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Surface magnetism of Gd(0001) films: Evidence for an unexpected phase transition
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By spin- and angle-resolved photoelectron spectroscopy we have investigated the surface magnetism of
ultrathin Gd(0001) films on W(110). The binding energy shift of the Gd 4 f surface emission allows us to
study separately the surface and the subsurface in-plane magnetization. These two components show an
unexpected and distinctly different behavior over an extended temperature range. The results indicate
that the in-plane ordering temperature of the surface is by 80 K higher than that of the inner layers. In
correspondence to the onset of the in-plane magnetic ordering inside the film the surface magnetization
shows changes which could be related to an extraordinary phase transition.

It is well known that the magnetic order can be
modified at the surface of a ferromagnetic material. The
loss of the translational symmetry perpendicular to the
surface plane and the reduced atomic coordination can
result in magnetic interactions which differ from those in
the bulk. For example, the surface magnetization, as well
as other surface quantities, is described by critical ex-
ponents which generally do not correspond to those of
the bulk.!

A particularly interesting case occurs when ferromag-
netic order at the surface is established at higher temper-
ature than in the bulk. In a nearest-neighbor Ising model
with bulk coupling constant J, there exists a critical value
of the surface coupling constant Jg, above which the sur-
face orders at a temperature (7) higher than the bulk
Curie temperature (T).! In this case the surface critical
behavior at T is known as a “surface transition.” For
Ty <T <Tg the surface behaves as a two-dimensional
system, with the magnetic order decaying almost ex-
ponentially within the bulk. At Tz, when the bulk mag-
netic order sets in, the surface undergoes a so-called “‘ex-
traordinary transition.”

Although in most systems one expects the magnetic or-
dering to be weakened at the surface by the reduced
atomic coordination, there exist a few experimental cases
for which Ty > T has been reported. For thick epitaxial
Gd films on W(110) (Ref. 2) and for polycrystalline Gd,3
it has been found by spin-polarized low-energy electron
diffraction and by spin-polarized electron capture that
the surface Curie temperature is enhanced by 15-30 K
with respect to the bulk Curie temperature of 293 K. A
similar observation has been reported for epitaxial Tb
films,* with a surface enhancement of the Curie tempera-
ture by 30 K. A linear dependence of the surface magne-
tization over a range of temperature encompassing Ty
has been reported for polycrystalline Gd films.> It is
worthwhile to point out that, despite these findings, the
mechanism responsible for the enhancement of the sur-
face Curie temperature in these systems is still not at all
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understood in terms of fundamental atomic properties.

We have performed a spin-resolved photoemission ex-
periment on ultrathin (eight atomic layers) and epitaxial
Gd films grown on W(110). We exploit the well-known
binding energy shift of the Gd 4f surface levels in order
to separate the surface and the bulk magnetization. We
will show that these two components present an unex-
pectedly different behavior over an extended temperature
range. The results indicate that a surface transition
occurs 80 K above the in-plane ordering temperature of
the bulk of the film and possibly show a manifestation of
an extraordinary transition.

The experiment has been performed with a spin- and
angle-resolved photoemission apparatus at the Berliner
Elektronenspeicherring-Gesellschaft fiir Synchrotron-
strahlung m.b.H. (BESSY) TGM-5 wiggler-undulator
beamline.® A more complete description of the experi-
mental system is given in Ref. 7. Gd epitaxial overlayers
(eight atomic layers thick) have been prepared in situ on
W(110) by e-beam evaporation. Gd films of this thickness
turn out to be convenient because their Curie tempera-
ture is strongly reduced by a finite-size effect.® We have
followed the preparation procedure described by Farle
et al.® to obtain smooth Gd layers with a good low-
energy electron-diffraction pattern. The Gd layers have
been deposited at room temperature and subsequently an-
nealed at 600 K for 1 min. No W emission from the sub-
strate could be detected in the photoemission spectra.
An extended discussion of the dependence of their mag-
netic and structural properties on the growth conditions
is given in Ref. 8. The base pressure ( < 10~ !° mbar) in-
creased to 2X 107 1% mbar during Gd evaporation. The
Gd cleanliness was checked by Auger and by photoemis-
sion spectroscopy. The latter is very sensitive to small
amounts of contaminants as shown in a previous work.’
Further evidence for the cleanliness of the layers is given
by the polarization measurements as it will be discussed
in the following. The photoemission spectra have been
measured in magnetic remanence with a 90° spherical
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analyzer coupled to a 100 kV Mott detector. The spectra
have been measured with light polarization along the
(1000) direction for normal electron emission. The films
have been magnetized with a pulse along the in-plane
(1200) direction. The spin-resolved measurements have
been performed by alternating the sample magnetization
direction, in order to check the magnetic origin of the po-
larization. The  polarization component along
the in-plane {(1200) direction has been determined. The
photoelectron polarization is defined as usual as
N;—N,/N;+N, where N; and N are the number of
electrons with spin momentum parallel and antiparallel
to the sample magnetization direction, respectively.

Figure 1 shows a photoemission spectrum of the
valence-band region of an 8 ML thick Gd layer. The
emission from the localized 4f levels at 8 eV binding en-
ergy is well separated from the 5d 6s-valence states near
the Fermi level.’ In Fig. 2 a Gd 4f spectrum is shown on
an expanded binding energy scale. The Gd 4f emission,
as it is well known, is composed of two sets!® of closely
spaced multiplets.!! These two contributions are shifted
with respect to each other by 0.45 eV by the so-called
“surface shift.”!®!? Figure 2 contains a fit of the 4f spec-
trum, decomposed into ‘“‘surface” and “bulk” (or ‘sub-
surface”) components. This decomposition makes use of
the parameters from Ref. 10. It is also in full agreement
with the data analysis by Weller et al.? and by Mulhol-
lan, Garrison, and Erskine.!> As a further check we have
measured the 4f spectra at various photon energies, ob-
taining results that are also in agreement with Ref. 10.
No difference could be detected between these thin-film
4f spectra and those of bulk samples. This could be ex-
pected because the surface shift is a short-range effect due
to the modification of the local atomic environment. In
fact the 4f surface shift in rare-earth metals is limited to
the very outermost layer.'> In our experimental condi-
tions the “bulk” 4f component actually carries informa-
tion only from the first two to three atomic layers below
the surface because of the short electron probing depth.
Hereafter for better clarity, we will refer to this com-
ponent as due to “‘subsurface” emission.

Spin-resolved spectra of the 4f levels measured at two
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FIG. 1. Photoemission energy distribution curve of the
valence-band region measured for normal electron emission
with 54 eV photon energy.
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FIG. 2. Photoemission spectrum (dots) of the Gd 4f emis-
sion. The continuous line through the data points is the results
of the curve fitting based on the decomposition in surface (light
shadowed) and subsurface (dark shadowed) contributions. The
tick marks on the two sides of the peak indicate the binding en-
ergies at which the temperature dependence of the polarization,
reported in Fig. 4 (see text), has been measured.

different temperatures are presented in Fig. 3. The 4f
emission at 80 K [Fig. 3(a)] is highly spin polarized, as
shown by its most intense signal in the spin-up channel.
The 4f polarization is proportional to the in-plane com-
ponent of the spin moment of the half-filled 4/ subshell,
which carries most of the total magnetic moment in Gd.
After subtraction of the weak and little polarized
(+20%) inelastic background, we determine the 4f spin
polarization to be +72+2% at 80 K. At this tempera-
ture the polarization under the whole 4 f energy spectrum
is found to be of constant sign and magnitude, within an
experimental accuracy of 5%. This result rules out an
antiferromagnetic coupling between surface and subsur-
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FIG. 3. Spin-resolved spectra of the Gd 4f levels at two
different temperatures [(a) 7=280 K and (b) T=240 K]. Spin-up
and spin-down energy distribution curves are represented by
open triangles and solid triangles, respectively.
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face layers, in contrast to earlier data from thicker films?
indicating antiparallel coupling. Evidence for ferromag-
netic coupling between the surface and the underlying
layers has also been recently reported for a Gd single
crystal'® and for thick films.'*!5 At 100 K we find the 4f
polarization from the thin layers to be considerably
larger (68+2%) than from a bulk Gd single crystal
(52%).13 The high 4f polarization gives evidence for a
high in-plane magnetic remanence, which is expected to
be favored by the shape anisotropy of thin layers, and for
surface cleanliness. Indeed we find the 4f polarization to
be extremely sensitive to surface contamination. Expo-
sures to molecular oxygen at 80 K reduces it to 50% with
0.2 L (langmuir, 1 L =1X 10~° Torrs), to 32% with 0.5
L, to 18% with 1 L.

The Gd 4f polarization is strongly reduced at 240 K
[Fig. 3(b)]. A detailed examination of these spin-resolved
curves shows that the 4f peak is more strongly polarized
on the high binding energy side. Further evidence of this
is given by the temperature dependence of the 4 f spin po-
larization, measured at the binding energies indicated in
Fig. 2. These two binding energies have been chosen in
order to enhance in the two cases the contribution from
the surface and from the subsurface, respectively. The
results are presented in Fig. 4(a). The two curves have
been measured simultaneously in order to be strictly com-

" parable. The results were found to be reversible upon
temperature cycling and could be obtained either by cool-
ing down or warming up the sample. No detectable
change of the 4f line shape and binding energy takes
place in this temperature range.

The data in Fig. 4(a) show a complex and unexpected
temperature dependence of the magnetization. In partic-
ular the results demonstrate that at high temperature the
polarization at the surface differs from that of the under-
lying layers. Below 190 K the two curves have similar
shape and magnitude. First, near 200 K they both show
a first pronounced decrease, followed by a second de-
crease at about 280 K. Above 200 K the polarization on
the two sides of the 4f peak is remarkably different. The
polarization at the lower binding energy, which is mostly
sensitive to the subsurface magnetization, decreases more
markedly near 200 K. Conversely the polarization at the
higher binding energy, mostly due to the surface, remains
higher between 200 K and 270 K.

From the data in Fig. 4(a) the polarization of the sur-
face and of the subsurface emission can be calculated us-
ing the spectral weights shown in Fig. 2. Cross checks
have been done on the polarization measured over the
whole 4/ energy distribution spectra [e.g., see Figs. 3(a)
and 3(b)]. The resulting curves representing the polariza-
tion of the surface and the subsurface emission are shown
in Fig. 4(b).!® These curves emphasize the differences be-
tween the surface and subsurface magnetization already
pointed out above. Below 180 K the in-plane magnetiza-
tion of the surface and subsurface are found to be similar
within the experimental accuracy. The subsurface in-
plane magnetization decreases abruptly near 210 K. At
210 K the surface magnetization also presents an unusual
change of slope which appears to be related to the
changes of the magnetic ordering in the inner layers. Be-
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FIG. 4. Top panel: spin polarization of the 4f emission at
the binding energies indicated by the tic marks in Fig. 2. Bot-
tom panel: spin polarization of the surface (black dots) and sub-
surface (open dots) 4/ emission.
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tween 210 K and 290 K the in-plane ferromagnetic order
decays rapidly below the surface, as it is shown by the
low polarization of the subsurface component. The loss
of in-plane ferromagnetic order of the surface layer
occurs at 290 K.

We interpret the temperatures of 290 and 210 K as the
surface (Tg) and the subsurface in-plane ordering temper-
ature (Tg,,), respectively.!” These unexpected large
differences in the surface and subsurface magnetic
behavior can be attributed either to changes in magnitude
or in orientation of the correspective magnetization vec-
tors. In the first case, the results can be explained by a
surface enhancement of the Curie temperature by 80 K
with respect to the ordering temperature of the whole
film.® Indeed T, corresponds to the Curie temperature
of a 7-8 ML thick Gd film determined in Ref. 8, which is
reduced with respect to the bulk ordering temperature by
finite-size effects. The enhancement of the Curie temper-
ature is limited to the topmost layer and is almost by a
factor 3 larger than for thicker Gd films.>? This unusual
property could be due to the coexistence of finite-size
effects and surface-enhanced magnetic ordering in films
of a few atomic layers, a combination which has not been
deeply investigated until now. These systems can present
unusual magnetic behaviors due to the inequivalent
boundary conditions at the interfaces with the substrate
and with the vacuum. It is interesting that, in contrast to
the large reduction of the critical temperature inside the
thin film, the Curie temperature at the surface would be
almost as high as in the “semi-infinite” case.> This sug-
gests that in Gd the surface ordering transition is little
influenced by the thickness of underlying paramagnetic
material. the magnetization curves in Fig. 4(b) give fur-
ther support to this view, since the low subsurface mag-
netization between Tg and Tg, indicates a weak cou-
pling with the topmost layer.

The in-plane surface magnetization shows an unusual
structure near T'g,,, which could be related to an extraor-
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dinary transition. The surface magnetization across an
extraordinary transition has been investigated for a semi-
infinite system with various theoretical methods. There
is some controversy on its expected behavior. According
to theoretical analysis based on mean-field theory!'® the
surface magnetization should present a discontinuity
across an extraordinary transition only in the second
derivative. A discontinuity in the first derivative of the
surface magnetization is found instead in correspondence
to the extraordinary transition by a self-consistent
random-phase approximation of a Heisenberg semi-
infinite ferromagnet with surface exchange anisotropy.’
Similar conclusions have been reached within a
renormalization-group framework for an Ising system.?®
The overall shape of the calculated surface magnetization
from Refs. 19 and 20 resembles that of our data in Fig.
4(b). Also Ohno and Okabe?! inferred from a
renormalization-group study that the coefficient of the
linear term in the temperature dependence changes value
in correspondence to Tz. This result has been refuted by
a recent work of Diehl and Smock.?? A continuous slope
of the first layer magnetization is found in the vicinity of
the bulk transition in a Monte Carlo simulation for an Is-
ing film.>> On the basis of these more recent results the
changes in the surface magnetization at the extraordinary
transition should be weaker than those we detect.

It is important, however, to take into account that the
present experiment determines only an in-plane com-
ponent of the magnetization rather than its total value.
An alternative explanation for the behavior of the in-
plane (surface and subsurface) magnetization observed
near T'g,,, can be given by a reorientation of the magneti-
zation direction. A reorentation of the easy magnetiza-
tion axis in the direction perpendicular to the hcp basal
plane is known to take place in bulk Gd near 200 K.
Also, the uniaxial anisotropy of thin Gd(0001) films is
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enhanced and perpendicular to the plane of the film.>* At
low temperature the orientation of both the surface and
subsurface magnetization is in the surface plane or very
close to it, as shown by the high in-plane 4f polarization.
The (in-plane) shape anisotropy of the thin film competes
with the perpendicular anisotropy and prevails below
Tsups- The sharp decrease of the subsurface in-plane
magnetization near T'g,, shows that either the layers in-
side the film become magnetically disordered, as dis-
cussed in the previous paragraphs and suggested by the
results of Ref. 8, or their magnetization is reoriented per-
pendicularly to the (0001) surface plane, as in bulk Gd.
In both cases the surface magnetization above T,
might be forced out of the surface plane by a perpendicu-
lar anisotropy, consistently with the measured reduction
of its in-plane component [Fig. 4(b)]. The presence of an
uniaxial magnetic anisotropy is a necessary condition for
the ferromagnetic ordering of a two-dimensional Heisen-
berg system at finite temperature and it is thus a relevant
aspect in the scenario of a surface-enhanced ordering
temperature. It is also interesting to observe that the ex-
istence of strong surface anisotropies has already been
suggested in connection with the surface-enhanced mag-
netic order of epitaxial Tb(0001) films.*

In summary, the surface magnetism of ultrathin
Gd(0001) films has been studied by spin- and angle-
resolved photoemission. Surface and subsurface in-plane
magnetization have been separated by measuring the spin
polarization of the Gd 4f photoelectrons. These two
components show an unexpected distinctly different
behavior over an extended temperature range. The re-
sults show that the in-plane ferromagnetic order of the
surface occurs 80 K higher than that of the layers under-
neath. The magnetization of the surface layer presents
features which could be a manifestation of an extraordi-
nary transition.
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