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Angle-resolved ultraviolet photoemission
{ARUPS) provides the most direct information on the
occupied electronic states of metals®. It is often applied
to probe the bandstructure at discrete points in k-space
by measuring energy distribution curves (EDCs) amd by
assigning peaks to direct transitions from occupied to un-
occupied electronic bands. This mode of measurement,
which we here term E(k), has been used to experimen-
tally determine the magnetic exchange splitting AE,, of
energy bands in itinerant fecromagnets, and in particular
in nickeP?. Below its Curie temperature (Tc =631 K)
Ni is ferromagnetic, which is reflected in the different
number of electrons with their spins allg‘ned parallel
{majority electrons; "spin up”} or antiparallel (minority
electrons: “spin down”) to the magnetization direction.
Accordingly, there are two subsets of electronic states
that are energetically separated by the exchange splitting
AEyy, which can be encrgy, wave vector and temperature
dependent?®,

Despite the large amount of experimental and theo-
retical work performed on Ni, its electronic structure
near and above T is far from being well understood
{for reviewn see Ref. 8 and 9). AE,.,, and in partieular ite
temperature dependence are good quantities for gauging
the various theories, but unfortunately experimental data
are relatively scarce. The exchange spliting is typically
of the order of 200 meV?”, which is close to the intrinsic
linewidth of transitions observed in Ni. The values of
AE,, therefore depend strongly on the line-shape anal-
ysis in the EDCs and are thus not unambiguous. Spin-
resohved photoemission cwperiments give here much

clearer results®, but at the cost of very low photoelectron
intensities, which is prohibitive for an extended study
over a large portion of the Brillouin zone.

A mather new way for obtaining band structure in-
formation from ARUFS is to measure constant-energy
surfaces in k-space, particularly near the Fermi energy,
by using nd:ﬂpla}r-typeanalyzerw or by extended angu-
lar scanning!!. Two-dimensional cuts through the bulk
F&mﬂmﬁm(ﬁ}mbeubtmmd We here term this
mude of data acquisition k(E), since for one energy many
points in k-space are measured.

The experimental resolution in energy as well as in an-
gle is of great importance in ARUPS, since a lack of reso-
hution in either of the two will lead to a peak broadening
in both quantities to an amowunt which depends on the
probed band structure'>!?, In this paper we combine E(k)
and k{(E) by measuring angular scanned EDCs in one-de-
gree steps in the FTXWK-plane of Ni at room temperature
(RT: T/ Tc = 0.46) and at elevated temperature (T/Tc =1).
We show that for a given energy and angular resalution
the k{E) mode separates the exchange-split sp-bands very
clearly, whereas the related peaks overlap strongly in the
EDCs. AE,, for this case 18 found to vanish for T=T¢.

The experiments were performed in a modified VG
ESCALAB Mark [T with a base pressure of 2 x 107" mbar,
which rose to 3 % 107* mbar during operation of the differ-
entially pumped He-discharge lamp. Ar*-sputtering and
annealing were applied to prepare a clean and ordered
surface, which was checked by X-ray photoemission
spectroscopy and low enemgy electron diffraction before



and after the measurements. No sulfur, less than 1%
oxygen and less than 5% argon and carbon could be
detected. The ized sample was excited with
unpolarized He I radiation (hv =212 eV}, In 17 steps we
measured EDCs spanning 1.5 ¢V and Including Ef for a
polar scan ranging from the surface normal (B, =0°) to
a polar angle of 6, = 70° along the [T10]-azimuth ((001)
plane) of a Ni{110) single crystal. An energy resolution
of approximately 30 meV and an angular resolution of
better than 1 14" were used. Measurements at elevated
temperature were performed in a mode with alternating
heating and measuring cycles to avoid disturbing electric
and magnetic fields due to the indirect resistive ac sample
heating,.

Fig. 1 shows a section parallel to the (001) plane through
k-space for face-centered cubic Ni (lattice constant a =
3.52 A) with some bulk Brillouin zones and high-sym-
mebry lines and points indicated. The measured polar
scan lies in this plane. Assuming a free electron final state
after the photoexcitation process and constant initial state
energy (e.g. Ep), the emitted electrons lie on a sphere in
k-space. The cut through this sphere for initial states at
the Fermi energy is indicated in Fig. 1. Circles for other
measured energies in our 1.5 eV range have only slightly
different radii and are not drawn. During the refraction
of the electrans at the solid-vacuum interface, the parallel
mmpmuk"ulthewwewkamihmrgyam
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Fig, 1. Cut through reciprocal space perpendicular to
the [00 1]-direction in the extended zone scheme. The
solid polygons indicate Brillouin-zone boundaries for
face-centered cubic Nickel. Some high-symmetry points
and lines are indicated. The final state free slectron wave
vectors for electrons from the Fermi edge lies on the circle.

Due to the refraction the measured polar angle 8, in
vacuym differs from the polar angle 8, in k-space inside
the solid. In our case the maximum angle of 8y, =70” cor-
responds to By =47°, which is indicated in Fig. 1. Thus
the polar scans start close 1o X', pass closely by K', cross
E' and finish 2° beyond A’. Consulting a recent bandstruc-
ture and FS calculation by Eckardt and Fritsche!*, we ex-
pect to see five bands crossing Ep in our polar scan: first,
close to normal emission the two minority bands from X}
and X}, and then at about 8 = 16°, close to crossing the E-
line, the minority 4-band from K3, which we here name
“Ei". Finally at 6 =36° and 8, =40° we expect the two
exchange-split sp-bands between I} and A] and between
I; and A, respectively, which we will ¢all “E}~ and "L},

The raw experimental data are shown in Fig. 2 in a
linear gray scale with miniowum intensity as black and
maximum intensity as white. The intensity drop at By
is clearly visible. In the RT data we can well
two closely spaced bands E at about 49.5" and
54.5° in B (36.5° and 39.5° in th) and another band
crossing Ep at about 8, = 27° (B, =21°). Near 0° we find
intensity from at least two bands, which appear to mix
strongly and which will not be analyzed further within
this paper. ing these results to the above men-
tioned FS calculation, we can clearly assign the bands
at B, =39.5% 8y = 36.5% and B, = 21° to the sp-bands “I}",
“L;” and the d-band “I}". The two-dimensional gray
scale representation of the data (Fig. 2) is particularly in-
structive as it shows not only the positions of Fermi level
vrussings very Cearly, bul also how e bands disperse
along the polar scan and how the relative intensities and
linewidths depend on energy and angle.

The effects of emperature on these spectra, some of
which are related to the magnetic phase transition, are
quite dramatic. The Fermi edge for T/Te =1 can be seoen
to be less steep than in the KT measurement. More impor-
tantly, we see that all bands change strongly. There is only
one band left in the B, =38° which means that
the two formerly exchange-split sp-bands have merged
to one single “E, "-band. Looking at the “L;"
find that it has broadened i » unlike the “L;",
which shows a comparable width in 8, as at RT. All these
thpmmmmlymmmumpua

Fig. 3 shows EDCs extracted from the BT data in the
angular range where the two sp-bands cross Ep. “L}”
appears near Ez at 8 =53° (k. = 38.5%) and “E]" practi-
cally vanishes at Oy, =59 (B =42°); only at 8,=56° or
57° both peaks are visible simultaneously in the EDCs,
but still riding on a large beckground. Here the need for
& very high angular resolution becomes evident: With an

resolution of, ¢.g., 37, the two peaks in the EDCs
would be comsiderably broadened because of the disper-
sion and would strongly overlap, and even spin-resolved
measurements could hardly separate them clearly. An
accurate determination of the peak positions and of the
exchange splitting would thus be nearly impossible.

Pig. 4 shows the polar intensity scans at the Fermi
energy extracted from the data of Fig. 2 at KT and T=Te.
Chviously the exchange-split sp-bamds are very chearly
separated here and riding on a low and smooth back-
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Fig. 2. Linear gray scale representation of the raw data
with white as maximum intensity. The upper panel shows
the angular gcanned EDCe measured at BT, the lower

panel the T =T data.

ground, unlike the situation in the EDCs (see Fig. 3).
The bands tum out ko be much better separable in k-
space than in energy. In the high temperature polar
scan we see a single sharp peak at the “I,"-position,
which shows unambiguously that the exchange split-
Hng has vanished, Without the need of fitting one can,
just from the raw data, determine the angular position
of the “E;"- and the two sp-bands with an accuracy of
better than %", by just locating the peak maxima. This
works below Er as well as up to some 100 meV abowve
Er. Dwing so we find practically identical results as we
get from a computer-aided fiting procedure, where we

fit the three peaks with Lorentzians riding on a quadratic
background. In addition the fitting delivers peak widths
(FWHM) and intensities. Fig. 5 shows results of fits from
O = 18" (B, =14°) to By, =70 (B, =47°), which omits the
barnds near the surface normal. In the upper half (a) the
intensity datal® of the polar scan at BT at Ep {crosses)
and the fit curve (solid line) are presented. The fit is
obviously very good. Below, in Fig. 5 (b), the fitted peak
positions for the Z-bands are presented as extracted from
many polar scans at both kemperatures. The results of the
fitting are summarized in Table 1. At Eg the exchange-
split sp-bands are separated by 3.0°%0.2° in &, or by
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Fig. 3. Energy distribution curves measured at RT for dif-
ferent polar angles 8. The exchange-split sp-bands are
hardly separable in energy.

(0.12320.005) a.u.”" in k along the measured polar scan.
Making use of the very linear slope of the peak position
with energy we can calculate the exchange splitting as
AE,, = {204 T 8) meV at Ep. We want to emphasize here
that this fitting procedure of intensities as a function of
angles, done for various energies, takes optimum advan-
tage of the two-dimensional nature of these data sets:
The found peak positions in angle can be combined to
give very accurate dispersion curves as a function of
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Fig. 4. Folar intensity scans at B measured at KT and for
T/T¢ = 1. The two exchange-split sp-bands “X; " and “L;”
are well separated at RT, and near Tc only one sharp peak
remains.
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Fig. 5. Fitting the polar intensity scans (see text). In the
upper}ulfmprmuﬂhﬁt{mhdhﬁ}ﬁwﬂw )ruhr
scan at Ez. The crosses are the

broken lines the components of the fit. Tl'lelmmhulf
shows the peak positions extracted from various polar
scans at RT and at Tc.

energy (Fig. 5), from which the exchange splitting can
e extracted very precisaly.

Another remarkable observation is that the FWHM
of the majority sp-band (“E{"} is consistently smaller
by about 0.3° than that of the “I{" peak (not shown).
[t appears that this cannot be explained by the band
gtrctyre (dispersion and PS-topolngy) in comjunction
with the finite i resolution. And there are
also no differences in linewidths due to electron-phonon
interactions to be expected, since we detect minority and
majority electrons at the same energy. Therefore this issue
needs to be discussed under other aspects, like pethaps
different final state lifetimes for majority and minority
electrons™Y, but this shall not be done in the present
paper.

In conclugion we have measured a very complete set
of ARUPS energy spectra near the Fermi energy from
Ni{110) representing a polar scan with 1° angular steps

Table 1. Results of fithng the polar miehsity scafis.
Position at Ey Dispersion in 6y, FWHM at Eg

B 8 (degrees) (meV/degree) _(degrees)
“Ei (RT) 20.75%0.2 34t 4 30 02
“EAU(Tc) 192 #1.0 45+10 & 2
“EI*(RT) 364 %01 7it 6 09 *0.1
“Ei*(RT} 394 %01 Bt 6 12 %01
“L;"(Te)  37.65%0.15 66t 7 145102




along the [T10]-azimuth. Comparing the RT-data to a
:mtﬁ-mlnn\aﬁm“nmh‘rrﬂy d-hand and two ex-
change-split sp-bands in the TXWK-plane can be un-
equivocally assigned. For this assignment, a free elec-
tron final state is assumed and appears to be sufficiently
accurate. In the energy distribution curves the two sp-
bands are poorly separable, but in the polar scans, ie.,
in k-space, they clearly show a splitting of 3.0£02° in
8y (0.1230.005 a.u. in k). Fitting the peak positions in
angle allowe also to find the exchange oplitting AE,, -
2418 meV at Er at the measured points in k-space.
Furthermore we observe a distinctly larger line width

(in polar angle) for the minority than for the majority sp-
dectrons. Upon raising the lemperature towards Te the
formerly exchange-split bands merge to one band, and
the minority d-band broadens considerably. We want to
emphasize that all these findings are only possible with
a very high angular resolution.
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