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Temperature Dependence of the Exchange Splitting of Fe by Spin-Resolved
Photoemission Spectroscopy with Synchrotron Radiation
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Temperature-induced changes in the electronic structure of Fe(100) have been investigat-
ed by spin- and angle-resolved photoemission for temperatures between room temperature
and the Curie temperature Tc. States nearly stationary in energy (I'zs, I't2) have been ob-
served for photon energy hv = 60 eV. However, from a strong increase in minority-spin in-
tensity for h v = 31 and 21 eV, a downwards shift of the 65 band is inferred to occur upon
heating towards Tc for large k vectors.

PACS numbers: 75.50.Bb, 75.10.Lp, 79.60.Cn

The electronic structure at finite temperatures of
the 3d-transition metals Fe, Co, and Ni is currently
a mat ter of strong theoretical interest. Spin-
polarized band theory based on the self-consistent
local-density-functional description gives an ade-
quate account of the ferromagnetic ground state
(e.g. , cohesive energy, nonintegral moments). '

However, controversial attempts have been made
recently to describe transition-metal magnetism at
finite temperatures. The basic common idea is to
try to incorporate into the theory the existence of
local magnetic moments even above Tc. The
ferromagnetic-to-paramagnetic phase transition is
then governed by thermal disordering of the mo-
ments, requiring much less energy than single-
particle spin flips which would involve energy
changes as large as the exchange splitting. The con-
troversy is over the spatial extent of correlation
among the magnetic moments, which is connected
intimately to the present debate on the existence of
spin waves above Tc.

The ferromagnetic-to-paramagnetic phase transi-
tion of Fe has been studied by spin-unresolved,
angle-resolved photoemission. However, only by
measuring the electron spin explicitly can
exchange-split bands be identified unambiguously
and the band dispersions be detected, as will be
shown below. Furthermore, the spin dynamics at
elevated temperatures, as spin rotations around the
spontaneous magnetization direction or flips of lo-
cal magnetic moments which currently are con-
sidered to be the driving force for the phase transi-
tion, can be observed only by this method. %e
have therefore, for the first time, performed a
spin-, angle-, and energy-resolved photoemission
experiment on temperature-induced changes in the
electronic structure of Fe. Because of a predicted
wave-vector (k) dependence of the temperature
dependence of the exchange splitting, '9 we em-
ployed monochromatized tunable synchrotron radi-

ation from the German storage ring BESSY, allow-
ing selection of initial states with different k.

The experiment is similar to a recent one on
Ni(110) ta using a resonance lamp. Total energy
resolution, including the linewidth of light, was 0.4
eV at hv =6Q eV and about 0.3 eV at hv =31 eV.
The angular resolution was about +3' at hv=60
eV decreasing to about +4' at hv =31 eV, result-
ing in k resolution of about —, of the Brillouin zone.
The sample was cleaned in situ by standard surface-
analysis techniques and its surface conditions were
monitored by low-energy electron diffraction and
photoelectron spectroscopy. " The sample was
mounted with the easy magnetization direction
(001) parallel to the spin-polarization-
sensitive axis of the Mott (spin) analyzer and was
magnetized in this direction. From the left and
right counting rates I& and I2 of the Mott detector
the spin-resolved energy distribution curves
(SREDC's) Il (E) and II (E) are obtained as

I I =o.s[I+ (I, I,)ls], -
I I =I II =O.S[I--(It-I,)/S].

S (=0.18) is the value of the foil-thickness-
corrected Sherman function. I is the spin-summed
counting rate. The SREDC's are normalized to the
light intensity at any selected photon energy to
detect the transfer of electrons of one spin state
into the other one occurring possibly at elevated
temperatures. Further experimental details will be
published elsewhere. "

As a result of the loss of spontaneous magnetiza-
tion above Tc, the SREDC's become equal at and
above Tc. The information on the changes in the
microscopic electronic structure is contained in the
way they approach each other.

Dipole selection rules indicate that only 55 sym-
metry bands along the I'-H direction (see Fig. 1)
are allowed as initial states for the Fe(1QQ) surface

1984 The American Physical Society 2285



VOLUME 52, NUMBER 25 PHYSICAL REVIEW LETTERS 18 JUNE 1984

2
O

C3
rz 0 —I"'&

UJ 25
Z'

l2

IQ
(A
z,'

LLJ

i
—u)

50.=
CA ~
W o
Z'.

CL
U)

Q

I.=(eV) iV)
~ ~ ~ ~ ~ o 2Q

'I

I(
I.

—— 35 l(--- 6Q I'

...........-".a'i ":,'I
I

~ ~ 0

4 3 2 I Q

ENERGY BELOW EF (ev)

FIG. 1. The Fe I -0 direction of the band structure
(Ref. 12) which is sampled by the present experiment.

with s-polarized light and normal emission. The
band dispersions, like the minority-spin peak posi-
tion, shift towards the Fermi energy (EF) and, once
it has reached EF, the strong drop in intensity has
been followed by tuning the photon energy from 60
to 20 eV; see Fig. 2.'3 Below 35 eV, the minority
( ) ) transition apparently takes place via indirect
transitions from states where the 5& band crosses
EF as concluded from the minor influence on pho-
ton energy between 31 and 20 eV. The majorit~
(t ) SREDC's display the dispersion of the 6&
band, its high-energy peak moving towards EF from
hv=31 to 21 eV corresponding probably to direct
transitions from initial states in the right half of the
Brillouin zone.

SREDC's taken at h v = 60 ev are shown in Fig. 3
for two different temperatures. In the T/Tq=0. 3
data, we identify the peaks in accordance with
Feder et al. '4: the i -SREDC displays only one sin-
gle sharp peak (I'25) at 0.4+0.2 eV below E„. In
the t SREDC two peaks are resolved, one located
at a binding energy Es = 2.6+ 0.2 eV (I"25) and thet

other one at 1.2+0.2 eV (I t2). The peaks at
Eq = 2.6 and 0.4 eV are due to emission from the
exchange-split b 5, 65 -symmetry bands. Emission
from I &t2 actually is forbidden for strictly normal
emission.

Upon heating to T/Tq = 0.85 the following
changes are observed (see Fig. 3): In the minority
SREDC, the peak I z& diminishes strongly in inten-
sity while its energy width increases by about a fac-
tor of 3, and its peak position shifts by 0.2 eV to
larger binding enery. A reason for the intensity loss
is an increase in angular width of the j -electron
emission cone, measured by sweeping the beam
across an aperture. " This leads to a smaller detect-
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FIG. 2. Minority-spin energy-distribution curves from
Fe(100) for normal emission and s-polarized light at dif-
ferent photon energies. The data are, at any photon en-
ergy, normalized to the maximum of 'f - or I -spin EDC,
whichever is greater.

ed intensity since the angular acceptance of the ap-
paratus is fixed. At Ez = 2.6 eV a new, broad peak
emerges. In the t SREDC, the I'z5 peak at
E&=2.6 eV loses intensity, but much less than its
exchange-split counterpart. Its position remains
nearly unchanged. A small t -spin intensity gain is
observed around the binding energy of I 25.

A marked feature of Fig. 3 is that the binding en-
ergy where the t and ) SREDC's cross each other
is the same for T/To=0. 3 and T/Tc=0. 85 (and
also at intermediate temperatures). At this particu-
lar energy no net transfer of one spin state into the
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FIG. 3. Spin- and angle-resolved energy-distribution
curves of Fe(100) taken at 60-eV photon energy for two
different temperatures, 7 = T/Tc= 0.3 and 0.85, for nor-
mal emission and s-polarized light (unsmoothed data).
The arrows labeling the curves refer to the direction of
the spontaneous magnetization.
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other one occurs upon heating.
Spin-summed EDC's show more clearly than Fig.

3 that around the I 25 peak position the total intensi-
ty does not change between T/Tc = 0.3 and
T/Tc=0. 85, indicating that losses in the t SREDC
are compensated for (to within —5%) by the new
growing peak in the i SREDC. This is not the case
at the position of the I 25 peak, where the total in-
tensity drops upon heating because of the stronger
losses in the ) SREDC as compared to the gains in
the t SREDC. The decrease in intensity at I'25 is
also larger than expected from the Fermi-Dirac
function. We note that the intensity recovers upon
cooling indicating that the observed changes are not
related to contamination.

In the EDC taken at T= Tc it is observed that
the I'&I peak remains stationary in energy (a possi-
ble shift towards EF is" less than 0.5 eV). The
peak due to I 25 apparently is smeared out under the
stationary I i2 peak.

The balancing of gains and losses in intensity ob-
served at the position of I » could be interpreted in
terms of fluctuations of a constant magnetic mo-
ment around the spontaneous magnetization axis
resulting in a mixing of spins in the spin analyzer
(even of internally pure spin states with respect to
the instantaneous direction of the local moment).

The photoelectron emission angle is closely relat-
ed to its internal momentum k, and, therefore, the
reported angular broadening of I 25 reflects an inter-
nal k broadening. The k broadening is probably of
ferromagnetic origin since it is absent in data taken
at h v = 31 eV, which also in other respects exhibit a
different behavior upon heating, as will be shown
below.

We have also studied the temperature depen-
dences for h v = 31 and 21 eV. There is a marked
difference from the /t v = 60 eV data of Fig. 3: In-
stead of a decrease in spin-summed intensity near
EF we observe a strong increase in total photo-
current upon heating to T/Tc= 0.85 for photon en-
ergies of 31 and 21 eV. After cooling, the intensity
decreases to its initial value. SREDC's taken at
/tv =31 eV (Fig. 4) demonstrate that there is a dou-
bling of i-spin intensity and a comparatively small
decrease in t -spin intensity, causing the gain in to-
tal intensity. This asymmetry excludes an interpo-
lation of the t - and i -spin intensity changes as
transverse fluctuations of a local magnetic moment.
We have already interpreted the peak in the
T/Tc = 0.3 t SREDC (Fig. 4) as due to direct tran-
sitions from the 55 band, and from its binding en-
ergy we deduce that the transition occurs at about
0.7 of the I' Hseparation (compare w-ith Fig. 1).
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FIG. 4. Spin- and angle-resolved energy-distribution
curves of Fe(100) at 31 eV photon energy for
= T/Tc= 0.3 and 0.85 (unsmoothed data).

Because of the cutoff at EF, the corresponding j
emission from 55 does not occur. The strong )-
intensity increase upon heating (Fig. 4) suggests
therefore that 55-symmetry initial states appear at

EF at elevated temperatures near this k vector,
making possible efficient direct ) -spin phototransi-
tions. This has indeed been predicted by the
disordered-local-moment picture to occur as a result
of a Stoner-type decrease of the exchange splitting
with temperature for k vectors near H. The
majority-spin phototransition does not suffer from
the cutoff at EF, explaining its weaker dependence
on temperature.

The new data might serve for testing finite-
temperature theories of photoemission from fer-
romagnets. They have to explain the stationary
character of I », the strong broadenin, g of I 25 in
both k and energy, and the apparent b, 5' band shift
for large k vectors. Recent first-principles calcula-
tions ' based on the disordered-local-moment pic-
ture for Fe are in qualitative agreement with the
data. '

We note finally that the suggested band shifts
could be tested also by the new technique of spin-
polarized inverse photoemission' since the bands
are partially unoccupied in the right half of the Bril-
louin zone.

We would like to acknowledge fruitful and stimu-
lating discussion with G. M. Stockes, J. Callaway,
D. M. Edwards, R. Feder, and B. L. Gyorffy, and to
thank Ing. D. Hoffmann and the BESSY staff for
their technical support. One of us (E.K.) wishes to
thank E. L. Garwin for the hospitality at the Stan-
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ford Linear Accelarator Center during paper
preparation.
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