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k-dependent exchange splitting of empty bands in nickel
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Spin-polarized inverse photoemission spectroscopy has been used to study the spin-dependent unoccupied
electronic structure of nickel. Measurements involved the study @f19) in the 'Y azimuth. Ak-dependent
spin splitting with measured spectral values ranging fromt12@ meV to 33751 meV has been resolved for
a bulk sp-like band. These results are consistent with differergiald hybridization. Furthermore, an ex-
change splitting of 19 30 meV is detected for a Shockley surface state. The experimental observations are in
good agreement with calculations employing one-step th¢&8163-182608)02106-1

[. INTRODUCTION polarized electrons are generated by photoemission from a
negative-electron-affinity GaAs00) photocathode at room

The eIecFronlc basis of bulk, 'surface,'and thln-f!lm m""9.]"[emperature, the spin direction being selected by the helicity
netism continues to attract considerable interest, with studlegf circularly polarized irradiatiof! Using an analysis similar
of nickel surfaces playing a key role in refining models of the y

4 . .
bulk and surface ferromagnetishit is now well established to that employed by Donatit al, " the degree of polarization

that th i t bulldDand h lit of the electron beam was estimated to becZ846. All of the
that the room-lemperature bultdbands are exchange Spiit gp\pe gata shown below have been normalized for a hypo-
into majority- and minority-spin componenishe latter be-

. o ; i 0
ing partially unoccupied, in line with the noninteger, @6 thetical 100% polarized beam on the assumption of a 25%

maanetic moment. It has also been established that lo olarized sourcé® Measurements were made at room tem-
agne . : " . o= . @erature in the isochromat mode, with emitted photons
Miller index Ni surfaces are “magnetically active,” as evi-

denced by the exchange spliting of surface stat@here counted using a solid-state band-pass detector. This has a

. : etection energy centered at 9.8 eV and a resolution of 0.7
are, however, important fundamental factors which have ye V [full width at half maximum(FWHM)],*2 which domi-

to be determined. These Include the momentum and ener ates the overall energy resolution of the instrument. Se-

dependence c.’f.bUIk and surfag:e states. Here we TOCUS on trI]gcted measurements employed a modified photon detector
exchange splitting of unoccupied bulk bands in nickel.

Th ted i wurel-band h It with a peak enerqg of 9.5 eV and an improved resolution of
. € reported room-temperaturel-band exchange spiit- - 45 eV (FWHM).* The photon detector is mounted at 71°
tings obtained from angle-resolved photoemission measur

% the incoming electron beam direction

1 .

m.er?t? rlanlge flrom 017 eV?(E-S4) to 0.3r?kev' ﬁ5'83)’ h Experiments employed a remanently magnetized 0.7 mm
with little local variation with momentunk within eac thick Ni(110 picture-frame single crystal with legs in the
band. However, a visual inspection of spin-polarized photo

emission spectra of Ni11) suggested &-dependent ex {111y directions of easy magnetization to minimize stray
i - fields. The sample was magnetized by passing a number of
change splitting of an occupied band? Studies of the un- ! ple W gnenz y passing .

. ; . 100 A, 1 ms pulses through a coil which is wrapped around
occupied states by inverse photoemission spectros@BE  one of the(111) legs. The experimental geometry has the
have monitored th_e .bUIk bands as well as surface stétes. electron spin vector aligned either parallet antiparallel to
The exchange splitting of bulk N&-p bands has been re- e [110] azimuth. The sample was cleangdsitu by re-
ported to be 90 meV on thEX line” and 280 meV in the  yoateq cycles of At sputtering(10 min, 500 V, 3uA) and
FLWK mirror plane? The extrapolated ground-state ex- gnnealing(870 K, 20 mir. Subsequent Auger electron spec-

change spliting of the magnetiZ; 3d band is 0.28 3 eyidenced a clean sample and a shargl Low-energy
*0.05 eV from deconvolution of spin-polarized IREPIPB  gjectron-diffraction pattern was observed.

data using the maximum entropy metho@n the theoretical SPIPE spectra were calculated using the cedeTon3
front, it is found that self-energy corrections are necessary tqhich is a modification of a previously published one-step
produce exchange splittings and bandwidths in agreememhotoemission cod¥. Our calculations assumed a bulk ter-
with experimental resuls? Here we describe an angle- minated surface and an abrupt surface potential barrier. The
resolved SPIPE study of NMi10 in the I'Y azimuth and latter will introduce an error in the behavior of surface states.
corresponding one-step SPIPE calculations. We present réhe ground-state potentials were obtaiteasing the spin-

sults which provide evidence ofkadependence of asp-like  polarized, self-consistent-field, linear muffin-tin orbital
bulk-band exchange splitting. method® and the local-spin-density approximation.

Il. EXPERIMENTAL Ill. RESULTS AND DISCUSSION

The angle-resolved SPIPE measurements employed an in- SPIPE data recorded in tHeY azimuth of N{110) are
strument which is described elsewhéfeBriefly, spin-  shown in Fig. 1. The labeling of the bands in Figi&,, B,,
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FIG. 2. E(k) diagram showing the projection of thHenajority-
spin) bulk bands(shaded argaof Ni(110) onto thel'Y line and
final-state bands where they are accessible via transitionshwith
=9.8 eV. The latter were obtained using a combined interpolation
scheme(Ref. 19 and are shown as full and dashed lines for the
— T majority and minority components, respectively. Experimental peak

0 2 4 6 positions obtained from the data shown in Fig. 1 are shown as

E-Ef (eV) circles.

FIG. 1. Spin-polarized IPE spectra=9.8 eV) of Ni110 in  Structure and some possible direct radiative transitions with
the TY azimuth as a function of the electron incidence angle withPhoton energy 9.8 eV. The latter were calcul&lezmploy-

respect to the surface normal,Fitted functions are shown as lines INd & combined interpolation scheme based onkfie) re-
through the experimental points and the peak positions from théations in Ref. 8.
fitting procedure are shown as vertical lines. Experimental majority N general, corresponding minority- and majority-spin
(minority) spectra are shown as futmpty) circles. states measured at the same angle of incidence lie at a
slightly differentk because of their difference in energy. The

S;, andS,) follows the assignment of earlier IPE ddfaB, = measured separation of the two spin states only corresponds
and B, represent transitions into bulk states in KLU to the exchange splitting if the corresponding final-state
mirror plane, withB,; arising from transitions into empty bands are flat in the region & sampled. At an electron
minority-spind bands B, was concluded to arise from states incidence angle of 40°, the Shockley surface sBtappears
having mainlys-p charactet’ close to theY point in the surface Brillouin zone. At this

S; andS, have been associated with transitions into sur-point the dispersion is reasonably flat and the measured sepa-
face states, being observed in an inverted Shockley gap @ftion of 190G+ 30 meV corresponds to the exchange split-
the projected bulk band structut&™® While S, is clearly  ting.
distinguishable in our spin-polarized daf, is barely dis- The peak positions for thep-like bulk band featureB,
tinguishable above the noise lev8l. is totally quenched by are readily determined only for the lower angles of inci-
an exposure of 0.2 of O,, while S, is hardly affected!  dence. For higher angles it is masked in the minority-spin
The latter behavior, along with tHe dispersion ofS, led to  channel by the 8 peak B,). Nevertheless, as evidenced by
its assignment as an image potential state. the results displayed in Fig. 3, where additional peak posi-

In order to determine the magnitude of the exchange splittions from spectra taken with better resolution have been
ting of B, and S;, a function was fitted to each spectrum. included, theB, exchange splitting increases with increasing
The function consists of three gaussians represering k. This is consistent with the results of the combined inter-
B,, andS;, a linear background, and a step function convo-polation scheme which are reproduced in Fig. 3. A selection
luted by the photon detector response funcfidan represent of the spectra taken with higher resolution are shown in Fig.
the Fermi edge. All parameters for the gaussians and thé.
linear background were free to vary within the fit, while the  The error bars shown in Fig(l® were determined by the
width of the convoluted step function was held constant. Al-following procedure. To each data point in the IPE spectra
though a linear function does not perfectly reproduce theave superimposed a random noise value from a statistical
background, this approximation is thought adequate to detedistribution equal to that of the statistical error in the experi-
mine the peak positions, whose main dependence on thmental data. The pseudoexperimental spectrum obtained in
background lies in its slope. The result of this procedure ighis fashion was then fitted with a least-squares procedure,
shown in Fig. 1, where the fitted function is compared to theusing the fitting function described above. This procedure
experimental data. was repeated 2000 times for each spectrum, whereby a dis-

The dispersion of the final-state bands derived from theribution of best-fit peak positions was obtained for each fea-
peak positions in Fig. 1 is displayed in &tk;) diagram in  ture. The standard deviation of this distribution was then
Fig. 2. Here they are compared with the projected bulk bandised as our error bars for the peak position8of
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— 045 however, can only be explained if either the initial or final
b |- 040 band exchange splitting is varying wikh This is an experi-
}) — 0.35 mental observation of k-dependent exchange splitting of an
T 030 sp-like bulk band.
| L 025 & In qualitative terms, & variation of the exchange split-
\%{ - L 0.20 'i ting of the final band can be understood by observing that the
015 nearly-free-electron wave vector of the incident electron in-
t L 010 side the crystal for smakK; would locate the transition close
L 0.05 to theI' X line, where a mainly-like band splitting of about
$ 90 meV has been observeéor increasing; , the transition
. will move towards thel'L line leading the final state to
gradually acquire morel character and hence a larger ex-
change splitting. The initial band splitting in the region be-
tween thd'X andI'L lines is expected to be about 160 meV,
the value estimated for theX line®
Near theY point it is likely that the majority-spin part of
0.2 0.3 04 0.5 0.6 0.7 0.8 B, falls below the Fermi level since no peak can be observed
k (A — [001] nearEg in the majority-spin channel of the appropriate spec-

_ _ ) trum in Fig. 1(angle of incidence about 50°If this is the
FIG. 3. (a) E(k)) diagram of experimentdtircles and theoret- 556 the bulk band corresponding to Bagfeature will con-
ical (lines) positions of transitions int@,. Square symbols repre- tribute to the magnetic moment. Considering the expected
sent data taken with the 9.5 eV detect). Exchange splitting of f tat the F il I_ 819 and the st
B, as a function ok, . The diamond symbols are derived from the surtace state near the Fermi ev%\'a an € strong
ssensitivity ofB, to adsorption of @~ it seems reasonable to

data taken with the 9.5 eV detector. The error bars for the spi _ L A
splittings are derived from the standard deviation of the peak posigOnCIUde that there is a significant surface contribution to

tions from a set of 2000 least-squares fits performed for each pselDis feature. HenceB, would also contribute to the surface

doexperimental spectrum, where random noise of an identical dishagnetic moment. A surface state has already been shown to

tribution to the statistical error in the experimental data has beegontribute to the magnetic momentlabn Ni(111), where a

added to each data point. The dashed line refers to the spin splittingrojection of the same bulk band galp,(—L;) occurs. On

of transitions into the theoretical ban¢Ref. 20. the other hand, a surface state near the Fermi level in the
L, —L5 gap is expected to have a smaller exchange splitting

Due to the opposite sign of the slope of the initial andthan thed bands on the basis of itpd hybridization
final band dispersions, the correct exchange splitting for theharacter® It might therefore be expected that the exchange
B, final band should be larggsmalle) than our measured splitting of B, decreases again &t Whether or not this is
values if the initial band splitting is small¢largey) than the  the case cannot be assessed from our data, beBgussin-
final band splitting. The large observed variation wkh  (jges withB; atY.

In order to test our ideas regarding the assignment of bulk
and surface features in the experimental spectra, we compare
the experimental results with calculations performed using
the PHOTON code. The calculated spectra, shown in Fig. 5,
correspond to the sum of the intensity of emittedand
p-polarized light. The feature in the calculated spectra at
highest energy abovEr exhibits similarities with the sur-
face state5; in the experiment. The calculated layer photon
current for this feature was found to have a maximum at the
surface, consistent with its surface character. Moreover,
modifications to the surface barrier in the calculations were
found to shift the energy position of this feature, while the
other features remained unaffected. The image potential state
featureS, cannot be accurately reproduced by the calcula-
tions since it arises from a Coulombic surface bartier.

The middle peak, appearing at 10° incidence angle in the
calculated spectra and dispersing down towards the Fermi
level with increasing angle, reproduces #like band fea-
ture B, in the experimental angle-resolved SPIPE spectra.

FIG. 4. Higher-resolution spin-polarized IPE spectrhu ( The spin splitting of this feature is marginally Iarg_er_in the
=9.5eV) of N110) in the T'Y azimuth as a function of the elec- calculated version but the trend of kg dependence is iden-
tron incidence angle with respect to the surface normafitted ~ 1Cal. The agreement between peak position and dispersion is
functions are shown as lines through the experimental points. Exthought excellent. Moreover, the surface contribution to this
perimental majority(minority) spectra are shown as fulempty  calculated feature does indeed increase Weas predicted in
circles. Refs. 18, 19.
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0° self-energy correctiofi€® indicate that the highest point of
the minority-spinS, band liesjust belowthe Fermi level. It
was therefore suggested by Woodreffal?* and Donath

et al* that the IPE peak just above the Fermi level for nor-
mal incidence on NiL10) is due to “density of states” tran-
sitions in whichk conservation is largely relaxed and the
initial state is of the evanescent type. This would explain the
similarity of our calculations and the experimental results in
the region ofB; .

IV. SUMMARY AND CONCLUSIONS

Intensity (arb. units)

We have resolved k-dependent exchange splitting of an
empty bulksp-like band. The splitting is observed to vary
from 113+ 20 meV to 337251 meV. This experimental ob-
servation is in good agreement with the results from a com-
bined interpolation scheme calculation and the results from
. calculated one-step SPIPE spectra. It is concluded from the
sensitivity of this band to adsorption of,0n conjunction

T with the distribution of calculated layer photocurrents that
there is significant surface contribution to this band néar

E-Ef (eV) Furthermore, in the latter region it is concluded that this

sp-like band is contributing to the surface magnetic moment

FIG. 5. Calculated spin-polarized IPE spectra of I40) for a5 observed by the lack of intensity in the experimental
hv=9.8 eV, consisting of the sum of emitted light wihandp  Sp|pPE majority-spin channel. An exchange splitting of 190
polarization. Full(dashedl lines represent majorityminority) spin +30 meV is observed for a Shockley surface state in the
spectra. projected [, —L,) bulk band gap.

The peak just above the Fermi level in the calculated
minority-spin spectra is observed in tegolarized compo-
nent. According to symmetry selection rufésthis calcu- We are grateful to N. B. Brookes and E. W. Hill for
lated feature would therefore be due to transitions into anformation about sample magnetization, and to M. Donath
band withS, symmetry. In the present calculation no self- and F. Passek for providing us with the calculated spin-
energy corrections were carried out due to incompatibilitypolarized N{110 projected bulk band structure. This work
with the present code, and hence the calcul&gbtand ex- was funded by the EPSRQJK), with additional support
tends to above the Fermi level. In contrast, experimentafrom VSW Scientific Instruments. F.S. was partly supported
photoemission resuftéand band-structure calculations with by the Royal Swedish Academy of Sciences.
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