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Temperature Dependence of the Exchange Splitting in Ni Studied
by Spin-Polarized Photoemission
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Angle- and spin-resolved photoemission spectra from Ni(110) have been measured in
the temperature range 0.5- T/Tc - 0.94. The data cannot be reconciled either with the
predictions of local band theory assuming a temperature-independent exchange splitting
or with a pure Stoner model. It is concluded that the exchange splitting decreases with
increasing temperature and that spin fluctuations strongly influence the photoemission
line shapes.

PACS numbers: 75.50.Cc, 75.40.-s, 79.60.Cn

The ground state of the ferromagnetic Sd met-
al.s (Fe, Co, Ni', with their nonintegral numbers
of Bohr magnetons per aton. can be described
by the Stoner model. of band ferromagnetism. The
spin-up (majority) and spin-down (minority) states
are shifted with respect to each other by the ex-
change spl. itting 4,„. The appropriate description
of the state at finite temperature is a matter of
great current interest. In the Stoner model the
exchange splitting decreases to zero at the Curie
temperature Tc yielding the paramagnetic band
structure. An opposite point of view is taken by
local band theories. ' ' In these theories, which
were motivated by the observation of spin waves
above T& by inelastic neutron scattering, ' short-
range magnetic order is assumed, allowing the
definition of a local ferromagnetic band structure.
The reduction of the macroscopic magnetization
with increasing temperature is then due to trans-
~.erse fluctuations of the microscopic regions
which retain essentially their T = 0 magnetization.
The exact nature and the spatial extent of the
magnetic short-range order is a matter of cur-
rent debate 8.9

Angle-resolved photoemission spectroscopy
(ARPES) has been used to study spin-split elec-
tronic states in Ni. Upon approaching T~ an over-
all narrowing of the energy distribution curve
(EDC) was found and the spin-spl. it peaks could
no longer be resolved. Very diff erent conclusions
were reached depending on the curve fitting pro-
cedures used. Eastman, Himpsel. , and Knapp"
interpreted their data as showing a reduction of
the exchange splitting with increa, sing tempera-
ture of about 40%. On the other hand, it was

shown by Maetz et al." that the data are also con-
sistent with a prediction of local band theory
based on a temperature-independent exchange
splitting. "

Recently it was shown that spin-polarized angle-
resolved photoelectron spectroscopy (SPARPES)
is now possible with a resolution comparable to
conventional ARPES." In this Letter we present
the first temperature-dependent angle- and spin-
resolved photoemission spectra. We have meas-
ured the photoemission spectra for normal elec-
tron emission from a Ni(110) surface using lin-
early polarized Ne i (16.85 eV) radiation from a
resonance lamp. The l.ight polarization for this
study was chosen (X~~ [110])so that only bands of
S4 symmetry at the X point contribute to the emis-
sion. At this point of the Brillouin zone both the
spin-up and spin-down bands are located just be-
low the Fermi energy. A more detailed discus-
sion and a description of the experimental pro-
cedure is given el.sewhere. " The sampl. e, a pic-
ture-frame singl. e crystal. , was heated by radia-
tion from a bifilar tungsten filament. No disturb-
ing effect of the magnetic fiel.d of the heating cur-
rent was observed. The temperature was meas-
ured by a NiCr/Ni thermocouple spot welded to
the sample. The temperature reading was accu-
rate within 3 . As a result of the decrease of the
spin polarization at elevated temperatures, in-
creasing measuring times were needed in order
to obtain comparable relative statistical. accuracy
for the spin polarization. To ensure surface
cl.eanliness the measurements were periodically
interrupted for sputtering and flashing cycles.

In Fig. 1 we show the total. EDC's and the spin-
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FIG. 2. (a) Energy separation of the spin-up and spin-
down peaks as a function of temperature; the solid and
broken lines represent the temperature dependence of
the bulk magnetization and the magnetization of the
third atomic layer, respectively; (b) half-width (full
width at half maximum) of the spin-resolved energy
distribution curves: circles, majority peak; full
squares, minority peak. Above T~ (open squares) the
spin-resolved EDC's are identical.

FIG. 1. Upper part: 'Total energy distribution curves
(EDC's), Io ~I~+ I~ (squares), and spin-reso)ved EDC's
I $

= Ip(1 +P) I2 (circles), I i = l(1 P)/2 (triang—les), for
three different temperatures; lower part: correspond-
ing spin polarization curves, P = (I i —I ))l(I i+I )).

resolved EDC's for three selected temperatures
as well as the corresponding energy-resolved
spin polarization. First, we notice the»n~. i.own-

ing of the total EDC's with increasing tempera-
ture and the disappearence of the double-peak
structure in accordance with the ARPES data. '""
Second, we see that the spin ~esoli ed EDC-'s ap-
proach each other with increasing temperature-
Fig. 2(a) shows the peak separation —and become
broader —Fig. 2(b) shows the half-width.

In this experiment the measured spin polariza-
tion is a macroscopically averaged quantity (over
the diameter of the light spot, i.e., - 2 mm).
This implies that above T~ the measured spin
polarization is zero. In the energy distribution
curves, on the other hand, there might stil. l. be
structures due to short-rar~e-order effects,
like in the interpretation by Ma, etz et a/. " There
are two clea, r-cut theoretical predictions for the
temperature dependence of the photoemission line
shapes. First, the Stoner model predicts a de-

crease of the peak separation of the spin-re-
solved EDC's proportional. to the macroscopic
magnetization. The data of Fig. 2(a) are consis-
tent with this. Actual. ly the peak separation de-
creases slightl. y faster than the bulk magnetiza. —

tion. It follows more closely the temperature
dependence of the magnetization of the third or
fourth atomic layer in a mean-field calculation.
This is expected, since the mean probing depth
in this experiment is only about 3.5 atomic lay-
ers. The large broadening shown in Fig. 2(b), on
the other hand, contradicts a simple Stoner be-
havior. We think that the broadening is mainly
of magnetic origin a,nd tha, t phonon broa, dening is
of minor importance. This is corroborated by
the fact that above T~ the total EDC no longer
changes [Fig. 2(b)].

The second prediction concerning the photo-
emission l.ine shapes comes from local band the-
ory." Since we measure electron states at the
boundary of the Bril.louin zone (around the X point)
the group velocity is nearly zero. For this case
local. band theory predicts a temperature-inde-
pendent EDC and the spin pol. a.rization shoul. d
sca, l.e down with the tempera, ture dependence of the
magnetization by a factor iU(T)/ill(T = 0) because
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of the transverse fluctuations of the microscopic
regions still having the ful. l. T = 0 exchange split-
ting. That this prediction does not hold true can
al.ready be seen from the narrowing of the total
EDC. It could be argued that because of the smal1.
escape depth and the resulting k smearing consid-
erabl. e intensity is originating from k vectors
around the X point where the group velocity is
not negligible. For this situation the local band
theory also predicts a narrowing of the EDC due
to the growth of the so-call. ed nonmagnetic peak
in the middle between the two magnetic peaks
which stay at their low-temperature position and
decrease inintensity. To investigate this possi-
bility we have performed a three-peak fit of the
EDC, as was performed in Ref. 11. The fit con-
sists of an up-spin peak I~, a down- spin peak I~,
and an unpolarized peak I, between Iy and I~. For
the I~ and I ~ we took the measured spin-resolved
EDC's at room temperature. From this fit we
can calculate the spin polarization P= (I~ Ii)/-
(I~+Ii+I,). This is of course an overestimate
since the up and down directions refer to the l.ocal
magnetization axis whereas the polarization is
measured with respect to the macroscopic mag-
netization axis so that transverse fluctuations
can only ~educe the measured polarization. De-
spite this fact the measured pol.arization is al.—

ready highe~ (by about 30-40%) than the maxi-
mum predicted by this three-peak fit. This
shows that our data cannot be reconciled with the
three-peak structure analysis based on a temper-
ature-independent exchange spl. itting. '

Al.though the measured separation of the spin-
resolved EDC's decreases to zero at Tc [Fig.
2(a)] this does not necessarily imply that locally
6„is zero, because transverse fluctuations can
reduce the measured polarization. If we perform
a two-peak fit of the EDC at T~, i.e. , by taking
the two spin-resolved EDC's measured at room
temperature and letting them approach each other,
we arrive at a reduction of the exchange splitting
of about 50fg, in agreement with the values ob-
tained by Eastman et al. and also Maetz et a/. for
their two-peak analysis. The observed broaden-
ing of the measured spin-~esol~ed EDC's can
then be due to transverse ft.uctuations.

%'e note also that our results are in qualitative
agreement with the probability distribution func-
tion for the local. magnetic moments of Ni above
T~ given by Hubbard" if we interpret this as a
distribution of exchange splittings. He found an
average 25% decrease of the T =0 local moment
and a strongly asymmetric distribution extending

towards smal. l moments. Additiona1. 1.y, trans-
verse fl.uctuations of these moments could l.ead to
a broadening of the spin-resolved EDC's. In a
recent cal.culation a reduction of the local. mo-
ment of 50% has been found. "

Usami and Moriya" gave a theoretical predic-
tion for the spin-unresolved photoemission line
shapes within their spin fluctuation model (for a
quantitative comparison with the present data
more detailed calculations are needed). In their
curves it seems, however, that the narrowing of
the EDC continues beyond T~ in contrast to ex-
periment. The experimenta1. data seem therefore
to impl. y that at T~ Ni has reached a state of mag-
netic disorder such that it is not affected signifi-
cantly by further increase of the temperature.

In conclusion, we have shown that the new data
of temperature-dependent spin-polarized angle-
resolved photoelectron spectroscopy (SPARPES)
for Ni are inconsistent with a temperature-inde-
pendent exchange splitting as assumed in local
band theory based on strong short-range mag-
netic order. Indications for the importance of
longitudinal and transverse spin fluctuations have
been found in the observed broadening of the spin-
resolved energy distribution curves. Quantitative
theories are now needed to explain the experi-
mentally observed line shapes. The present
SPARPES measurements are onl.y a beginning
and future experiments on material. s exhibiting
more local. ized or more itinerant behavior than
Ni wil1. contribute to our understanding of the
interplay between changes of the electronic struc-
ture and magnetic phase transitions.
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