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Photoemission above the Fermi Level: The Top of the Minorityd Band in Nickel
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The magnetic phase transition in nickel metal has been studied with high resolution photoemission
spectroscopy. A monochromatized high intensity ldephoton source provides access to the dispersion
of thermally populated states up 3éz7 abovethe Fermi level. On Ni(111) the coalescence of the par-
tially occupied minorityd band and the occupied majoritiyband is observed in raising the temperature
above the Curie point. Close to a fast dispersipdoand anomalously high intensity from the minority
d band is found. This is a clue thap-d fluctuations at the Fermi level are a driving force in the
magnetic phase transition. [S0031-9007(97)04631-0]

PACS numbers: 75.25.+z, 71.18.+y, 75.10.Lp, 79.60.Bm

Nickel metal is a prototypical itinerant ferromagnet. excited top of the minorityd band. This procedure,
Over the years, many experimental signatures of thevhich is described in the next paragraph, enables us to
ferromagnetic-to-paramagnetic phase transition have aenonitor the temperature dependence of a complete spin-
cumulated, which have proven difficult to be describedpair of a magnetie/ band in one single experiment rather
by one consistent theory [1]: Neutron scattering experithan by combining information from direct and inverse
ments find local moments and spin waves above the Curighotoemission data.
temperature®.) [2]. Angle-resolved photoemission and Near the Fermi energy, the measurement of electronic
inverse photoemission (IPE) emphasize the itinerant nastates by photoemission is compromised by the changes in
ture of the electronic states and see a Stoner-like collapsgcupation numbers associated with the Fermi-Dirac (FD)
of the exchange splittind\e., [3,4], with the exception distribution function. Except for a few studies [13,14],
of two spin-polarized photoemission studies involving thethe extremely rapid falloff of the FD function has so
resonant excitation of core holes in the valence photofar discouraged people from trying to recover spectral
emission process. These experiments give evidence fdeatures in the tail of thermally excited electrons. In
persisting local moments in the paramagnetic state [5,6].order to detect significant spectral contributions in this

Theories combining local and itinerant aspects includenteresting energy range, two conditions must be met:
local-band theories [1,7-9] involving considerable short{i) A clean and highly intensive photon source must
range magnetic order abo® and a recent generalized provide low background intensities abowg, and (ii) the
Hubbard model which produces the full temperature deexperimental energy resolution must be at least of the
pendence of the quasiparticle band structure [10]. Spearder of the temperature broadening.
cific signatures of these theories have been looked for We have met these conditions in an improved ex-
in recent photoemission experiments. A spin- and angleperimental setup which is based on a VG ESCALAB
resolved photoemission study, looking at the details of th20 spectrometer with an ultimate energy resolution of
spin-dependent band structure, found locations gpace 20 meV and an angular resolution beloWw 1The sample
where the separatiofie., Of spin-pairs of bands remains goniometer permitting high precision control of polar
temperature independent, while at other locations a coland azimuthal angles has been described elsewhere [15].
lapse was observed whéh was approached from below For excitation we use a microwave-driven high flux
[11]. Likewise, in a Fermi surface mapping experimentHe discharge lamp in combination with a toroidal grat-
using high-resolution spin-integrated angle-resolved phoing monochromator (Gammadata Burklint AB, Sweden).
toemission, large portions of the Fermi surface reflected ahe monochromatized light intensity on the sample is
collapsing exchange splitting, while some parts appearefl X 10'> photongsec for Hd « radiation (21.2 eV) on
to remain stationary with temperature [12]. a 3 mm spot. Higher energy He radiation is suppressed

In this paper we address this issue specifically by lookfrom 11% in zero order diffraction by more than a factor
ing more closely at those regions inspace where the of 50 in first order. The photon flux is very stable over a
minority d band crosses the Fermi leveks). Any long period of time, which is crucial for the type of data
temperature-dependent shift of this band is related to aets described below where spectra measured over a series
change in the minority spin occupation number, and  of polar angles are normalized energy channel by energy
thus the magnetically active part of the band structure ishannel.
measured. For this purpose we have extended the energyln Fig. 1 we present spectra measured on a polycrys-
range covered by angle-resolved photoemission to slightlfalline Ag sample, using zero order and first orderlide
aboveer such as to follow the dispersion of the thermally radiation. The logarithmic representation (lower panel)
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Kinetic Energy relative to E. (6V) the [110] direction and 23 off [112]. We have selected
FIG. 1. Photoemission spectra taken near the Fermi Ieve‘ihiS parFiC“'ar region irk space beca_luse this is Whe_re the
from polycrystaline Ag at 300 K. The analyzer energy Magneticd band crosses the Fermi level. In relation to
resolution was 35 meV, and unmonochromatized (zero ordehe Fermi surface contours measured by Aetal. [see
and monochromatized (1st order) He radiation was used for Fig. 1(a) of Ref. [12]], our polar scan represents a section
excitation. In the lower panel a logarithmic intensity scale hascontaining the featurea andB [12]. In Figs. 3(b), 3(c),
been chosen for the same data. and 3(d) we show the temperature dependence of these
photoemission data neat measured from the surface
illustrates that, for monochromatized e excitation, the  normal to 72 off normal. Differing from the procedure
Boltzmann tail of the FD function is drowned by the back-applied in Fig. 2(b), the data have here been normalized
ground intensity afkzT above the Fermi energy. Inside by the FD function convoluted with the experimental
this extra range meaningful information can still be ex-resolution [17] (cf. the Figure caption), and then plotted
tracted from our photoemission data. in a linear gray scale.

An important consistency check for the validity of ob-  In the room temperature data [Fig. 3(b)] we can clearly
served features abowg- is furthermore provided by the resolve two inverted parabolic bands with their apexes
following procedure: Our highly accurate and automatedocated at 40. Band structure calculations using the spin-
mode of collecting photoemission data both as a funcpolarized Layer-Korringa-Kohn-Rostoker (LKKR) [18]
tion of energy and emission angle [16] produces twoformalism have been performed for the same regiok in
dimensional data sets of the kind shown in Fig. 2. Energypace [Fig. 3(a)]. The agreement between the calculated
distribution curves (EDCs) have been measured from &ands and the band features in Fig. 3(b) is remarkable
clean Ni(111) surface, covering binding energies from —2.@&xcept for a renormalization of the energy scale due to
to +1.6 eV and a contiguous range of polar angles alongself-energy effects in the photohole state. The upper
a particular sample azimuth (see below). In Fig. 2(a), rawparabola can be identified with the top of the minority
intensity data are displayed in a linear gray scale, exhibitd band while the lower one represents the fully occupied
ing the sharp FD cutoff. In Fig. 2(b), the data have beemajority twin [19].
normalized such as to produce maximum angular contrast From the normalized data near the apex position
along each horizontal line, i.e., for each energy the mini{Figs. 3(b) and Fig. 4], a value @80 * 20 meV for the
mum intensity is assigned black and the maximum intenexchange splitting at room temperature can be extracted,
sity white. For energies abowg-, well-defined structures which is in beautiful agreement with a recent inverse pho-
become visible in the normalized data. The upper invertetbemission study along théline [3]. Using a maximum-
parabolic band nearr now exhibits its apex near 4@olar  entropy regularization to deconvolute the spin-polarized
angle. Further replicas of these parabolas appear at highB?E spectra, spin-dependent quasiparticle spectral densi-
energies due to remnant satellite lines in the photon speties were obtained, indicating an extrapolated groundstate
trum (Clll and He I8). exchange splitting 0280 = 50 meV [3]. Notice that we

The data of Fig. 2 represent a polar scan of EDCs ofave extracted the room temperature value, which is al-
the (111) surface of Ni along the azimuth which i ®ff  ready close to saturation, essentially from the raw data.
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FIG. 3. (a) Spin-polarized LKKR calculation covering the sectior ispace of our measurements. Majority spin bands are given

in gray, minority bands in black. (b)—(d): Her excited polar-angle scanned EDCs taken from Ni(111) along the azimuth which

is 67° off the [110] direction and 23 off [112], measured at three different temperatures: {ByT., (c) 0.80T., and (d)1.21T..

All spectra have been normalized by a Fermi-Dirac distribution function which rides on a small constant background in order to
avoid zero divisions. The linear gray scale ranges from minimum (black) to maximum (white) intensity.

Figures 3(c) and 3(d) present data measured along = 28°. These bands are clearly resolved at high tem-
the samek space sections for temperatures @807,  peratures. In these data the measuring range is expanded
and 1.217,, respectively. The collapse of the exchangefrom 5k7 = 130 meV (RT) to 220 meV {807,) and
splitting between thel! andd' bands is evident. Above 330 meV (.217.). The combination of the increased
T. the two parabolas have coalesced very closego thermal population of excited states and the shift of the
and with now one common apex @t= 40°. These data minority 4 band towards» leads to a situation where the
thus confirm the Stoner-type behavior of the magndtic sp bands are clearly exposed and appear as a very fast
band as has been inferred from the spin-polarized IPEispersing feature crossing the Fermi level neéar 30°.
data [3]. The presence of clearly dispersing bands in thBecause of the close spacing between the and sp!
elevated-temperature data indicate that the influence dumnds in thisk region [Fig. 3(a)] we cannot resolve the
to phonon-assisted nondirect transitions [20] is weak.  individual components. The dispersion is too fast for ob-

The LKKR calculation produces another pair of bandsserving the exchange splitting in a spin-integrated experi-
sp! and sp!, which both cross the Fermi energy at ment: The slope of the measured feature is 125 meV per
nearly the same position as the minoriéy band near degree, and a value dfe., = 200 meV for thesp band

[16] would reflect itself in an angular separation of °1.6
which is less than the width of the observed feature. This
— T — pair of sp bands thus appears stationary with temperature
even for a Stoner-type collapse &k.x. Since the exam-
., ined location ink space is equivalent to that of the sta-
K ’.,, tionary Fermi-surface contours on Ni(110) [12], we have
et o cosens found a natural explanation for this observation which is
S fully consistent with the Stoner picture.
N ¢'. Figure 4 shows EDCs extracted from the Fermi-Dirac-
X i normalized data of Figs. 3(b)-3(d) at the apex of ¢the
R . bands. The enhanced intensity from the minodtpand
-7 S, relative to the majorityl band belowr . is most striking.
IR o This is not an artifact of the normalization procedure, and
. we obtain quantitatively the same results by normalizing
R the energy spectra with the average intensity on each polar
T . - scan. The intensity difference is unlikely to be caused by
matrix element effects because of the close proximity of
IR [ S—" P the bands in energy and ih space. A spin-dependent
400 200 0 -200 matrix element effect is ruled out by our experimental
Binding Energy (meV) setup, since the average sample magnetization is zero

FIG. 4. EDCs extracted from the normalized data Ofgnd weakly linearly polarized light is used. We therefore

Fig. 3(b)-3(d) at the apex of thé bands ¢ = 40°). Spin interpret the high intensity of the emission from the

labels are indicated by the arrows. The curves are drawn witininority ¢ band to be caused by the interaction with the
intensity offsets. nearbysp band (see below).

Intensity (arb. units)
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Thus the data sets of Figs.3 and 4 provide two We thank E. Wetli, P. Schwaller, F. Bourqui, and P.
significant new aspects concerning the magnetic phasgoland for their assistance with the experiment and are
transition in Ni: . obliged to P. Aebi who shared his modified LKKR code.
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