of low symmetry. Magnetic dichroism arising from

leading to the possible transitiodsande. These two bands %Oth initial-state effectgband hybridization by spin-orbit

of opposite spin and parity would also be expected to hybrid-COUpling and final-state effectsspin-dependent surface

ize via spin-orbit coupling and transitions from both would transm|53|o)_1 can b_e |d_ent|f|_ed, and are of the same magni-
be allowed. The fact that they are not observed in the ma t_uple _for emission m_thls mirror plane_. T_hese r_esults hold in
netic dichroism may be due to one of two reasons. Thes rmmple for MDAD in off—norma_l emission using unpola_r-

bands approach each other at a much sharper angle in Fig.'zoEd light as well, but there are important |ssues_of detail to
than do the hybridizing bands at smaller binding energy. Itbe addressed. Unpolarized light contains both linear polar-

may be that they will hybridize strongly and be observable'zatlons’ each with half the relative intensity. This should

over a shorter range of , and within this range are masked allow more dipole transitions, but the asymmetry from each

by the large dichroism due to the strongly dispersing majoryv'” be, on average, half as large. It is not yet clear whether

ity band, which yields transitiofi. Alternatively, it may be or not _this will produce so many overlapping, weak magnetic
that they are more difficult to detect at larger binding energ |chr0|s.m feature_s, t.h‘f"t not even MDAD is useful for the
because of the increased secondary electron background. separation of the individual transitions.

The measured contours of magnetic dichroism may also
be compared to a previous result at normal emission. The
present measurement geometnkef—q gives no dichroism Financial support by the German minister of science and
for normal emission along, but it is reasonable to extrapo- technology(BMFT) under Grant No. 05 5EFAA15 is grate-
late the observed minority and majority features in the di-fully acknowledged. D.V. acknowledges support by the
chroism so that they interse&;=0 at approximatelyE= Natural Sciences and Engineering Research Council of
—0.3 and —0.6 eV, respectively. Spin-resolved photo- Canada.
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