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Magnetic Reconstruction of the Gd(0001) Surface
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The surface magnetism of Gd(0001) films is studied using spin resolved electron spectroscopies. Both
a canted surface magnetization vector out of the plane of the film and an enhanced surface magnetic or-
dering temperature 60 + 2 K higher than the bulk Curie temperature are observed. Our results show
that the surface magnetic layer behaves as a separate entity from the bulk. The in-plane component of
surface magnetization aligns ferromagnetically to the bulk. Spin resolved photoemission from the Gd 4f
core levels shows = 65% spin polarization at 150 K, which extrapolates to = 91% at 0 K.

PACS numbers: 75.25.+z, 75.30.Gw, 75.30.Pd, 81.40.Rs

Magnetism at surfaces and in ultrathin films offers a
great variety of phenomena different from the corre-
sponding bulk behavior [1]. Surface magnetic recon-
structions (SMR) (i.e., a different orientation of the spins
at the surface than in the bulk) and enhanced surface or-
dering temperatures are among the most intriguing phe-
nomena which have been predicted in surface magnetism
[2]. Extensive studies have failed to demonstrate the ex-
istence of these phenomena in 3d transition metals. 4f
rare earth materials, on the other hand, are more promis-
ing candidates for SMR due to the highly localized mo-
ments, which in turn give rise to a broad spectrum of
magnetic ordering phenomena in the bulk and at sur-
faces. For example, evidence for an enhanced surface or-
dering temperature T'cs over the bulk Curie temperature
Tcp was found by Rau and Eichner [3] on polycrystalline
Gd surfaces with spin polarized electron capture spectros-
copy. Weller et al. [4] subsequently showed that Tcs
may exceed Tcp by as much as 22 K on single crystalline
Gd(0001) surfaces, and attributed it to an enhanced
and possibly antiferromagnetic surface-bulk coupling.
Indeed, all-electron first principle electronic structure cal-
culations of the Gd(0001) surface support a modified
surface-bulk coupling [5], and experimental studies of the
surface electronic structure by (nonspin resolved) photo-
emission spectroscopy [6] were found to be consistent
with these calculations. Two recent spin resolved photo-
emission studies of thick Gd(0001)/W (110) films report-
ed controversial results, one reporting no SMR [7] and
the other reporting a reduced surface polarization [8]. In
both of these studies, however, only the in-plane com-
ponent of magnetization was determined. Moreover, in
both cases the photoelectron polarization was consider-
ably smaller than that expected from the fully polarized
Gd 4f core levels. Ferromagnetic resonance studies [9]
have shown that there is an intrinsic out-of-plane anisot-
ropy in thin (1 monolayer) Gd films. In the films studied
by SMR, however, the anisotropy was not strong enough
to overcome the dipolar energy, and the magnetization

remained in the plane of the films. In order to determine
the orientation of the Gd(0001) surface magnetization of
thick films, we have endeavored to measure all com-
ponents (perpendicular and in the plane of the film) of
the remanent magnetization as a function of temperature
using spin resolved electron spectroscopy with a three-
component electron spin analyzer.

In this Letter, we show for the first time that there is a
perpendicular component of magnetization localized at
the surface of the Gd(0001) films. In addition, we have
observed enhancements of T'cs which are nearly a factor
of 3 larger than those previously observed [4]. Finally,
we demonstrate that the in-plane Gd 4f polarization satu-
rates to = 91% at 0 K. The studies were carried out us-
ing both spin polarized secondary electron emission spec-
troscopy (SPSEES) and spin polarized 4/ photoemission
spectroscopy (SPPES) in a UHV chamber (base pressure
2x107'° Torr) [10]. The Gd was evaporated from a W
crucible onto a single crystal W(110) substrate at a rate
of 0.7 A/sec to a final thickness of 400 A. The pressure
always remained below 1% 10 ~° Torr during film deposi-
tion. The substrate temperature was held at 300 K to
promote layer-by-layer growth [11]. While this resulted
in initially poorly ordered films, as inferred by diffuse
LEED patterns, subsequent annealing to 825 K for 3-5
min resulted in sharp (1x1) sixfold LEED patterns
which were in registry with the substrate [12]. Auger
electron spectroscopy (AES) measurements showed that
Gd(0001) films prepared by this method are very clean,
with only trace amounts of oxygen contamination detect-
able [70(503 eV)/Igq(138 eV) = 0.03, or 0.04 equivalent
monolayer of oxygen] with a single pass cylindrical mir-
ror analyzer at 3 keV primary electron energy. After
preparation, each film was cooled to 150 K and simul-
taneously magnetized with a single pole UHV compatible
magnet and a nominally in-plane magnetic field of about
100 Oe whose direction was 15° off one of the three sym-
metry axes in the hcp (0001) basal plane. In situ
magneto-optical Kerr effect measurements demonstrated
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that the bulk magnetization of these annealed Gd films
shows complete remanence, with the magnetization col-
linear to the field axis up to the bulk Curie temperature
[13]. They are different from films grown at 673 K [11]
in which higher coercivities and reduced remanence near
T cs were found [13].

For the SPSEES studies, low-energy secondary elec-
trons were generated with a 1 keV primary electron beam
(<1 mm diameter) impinging at 50° off normal and
collected at normal emission angle with the sample biased
at —30 V. The photoemission measurements were per-
formed with photons from an undulator beam line at
Stanford Synchrotron Radiation Laboratory (spot size
=5 mmx3 mm). The radiation was incident on the sur-
face at 45° off normal and the photoemitted electrons
were collected in an angle resolved mode along the nor-
mal direction with an acceptance angle cone of = 3°.
The electrons were energy selected in a 90° electrostatic
spherical analyzer and transported to a spin analysis
chamber. All three components of the spin polarization
vector were measured with a medium-energy retarding
field Mott analyzer which is calibrated to within 5%, and
all polarization measurements were performed on samples
in their remanent state.

Because of the high chemical reactivity of Gd, we
found it advantageous to conduct the photoemission stud-
ies at hv=149 eV. At this energy, photoemission of the
Gd 4f electrons occurs through a 4d-4f resonant excita-
tion channel [14] as well as the direct photoionization
process. We find that the Gd 4f polarization is the same
on resonance as off, in agreement with the results of Ka-
chel et al. [15]. The resonant photoemission also provides
a factor of 10 increase in intensity. With the increased
intensity, we were able to acquire one complete tempera-
ture cycle in about 1 h, well before the films had adsorbed
enough contamination to significantly alter the magnetic
properties at the surface.

In Fig. 1 we show the first evidence of a SMR in the
form of a perpendicular component in the Gd(0001) sur-
face magnetization. The data were taken using SPSEES
from a film which was gradually warmed from 150 to 375
K. The secondary electrons are highly polarized due to
significant contributions from the 4f core electrons [16],
and clearly show both perpendicular and in-plane polar-
ization. The in-plane data show a resemblance to the
earlier SPLEED data [4], with an enhanced Tcs in this
film which is 40 K higher than Tcp (compared to a 22 K
enhancement from Ref. [4]). We also observe a perpen-
dicular component that persists up to Tcs. It is impor-
tant to stress here that in the present experiment the sam-
ple was left in its remanent state as the temperature was
ramped, whereas in the previous SPLEED experiment the
sample was remagnetized at each temperature step.
Therefore, the present data contain in its sign the added
information on the relative directions of the in-plane po-
larizations above and below Tcp. The lack of a sign re-
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FIG. 1. Temperature dependence of the spin polarization of
2 eV secondary electrons from a 400 A film of Gd(0001)/
W(110) grown at 300 K and annealed to 825 K for 3.5 min.
Tcs and Tcs indicate the surface and bulk magnetic ordering
temperatures, respectively.

versal of the polarization on going through 7cp shows
that the in-plane component of the surface and bulk mo-
ments are ferromagnetically aligned. The sign of the per-
pendicular component depends solely on the sign of the
vertical field component during cooling or magnetizing.
It could be switched from positive to negative.

After evaluating the behavior of more than 100 Gd
films we note here that, while there are wide variations in
the enhancement of Tcs, the general trend is that the
least contaminated films have the highest T'cs. The effect
of deliberate contamination of the films was that the po-
larizations above Tcp, both in-plane and perpendicular,
vanish after a film has been exposed to = 1 monolayer
equivalent of oxygen. Prolonged exposure to residual
gases also tends to reduce T'cs. The growth at low tem-
perature and subsequent anneal is also critical for a high
Tcs. Since Auger electron studies [11] show that Gd
grows on W(110) in a layer-by-layer (Frank-van der
Merwe) growth mode at 300 K as opposed to a three-
dimensional (Stranski-Krastanov) growth at 673 K, we
argue that the increase in T'cs for films grown at 300 K is
most likely due to reduced surface roughness. This con-
clusion suggests that future scanning tunneling micros-
copy studies should be able to correlate the Gd surface
roughness to the magnetic ordering temperature. We
further note that, as best revealed in the perpendicular
component of Fig. 1, the surface magnetic transition is
extremely abrupt, reminiscent of a two-dimensional sys-
tem or possibly even a first order phase transition [17].
The dip evident in the Fig. 1 in-plane data at 187 K is
seen consistently. Because of the facts that the charac-
teristics of the dip are sensitive to contamination [18] and
that we see no evidence of a corresponding dip in the
magneto-optical Kerr effect signal, we conclude that the
cause of the dip is localized in the topmost layers of the
Gd film. While there is no magnetic transition at 187 K
in Gd at zero field, the dip is similar to changes in the
magnetoelasticity near the bulk spin reorientation transi-
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tion temperature at Tsg =225 K [19]. This similarity
may be coincidental, however. Further investigations into
the nature of the dip are necessary to understand the ori-
gin of this effect.

The most striking aspect of Fig. 1 is that the perpendic-
ular component is completely insensitive to the bulk mag-
netic transition, and remains constant within statistical
variations until it vanishes abruptly at 7T'cs. As a result
of the intrinsic averaging over the emission region of spin
resolved electron spectroscopy, a signal with both perpen-
dicular and in-plane polarizations may indicate either a
canted magnetization configuration at the surface or the
coexistence of purely perpendicular and in-plane surface
domains which are smaller than the emission region.
These two cases are shown in Figs. 2(a) and 2(b), respec-
tively. The domain state as shown in Fig. 2(b) is unlike-
ly, primarily because the domain state is expected to be
only stable for a very narrow temperature range ( <20 K
wide) where the perpendicular anisotropy and (dipole
energies)/(unit volume) are nearly equal [20-22]. Above
and below this temperature, the films are typically mag-
netized in macroscopic single domains over a wide range
of temperature. Furthermore, the SMR effects become
more pronounced when the films are deposited in a
layer-by-layer mode with low levels of contamination. As
the surface integrity increases, there are fewer pinning
sites (e.g., impurities or steps) which could stabilize a
domain configuration. We therefore conclude that the
surface magnetization is most likely in a canted state, as
shown in Fig. 2(a).

In order to illustrate the effects of growth temperature
on the magnetic behavior of the Gd films, we show the
temperature-dependent Gd 4f photoemission polariza-
tions in Figs. 3(a) and 3(b) for films grown at 300 K vs
673 K, respectively. Figure 3(a) shows a finite polariza-
tion which persists to 60 = 2 K above T cg which was tak-
en from a film grown at room temperature and postan-
nealed to 825 K, as described above. The magnitude of
the in-plane polarization in the temperature region above
Tcp and below Tcs is relatively small compared to the
secondary electron polarizations from Fig. 1 because the
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FIG. 2. Schematic of the possible domain configurations
which give both in-plane and perpendicular signals when aver-
aged over the emission spot size. Panel (a) shows a magnetic
state with canted spins on the surface, and panel (b) shows a
combination of perpendicular and in-plane domains.

446

149 eV photoemitted electrons are relatively insensitive to
the surface magnetization [23]. An increased surface
sensitivity of SPSEES agrees well with a number of stud-
ies which show that the polarization of low-energy elec-
trons is sensitive to very thin layers (5-10 A) of Gd on
various surfaces [23-26]. Evidence of perpendicular and
in-plane SMRs were therefore not consistently evident in
the photoemission data due to the low surface sensitivity
combined with the relatively large emission region (5x3
mm?), which averaged over most of the face of the crys-
tal. This problem is circumvented in the secondary elec-
tron polarization study because we used a relatively well-
focused electron beam for excitation.

The main advantage of Gd 4f photoemission is that a
quantitative understanding of the polarization is possible:
Since the 4f shell is half filled, Hund’s rule requires the
polarization to be 100% at 0 K, and at finite temperatures
the polarization should scale with the magnetization.
This is, in fact, what we observe from the films grown at
low temperature. When extrapolating the polarization to
0 K, it should be considered that the magnetization of Gd
follows a 7% law from 1.4 to 50 K, and a T*? law from
50 to 200 K [27]. However, the roll-off below 50 K away
from a T2 fit is much less than the statistical error of
the fit. Therefore, extrapolating the polarization in Fig.
3(a) using a T2 fit, we obtain a value of (91 +5)% at 0
K.

On the other hand, for a film grown at 673 K [4,7],
shown in Fig. 3(b), both the 4f polarization and the
enhancement of T'cs are reduced. Extrapolation to low
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FIG. 3. Spin resolved photoemission polarization from the
Gd 4f core levels vs temperature taken with Aiv=149 eV. The
data in panel (a) were taken from a 400 A film of Gd grown on
W(110) at 300 K and annealed to 825 K for 3.5 min, while the
panel (b) data are from a film grown at 673 K. Tcs and Tcp
indicate the surface and bulk magnetic ordering temperatures,
respectively. An extrapolation to zero temperature is shown us-
ing a T fit with prefactors of 1.6x10 % and 1.8x10 %
deg ~¥2 for (a) and (b), respectively. For comparison, the bulk
Gd prefactor is 0.98x 10 ~* deg ~3/2.
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temperature yields only (75 + 5)%, and the perpendicular
surface magnetization persisted only up to 20 K above
Tcp. The reduced polarization and ordering temperature
enhancement are presumably due to increased surface
roughness.

We have shown in this study that a perpendicular com-
ponent exists in the surface magnetization of Gd(0001).
Enhancements of the surface magnetic ordering tempera-
ture are reported which are nearly a factor of 3 higher
than any previously measured. Furthermore, we have
shown that the polarization of the Gd 4f photoemission is
saturated, being reduced primarily by finite temperature
effects. We hope that this work will stimulate future
research into correlating the actual surface morphology
of Gd films grown under these conditions with the mag-
netic properties reported herein.
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