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The valence-band electronic structure of a clean Ni(111) surface is investigated by spin-resolved photoemis-
sion. At room temperature the orientation of the photoelectron spins on the Bloch sphere and the exchange

splitting of surface and bulk states along the surface normal (T') are determined. All investigated states are
found to have a sizable exchange splitting >50 meV. Since the splitting is smaller than the intrinsic line width
in the spin-integrated spectrum this is only seen with a spin-resolved technique. At room-temperature photo-
emission reaching above the Fermi level directly shows that the Shockley type surface state S; has an occupied
majority and an unoccupied minority band with a splitting AE, . =62+ 15 meV. The surface states below the
Fermi energy show a larger exchange splitting for in-plane hybridization [AE,,(S3)=160 meV] than for

out-of-plane hybridization [AE,,(S;)=55 meV].
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The understanding of the electron-spin dynamics at sur-
faces is of importance for magnetism in low dimensional
systems and the realization of spintronic devices, where
charge and spin polarization are transferred across
interfaces.! In this field Ni(111) is a prominent testing
ground for a ferromagnetic surface. Very early it was realized
by angle-resolved photoemission that the surface has a sur-
face state.” Later a second surface state which is exchange
split and cut off by the Fermi function was found in a spin-
resolved experiment.> Only recently a related surface-state
splitting was inferred from scanning tunneling spectroscopy.*
Though, this splitting was not present everywhere on the
surface, and its Fermi vectors did not correspond to the pre-
vious inverse  photoemission’ nor  photoemission
experiments.” Also, spin-integrated state of the art high-
resolution photoemission® and corresponding scanning probe
experiments did not resolve this issue.” In particular it could
not be decided whether the surface states are exchange split
or not. The problem requires a spin-resolved experiment that
is able to resolve spin splittings smaller than the intrinsic line
width. In this Rapid Communication we clarify the experi-
mental situation with a spin analysis of the surface states
along the surface normal of Ni(111). All surface states, in-
cluding the third one that was also predicted by theory,® but
identified only recently,” are found to be exchange split,
though the splitting is lower than that of the bulk states. The
magnitude of the splitting depends on the symmetry of the
states and gives direct insight into the surface magnetism.

Three-dimensional spin- and angle-resolved photoemis-
sion spectroscopy (SARPES) experiments were performed at
the COmplete PHotoEmission Experiment (COPHEE)
endstation'® at the Surface and Interface Spectroscopy (SIS)
beamline at the Swiss Light Source (SLS). p-polarized light
with a photon energy of 21.2 eV was used. The energy and
angular resolution of the SARPES measurements are 70
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meV and *0.5°. All measurements were done at room tem-
perature with a base pressure in the 10~'! mbar range. The
two Mott detectors of COPHEE access the three-dimensional
electron-spin orientation. The two spin detectors are orthogo-
nally arranged and allow the reconstruction of the three-
dimensional Mott scattering asymmetry A=(A,,A,,A,), with
A, being measured redundantly in each Mott detector in the
laboratory frame x,y,z. In order to minimize systematic er-
rors, e.g., due to inequalities of the eight individual electron
counters in the two Mott detectors, we show spin-resolved
spectra obtained from cross asymmetry data of opposite
magnetizations. The cross asymmetry is A®=(AT—A")/2,
where A* and A~, are the asymmetries obtained after posi-
tive or negative current pulses in the sample coil. The effec-
tive Sherman function S, that is needed for the extraction of
the spin polarized spectra has been determined on the same
Ni(111) yoke sample in assuming that the minority d bands
at the Fermi level are fully polarized.'” The value of S,
=0.024 + 0.001 indicates a magnetization of about 30%. The
Ni(111) single crystal has yoke shape (see Fig. 1). The
sample is expected to be magnetized in-plane, which is of
use for the experiment that does not permit stray fields in the
vacuum. Since the easy magnetization axis of nickel is along
(111), no easy axis lies in the (111) plane. Following earlier
picture frame crystal designs!! the long side of the yoke has
been chosen to be along a second easy (110) axis. Reproduc-
ible magnetization of the sample for the spin-resolved pho-
toemission was obtained at room temperature by discharging
0.12 C from a 3 mF capacitor across the sample coil with 6
loops. The sample was cleaned by repeated cycles of Ar*
sputtering at 0.75 kV followed by O, exposure of 18 L
(1.0X 1077 mbarX3 min) and subsequent annealing to
1000 K. The surface cleanliness and quality are ascertained
by low-energy-electron-diffraction (LEED), x-ray photo-
emission spectroscopy (XPS) and confirmed by well re-
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FIG. 1. (Color online) Experimental geometry. The yoke sample
is cut out of a single crystal of nickel and is magnetized by current
pulses across the sample coil. The [111] direction is the surface
normal and [110] points along the long side of the yoke.
p-polarized light Aw=21.2 eV with 45° incidence angle is used.

solved surface states in the ARPES spectrum. After obtaining
the extremely clean surface, the contamination by residual
hydrogen from the synchrotron can be removed by short an-
nealing to 850 K and active cooling to room temperature.
During data taking this procedure was repeated every hour.

Figure 2 shows results from the analysis of the Mott scat-

tering cross asymmetry A®. Here, normal-emission (I') data
are reported and A®(E) is a function of the photoelectron
binding energy E. Figure 2(a) shows the spin-integrated
spectrum of the clean Ni(111) surface and the three cross
asymmetry components (A,,A,,A.). The acquisition time for
the 120 energy channels was 8 h. The main feature of the
spectrum are the A; and A, bulk states. In addition to these
strong bulk peaks, the three surface states labeled as S, S,
and S; can be seen as shoulders.” S, corresponds to the
Shockley surface state that is also well known for other non-
magnetic face-centered-cubic fcc (111) surfaces.'” S, and S,
are d band derived with out-of-plane and in-plane symmetry,
respectively.” The Mott scattering asymmetry varies within
the spectrum and indicates different spin polarizations for
different photoelectron energies. From a ferromagnetic
sample, with a given magnetization M, we expect two oppo-
site directions parallel or antiparallel to the magnetization. If
A(E)) is parallel to M, the majority spins dominate, if it is
antiparallel, the minority spins dominate the spectrum at a
given energy E;. The asymmetries in Fig. 2(a) are displayed
on a polarization map that represents the Bloch sphere, i.e., a
description of all possible photoelectron spin directions [Fig.
2(b)]. The plot shows the directions of A®(E) in a stereo-
graphic projection, where the center of the map corresponds
to spins along the surface normal, and points on the unit
circle to spin directions in the plane of the Ni(111) crystal.
Bright colors feature likely directions and dark unlikely di-
rections. The direction of each energy channel i corresponds
to a point in the Bloch sphere plot. Each point is weighted
with the length of A®(E;) and convoluted with a Gaussian
with 15° full width at half maximum solid angle. Clearly,
two poles are seen. The angle between the poles is 171°,
which is close to what is expected for a ferromagnetic
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FIG. 2. (Color online) Three-dimensional Mott scattering asym-
metry analysis of the Ni(111) surface. (a) Photoelectron spectrum
(hw=21.2 V) recorded along the surface normal of Ni(111). The
bulk bands Az, A; and the three surface states Sy, S,, and S3 are
indicated. The Mott scattering crossasymmetry A®(E) is shown for
the three components A,,A, and A.. (b) Polarization- or Bloch
sphere map, indicating the directions of A®(E) in stereographic
projection. 6 and ¢ are the polar and azimuthal angles in spherical
coordinates. The center of the map (#=0) corresponds to spins
pointing along the surface normal, and points on the unit circle
(0=1/2) to spin directions in the (111) plane of the crystal. Bright
colors match likely directions. Two poles (open up and down tri-
angles) that indicate the average magnetization axis are resolved.
The rectangle reproduces the top view of the yoke crystal. The
white filled triangle M is the magnetization direction from Ref. 13.
The points x, y, and z define the laboratory reference system of the
Mott detectors.

sample, where the magnetization directions are opposite, i.e.,
180° apart. The two poles are near the (111) plane and lie
close to the magnetization M of the yoke sample, as deter-
mined in separate experiments by x-ray circular dichroism
[see white filled triangle M in Fig. 2(b)].'* From this it is
seen that the magnetization does not point along the long

side of the yoke that was cut along [110] [see rectangle in

Fig. 2(b)]. This is also consistent with observations on a
similar yoke crystal from our group.'®!* The direction of the

180404-2



EXCHANGE SPLITTING OF THE THREE T...

&

Z a Majority S3
¥ Minority A

Intensity (arb. units)
Si
£
e
<<
»

k=)

m
£ Sa
Sl i
o 189 meV
< 161 R
>
k3
21 i
[
E
o
w‘\/", Il Il Il
2.5 2.0 1.5 1.0

e

Intensity (arb. units)

168 meV
Il

0.8 0.6 0.4 0.2 0.0 -0.2

=

Intensity (arb. units)

o

Intensity (arb. units)

Il
0.2 0.1 0.0 -0.1 -0.2
Binding Energy (eV)

FIG. 3. (Color online) Spin-resolved photoemission from
Ni(111). Normal emission, w=21.2 eV. Exchange splittings are
determined by fitting Gaussians (thin solid lines) and are marked in
meV. (a) Complete valence band, comprising the two bulk bands A
and Aj, and the three surface states S, S,, and S3. (b) A, region
with S3. (¢) A3 region with S, and S;. The exchange splitting of A3
is in good agreement with Ref. 15. (d) S, spectra after subtraction of
a background. Note that the exchange splitting is smaller than the
natural line width of the spin-integrated spectrum. (e) S;. In order to
show the minority band that lies above the Fermi level, the data are
normalized with a Fermi function that accounts for thermal and
instrumental broadening (dotted line). Note the spin polarized pho-
toemission above the Fermi level.

average magnetization is used in order to determine S, that
is needed for the extraction of the spin polarized spectra from
the data in Fig. 2(a). It also emphasizes on how important it
is to know the magnetization direction for a precise spin
analysis as presented in the following.

Figure 3 shows the spin-resolved photoemission spectra
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of Ni(111) along the surface normal with the magnetization
axis as determined from the analysis of A®(E) in Fig. 2.
Figure 3(a) displays the whole valence-band spectrum with
energy steps of 25 meV. It becomes apparent that the spin-up
and the spin-down spectra are shifted relative to each other
by about 200 meV, which is, in the Stoner picture the ex-
change splitting. The exchange splitting of a state X is
AE, (X)=E(X")-E(X'), where X! and X' are the X majority
(up) and minority (down) states, respectively. The splitting
is, however, not constant for all five investigated bands. In
Fig. 3 the Gaussian peaks from the fitting to the data are
shown, and the corresponding energy positions are listed in
Table 1. In Fig. 3(b) the region of the A, and the recently
identified S; band® is shown. Although both, A, and S5 are d
band derived and are mainly in-plane hybridized, they do not
have the same exchange splitting AE, (A,) > AE,(S5). Fig-
ure 3(c) displays the Az band, S, and S, in steps of 10 meV
with a compared to the data in Fig. 3(a), 1.7 times larger
counting time per channel. The exchange splitting of the A,
bulk bands of 168 meV is in good agreement with previous
spin-resolved photoemission measurements (160 = 20),
where, however, no surface states have been observed.'’
Here, the high energy- and momentum resolution together
with the cleanliness of the sample resolve S, and S; in the
spin-integrated and the spin-resolved data. Figure 3(d) shows
the spin-resolved spectra after subtraction of a spline back-
ground with appropriate supporting intervals below and
above S,. S, is exchange split, by 55 meV, though this split-
ting cannot be resolved by spin-integrated techniques, be-
cause it is smaller than the full width at half maximum of the
spin-integrated peak. The average binding energy of S, (248
meV) is in full agreement with the value obtained by spin-
integrated measurements.” S, has been proposed to be a spin-
split d-like surface resonance,'® though the 20% smaller peak
width of S} with respect to S} is an indication that S} hybrid-
izes stronger with bulk bands® and is consistent with the

predicted larger spectral weight of S} at I".'7

Finally, Fig. 3(e) shows S; which lies close to the Fermi
level. In order to see clearly the states near Fermi level, the
data in Fig. 3(c) are normalized with a Fermi function and a
5% constant background that accounts for the thermal broad-
ening and the instrumental resolution.'® For states not too far
above the Fermi level, photoemission may also resolve ther-
mally populated states.'” By the analysis, it is clear that only
the majority state of Sy is below the Fermi level, the minority
state is above the Fermi level, and S, is exchange split by
6215 meV (see Table I). It confirms the assignment of
Donath er al. that S is an exchange-split surface state, which
is cut off by the Fermi function.? However, the present value
for the exchange splitting is smaller than the 100 meV from
the inverse photoemission experiments that relied on a

chemical modification of the surface and an off T
measurement.’ The present value for the exchange splitting
coincides with a splitting as observed with STM/STS, where
Braun and Rieder found surface locations with two coexist-
ent Shockley type surface states split by 60 = 15 meV.* No-
tably this is the only such observation to date, where earlier’”
and very recent’ experiments found no such splitting. The
STS measurements by Nishimura et al. do not show a 60
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TABLE 1. Experimentally determined photoemission binding energies and exchange splittings AE,, in meV of electronic valence-band
states of Ni(111) at room temperature, measured along the surface normal that is determined with an accuracy of *1°, with 21.2 eV photons.
The errors also contain the uncertainty due to the determination of the effective Sherman function and the spline-background subtraction.

This work  Previous  This work Previous This work Previous This work Previous This work Previous
Spin average -10x5 942 248 =20 250° 560+ 15 120310 1190*=80°¢ 1549+15
Tup 13+5 289+4 694+6 131519 1687 =8
Ldown -49+8 234+3 5262 1154+9 1498 =5
AE,, 62+15 106204  55*10 16810 160£20° 161*=20 189+ 15

dReference 5 at 155 K.
PReference 2.
‘Reference 9.

meV splitting, instead, they also propose an occupied major-
ity and the unoccupied minority state at 4 K, exchange split
by =190 meV to display in steplike structures in the STS
spectra.” Our direct observation of the S, state with spin
resolution proves the unoccupied minority and occupied ma-
jority states at room temperature. The absolute binding ener-

gies of S at the band bottom (T') range from 225 meV (Ref.
4) up to the Fermi level® and this big scatter caused some
confusion. It has to be noted that the binding energy of S; is
strongly temperature dependent. This thermal shift, which is
about 1 meV/K between Curie and room temperatures, rec-
onciles data that are taken at different temperatures.”! Above
the Curie temperature a smaller shift (0.01 meV/K), compa-
rable to those of the nonmagnetic noble metals,”” is ob-
served. This temperature dependence also opens the oppor-
tunity to control the density of states of the spin and the
magnetic moment of the surface state’® by temperature,
where the present data suggest that S is a “half metal,” i.e.,
has 100% spin polarization.

dReference 3.
®Reference 15.

In conclusion, the exchange splittings of bulk and the sur-
face states of Ni(111) are determined by spin-resolved pho-
toemission. At room temperature the Shockley surface state
S, is half metallic. The two d derived surface states S, and S5
display an exchange splitting depending on the symmetry of
the constituting d orbitals. These results provide a solid base
for theories and a better understanding of the spin dynamics
at a ferromagnetic surface. It should also trigger further tun-
neling spectroscopy experiments with spin resolution, where
the scattering of differently polarized electrons can be stud-
ied on the same sample.
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