VOLUME 77, NUMBER 16 PHYSICAL REVIEW LETTERS 14 ©TOBER 1996

Temperature Dependence of the Exchange Splitting of the Surface State on Gd(0001):
Evidence against Spin-Mixing Behavior
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We report on angle-resolved photoemission (PE) and inverse PE studies of Gd(0001) in the
temperature range 60 to 400 K. The results show that with increasing temperature both the occupied
and the unoccupied parts of thklike surface state ab’ shift towards the Fermi level. This rules
out a pure spin-mixing behavior as claimed recently on the basis of spin-resolved PE data. Instead,
the temperature variation of the surface-state exchange splitting is Stoner-like, with an enhanced
surface Curie temperature; nevertheless, a small residual splitting @foweannot be ruled out.
[S0031-9007(96)01417-2]

PACS numbers: 73.20.At, 75.30.Pd, 75.70.Ak, 79.60.—i

Gd metal, as a prototypical ferromagnet with local mo- In the present Letter, high-resolution PE and inverse
ments, has attracted considerable interest in recent yeaghotoemission (IPE) results on Gd(0001) are presented,
The large local spin-only magnetic moments of the half-and it will be shown on the basis of a combined
filled quasiatomic4f shell, which couple magnetically analysis of these data that the temperature variation of
via RKKY interaction, give rise to ferromagnetic order the exchange splitting of the surface state is qualitatively
with a bulk Curie temperature af2 = 293 K. For the  similar to that of bulk-band states. In particular, a Stoner-
topmost surface layer, an enhancementlefby up to like decrease of the exchange splitting with increasing
60 K has been reported [1-3]. In this context, the distemperature is observed, in contrast to conclusions from
covery of an occupied surface state with symmetry, previous lower-resolution PE studies.
localized in the topmost surface layer of Gd(0001), has The PE experiments were performed at the TGM-5
been essential, since it might be responsible for the enindulator beamline of the Berliner Elektronenspeicherring
hanced magnetic coupling at the surface [4—7]. It has alstir Synchrotronstrahlung (BESSY) using a VSW-ARIES
been shown that the occupied part of the surface state hagectron spectrometer with an angular resolution-of
mostly majority-spin character at temperatures well belowand a total-system energy resolution of 60 meV (FWHM).
the surface Curie temperatui@ [8]. Furthermore, the The metal films were prepared by depositiag80 A
magnetization of the surface layer of Gd(0001) was foundf Gd on W(110) in a chamber with a base pressure
to be ferromagnetically oriented with respect to the bulkbelow 2 X 10~!' mbar that rose to= 8 X 10~'! mbar
[8,9], with the possibility of a slight canting for relatively during evaporation. Subsequent annealing led to well-
thick films [3]. ordered films with sharp hexagonal LEED patterns and

Photoemission (PE) studies revealed a temperaturgto detectable contamination as monitored by PE:at=
dependent exchange splitting of the bulk bands of Gdi0 eV. These Gd(0001) films exhibited a well-pronounced
in the ferromagnetic phase, which disappears'atin  and narrow surface state closefp [see Fig. 1(a)]. The
agreement with the Stoner-like behavior expected fosamples could be cooled to 20 K with a closed-cycle
itinerant band states [10,11]. On the other hand, a spinHe refrigerator, and the temperature was measured to an
mixing behavior has been suggested for the surface stasecuracy of+10 K with a W;sRey4/WosRe; thermocouple
[12], based on spin-resolved PE results, in agreemertirectly attached to the W crystal. Angle-resolved IPE
with theoretical considerations for localized states [13,14]spectra were recorded with a home-built spectrometer
These include the study of the temperature behavior oéquipped with a toroidal-grating monochromator and a
band states of bulk Gd, which led to the result that thePierce-type electron gun [15]. In IPE, the total-system
exchange splitting of the more localized states with resolution was 0.3 eV (FWHM).
character should be quite independent of temperature, Figure 1 displays angle-resolved PE spectra of
while the more extended-derived states were found Gd(0001) taken at normal emission. An overview of
to exhibit a Stoner-like behavior [14]. In the former the valence-band emission, taken with 40-eV photons,
case, only the spin polarization was found to decreasis presented in Fig. 1(a); it includes tdg emission at
with temperature. These theoretical findings support ar= 8.5-eV binding energy (BE), with resolved bulio)
interpretation of the experimental observations in termsnd surfacds) signals [16]. The featur® around 2-eV
of a Stoner-like behavior of the bulk bands and aBE represents the exchange-split bulk bands [10].
spin-mixing behavior of the strongly localized surfaceThe pronounced narrow pedk close toEr stems from
state [11,12]. the occupied part of the surface state; analogous surface
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FIG. 1. Angle-resolved normal-emission
Gd(0001): (a) Overview of the valence-band regioB. (b)

and S (s) denote emissions from the bulk and the surface,
respectively. (b) Surface-state spectra at various temperatures.

by the occupied (PE) and unoccupied (IPE) parts of

the surface state, separated by an exchange splitting of
states have been reported for close-packed surfaces &70 = 10 meV at 170 K. In addition to the surface-state
essentially all lanthanide metals [7,16—18]. Figure 1(b)peak, the IPE spectra contain featiireat =1.5 eV above
shows the temperature dependence of the surface-stalie, which has been interpreted as due to transitions to
emission, with the spectra normalized to equal intensityunoccupied5d band states in the topmost surface layer
of feature B. At low temperatures, the surface state[6], in analogy to theA,-band featureB in PE.
is well separated fronEp, with a BE of 170 meV at Even though the assignment of componefitandD in
63 K. The BE of S can be accurately determined for the IPE spectra is not straightforward, since the exchange
temperatures up te= 240 K; at higher temperatures, this splitting of D is not resolved, it follows from a consistent
becomes increasingly difficult due to the thermal broad-description of the whole temperature series of IPE spectra
ening as well as the fact that the peak moves towardf]. One could argue that pedk might be the minority-
Er. To overcome these difficulties, the unoccupied parspin part of the surface state. Such an interpretation
of the surface state was additionally studied by IPEof the IPE spectra is not consistent, however, since
allowing a combined analysis of the sets of PE and IPEbne would then need a completely different origin for
spectra. components!. At low temperaturess! is too far away

IPE spectra of Gd(0001), recorded with a primary-from Er to represent the unoccupied tail 6f, which

electron energy ofE, = 15 eV in normal incidence, dominates the PE spectra. Pesdks also highly sensitive
are presented in Fig. 2 (right panel), together with PBo oxygen contamination [6], similar t§' in the PE
spectra at approximately equal temperatures (left panelgpectra, revealing that it is surface derived. Furthermore,
Note that both series of angle-resolved spectra represetite analogous PE and IPE spectra of La(0001) show
the electronic structure at th€ point of the surface that (i) the occupied and unoccupied parts of thé
Brillouin zone. The two series of spectra are dominatedands have similar energies as in Gd, and (ii) the surface
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state is directly located akr [19]. Since La metal is LI LA B
nonmagnetic and has nf moment, exchange splitting % -400 |- (a) o o s 7]
and even local splitting can be ruled out. It is therefore E -300 - -
highly plausible to assign componesit to the minority & -200 | ?‘? .
part of the exchange-split surface state, although its spin L;é 100 - i
character has not been determined [20] and the observed & %ﬁ
exchange splitting is somewhat smaller than theoretically E B -

predicted [5]. A ;gg . — gt ]

With increasing temperaturé! shifts towardsEr, and
above 200 K it gets increasingly more difficult to deter- L L L
mine its energy from the IPE spectra alone. Therefore the 600 |- (b) i

energy ofs! was derived from a simultaneous fit of the PE S

and IPE spectra for a given temperature. In the PE case, g 400 - 7
a set of two asymmetric Lorentzians was used to simulate s 299 |- _
the bulk emissioriB), while in the IPE case, th& bands T¢

could be described by two symmetric Lorentzians (dashed op .y T -
subspectra). To both spectra backgrounds were added 0 100 200 300 400
(dash-double-dotted) to account for inelastically scattered Temperature (K)

electrons as well as nondirect transitions. The surface-

e . FIG. 3. (a) Binding energies of componens (M) and
state emission in PE and IPE was simulatedhgset of st (0)), and (b) surface-state exchange splittiniy, as a

two identical symmetric Iine$ST,Sl_), assumed to be the fynction of temperature. The solid line through the data points
sum of a Gaussian and a Lorentzian function. The resultrepresents the fit result based on a Stoner-like mean-field

ing line shapes were multiplied by a Fermi function anddependence.
convoluted by a Gaussian to account for finite experimen-
tal resolution.

The fit results are given by the solid lines throughconstant spin-integrated intensity, which would be hardly
the data points. It is obvious that the PE and IPEunderstandable for a surface state crossthg Their
spectra are well described by a continuous collapse afonclusions, however, could have been influenced by the
the surface-state exchange splitting. In this way, thdower energy resolution in their study, insufficient to ob-
energies of componens and S could be derived quite serve the small BE shifts of the occupied surface state
accurately even for temperatures above 200 K. Note thaeported here. The observed loss is spin polarization of
the exchange splitting of the bulk-band featteén PE  the surface state with increasing temperature can be ex-
collapses around 300 K, while a small residual splittingplained on the basis of the present results: Witrand
remains in case of the surface state. Feafuadso shows S' being close toEr, the shifts observed here with in-

a residual splitting at room temperature, which is due tacreasing temperature lead to a depopulatios’cind an
the surface character of this emission [6]. increasing population of'. Since components’ and

The results of this analysis are summarized in Fig. 3(a)s' were not resolved in the work of Lét al., it is plau-
which displays the BE of componens$ and §! relative  sible that only a decrease of the net polarization plus a
to Er; for PE, data points at additional temperatures wereonstant spin-integrated intensity of the surface state was
included. The resulting exchange splitting of the surfaceseen in PE.
state, A, is plotted in Fig. 3(b) for those temperatures Even though the temperature dependenceAgf of
where both PE and IPE spectra have been measured. Ttiee surface state has been found here to be qualita-
temperature dependence &f, indicates an enhanceft:  tively Stoner-like, a residual splitting up to 100 meV
in the topmost surface layer. Because of the large erramay remain abovd¢, indicated by the relatively large
bars in the critical-temperature range, an accurate value @rror bars in Fig. 3. Since the spin characters of
TS, however, cannot be derived from the data in Fig. 3componentss! and S' have not been measured here,
If one describes the temperature dependencdfby  some depolarization, in addition to the observed energy
a power law and assumes that the splitting disappeashifts, cannot be ruled out. A pure spin-mixing model,
at T¢c, an estimate off - = 345 K can be given, in fair however, which predicts an almost constant exchange
agreement with a recent result from a secondary-electrosplitting [14], is definitely inconsistent with the observed
study [3]. decrease oA, from =570 meV at 170 K to= 100 meV

The temperature dependence of the surface-state eat 350 K. The bulk-band states of Gd were shown on the
change splitting found here contradicts conclusions drawbasis of spin-integrated [8,11] as well as spin-resolved
by Li et al.[12], who claimed a spin-mixing behavior. [10,12] PE studies to exhibit a Stoner-like behavior, with
This was based on their spin-resolved PE observation théihe exchange splitting disappearing=a00 K. Again,
the surface state does not shift with temperature, but rathéne resolution in these studies was not sufficiently high
loses spin polarization. They also claimed to have seent® rule out a small residual splitting abov&’ of the
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