
VOLUME 70, NUMBER 7 PHYSICAL REVIEW LETTERS 15 FEBRUARY 1993

Asymmetry of the Spin Reorientation Transition in Ultrathin Fe Films
and Wedges Grown on Ag(100)
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Fe(100) films and wedge-shaped overlayers were grown epitaxially onto Ag(100) and investigated in
situ by means of the surface magneto-optic Kerr efI'ect. The reversible spin reorientation transition be-
tween perpendicular and in-plane alignment at Tg, which is below the Curie temperature Tg, is charac-
terized for critical thicknesses dz along the length of a wedge. A similar asymmetry is identified within

pseudogap regions in the vicinity of both Tz and dz in which the remanent magnetization is small but
nonvanishing.

PACS numbers: 75.40.Cx, 05.70.Jk, 75.70.Ak

The broken translational symmetry in the perpendicu-
lar direction of an ultrathin magnetic film can induce a
surface magnetic anisotropy which plays an important
role in determining the magnetic properties of two-
dimensional (2D) systems [I]. The surface anisotropy
can even dominate the magnetic shape anisotropy to yield
a spontaneous magnetization perpendicular to the film

plane [2-4]. It is well known from the Mermin-Wagner
theorem [5] that a 2D isotropic Heisenberg system does
not have long-range magnetic order at finite temperature.
However, the surface magnetic anisotropy can stabilize
long-range order and make the system Ising-like [6]. The
interesting question is what will happen when the surface
anisotropy just compensates the shape anisotropy? Theo-
retical studies [1,7] suggest that there exists a tempera-
ture below the Curie temperature T~ at which the mag-
netization switches from perpendicular to in-plane, and
that in the vicinity of this spin reorientation transition
temperature TR there is a region in temperature h, T~
wherein the long-range magnetic order is lost [ll. Pappas
and co-workers investigated the Fe/Cu(100) [8] and
Fe/Ag(100) [9] systems by means of spin-polarized
secondary-electron spectroscopy and, indeed, reported the
existence of such a temperature, but their value of ATR
was an order of magnitude larger than predicted [I]. We
reinvestigate the Fe/Ag(100) system herein by means of
the surface magneto-optic Kerr eAect (SMOKE). Our
sensitivity permits us to identify previously undetected
asymmetric structure with pseudogap regions defined by
h, T and hd within which the remanent magnetization is

greatly suppressed but nonvanishing.
Fe/Ag(100) has been studied extensively in the past

decade. Although the growth of Fe on Ag(100) is still
controversial [10,11], the perpendicular easy axes of mag-
netization in the ultrathin regime are now well estab-
lished [2, 12]. Our Ag(100) single-crystal substrate was
prepared by mechanical polishing down to a 0.25-pm
diamond-paste finish, followed by chemical polishing us-

ing the method of Lam, Rothman, and Nowicki [13].
Then the substrate was ultrasonically cleaned in meth-
anol before its introduction into the ultrahigh vacuum

(UHV) chamber of base pressure 3&10 ' Torr. The
experimental system was illustrated previously [14,15].
After cycles of 3-keV Ar-ion sputtering and annealing at
700 C for half hour intervals to clean the Ag substrate, a
well-defined Ag(100) surface was formed, as indicated by
the reliection high-energy electron diA'raction (RHEED)
and low-energy electron diAraction (LEED) patterns

(a)

FIG. 1. The RHEED (left) and LEED (right) patterns for
(a) the Ag(100) substrate; (b) 6 ML of Fe on Ag(100); and (c)
after annealing of the film in (b) at 150'C. The electron ener-

gy of the LEED pictures is —120 eV.
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[Fig. 1(a)].
The Fe film was grown onto the Ag(100) substrate at

room temperature. The evaporation. rate was monitored
by a quartz thickness monitor and was typically —0.6
A/min. After the Fe deposition the film was annealed at
150'C for half an hour. The RHEED and LEED pat-
terns of a 6-ML (monolayer) Fe film before and after an-
nealing are shown in Figs. 1(b) and 1(c), respectively. It
is obvious that single-crystalline Fe(100) has formed, and
that the anneal smoothed the Fe film as indicated by the
sharpening of the RHEED and LEED beams. The Fe
films were grown into wedged shapes (with slopes of
0.2-0.5 ML/mm) with the gradient along the [001]. The
method used to create the wedges was the same as de-
scribed earlier [15]. The advantage of wedged samples is

their continuous change of film thickness, as has been ap-
preciated recently in the study of coupled magnetic multi-
layers [15,16].

The magnetic properties of the films were investigated
in situ by means of SMOKE measurements with the
external magnetic field either perpendicular (polar) or
parallel (longitudinal) to the film plane [17]. The laser
beam was focused to a spot size of —0.2 mm onto the
sample. Thus, the thickness variation probed due to the
wedge shape is only —0.04-0. 1 ML within the laser spot;
so the thickness within the laser spot is virtually uniform.
We confirm that the easy axes of magnetization at room
temperature for films less than —7 ML of Fe are perpen-
dicular to the film plane, as indicated by polar Kerr hys-
teresis loops with full remanence.

We first studied the reorientation transition by chang-
ing T for a 6-ML Fe overlayer. The results are shown in

the Kerr loops of Fig. 2 in which the external magnetic
field is applied either perpendicular to the film plane or
in-plane, and labeled polar and longitudinal, respectively.
The polar loops have full remanence and low coercivities
(H, —70 Oe) for T ~ 330 K, and the remanent M 0 as
T increases to 380 K. This indicates that the easy axes
are perpendicular to the film plane for T & 380 K, while
they are in the film plane above 380 K (as indicated by
the zero remanence of the polar signal and the squareness
of the longitudinal loops for T~ 380 K). However, for
T & 380 K the signals labeled longitudinal exhibit ap-
parent coercivities and remanences that are significant in

magnitude. In fact a longitudinal Kerr signal should only
have —10 ' of the magnitude of the corresponding polar
signal [17]. This suggests that the loops in question la-
beled longitudinal are dominated by perpendicular mag-
netization orientations even though the applied field is
in-plane. The detailed shape of these loops is probably
governed by a misalignment (estimated —7') of the field
orientation relative to the film plane.

In order to understand the magnetic structure in detail,
we plot the remanence of the perpendicular component
(M&) determined from the polar signal, and the rema-
nence of the parallel component (M~~) determined from
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FIG. 2. The hysteresis loops for (left panel) perpendicular
(polar) and (right panel) in-plane (labeled longitudinal) mag-
netic-field configurations for a 6.0-ML Fe film at different tem-
peratures.
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FIG. 3. The perpendicular and parallel components of the
remanent- magnetization for a 6.0-ML Fe film. vs T.
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the true longitudinal signal versus T in Fig. 3. The trends
can be divided into five regions: (I) For T & 330 K, M&
remains at its saturation value; (II) for 330 K & T & 345
K, M& drops precipitously; (III) for 345 K & T & 380 K,
M& decreases gradually to approach zero; (IV) for 380
K & T & 420 K, M & is zero and M ~] increases abruptly
from zero; and (V) for T ) 420 K, Mi retains its satura-
tion value. Regions II-IV encompass the reorientation
transition. In region III, M is greatly suppressed from its
saturation value. This region is similar to that observed
in Fe/Cu(100) and Fe/Ag(100) by Pappas and co-
workers [8,9]. But the significant difference is that M is
not zero in our case in region III. Erickson and Mills [11
estimate that the width ATg of their unstable region
should be only —0.5% of TR, or —1-2 K in the present
case. The hTg region in which there is no long-range or-
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FIG. 4. The perpendicular and parallel components of the
magnetization at room temperature for Fe films of diff'erent
thickness along a wedge.
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FIG. 5. Magnetic phase diagram of Fe/Ag(100).

der is ascribed within their theory to a spin excitation
spectrum whose gap vanishes due to the establishment of
isotropy. We identify our region III (and that of Pappas,
Brundle, and Hopster [9] by implication) as not being as-
sociated with a loss of long-range order, but as a pseudo-
gap h, T which possesses complex magnetic structure. M
exhibits asymmetric behavior within the pseudogap:
M]~ 0 abruptly on the approach from T & T~, but
while M& initially drops abruptly, it then more gradually
goes to zero on the approach from T & T~. Our con-
clusions presumably differ from those of Pappas and co-
workers [8,9] because we have enhanced sensitivity to ob-
serve the asymmetry within h, T. If there is a region in
which long-range order vanishes, it appears to be no
larger in width than the 1-2 K estimate of Erickson and
Mills. But why do those authors not predict the asym-
metric structure that we observe? We suggest that it
may be because their theoretical model is based on a 2D
lattice which does not include cubic bulk magnetic anisot-
ropy. In the actual Fe/Ag(100) system, however, the Fe
film of interest is of finite thickness and the cubic bulk
anisotropy should start to manifest itself, especially when
the surface anisotropy cancels the shape anisotropy.

We also studied the reorientation transition as a func-
tion of the Fe film thickness. The remanence values M]]
and M& at room temperature are plotted in Fig. 4 versus
the Fe film thickness along a wedge. The hysteresis 1oops
are similar to those observed in Fig. 2. Five thickness re-
gions in the vicinity of the transition at dR appear in Fig.
4, and these regions exhibit the same asymmetric charac-
ter as those identified in Fig. 3. One of them (indicated
by Ad in Fig. 4) defines the analogous pseudogap.

We construct a magnetic phase diagram in Fig. 5 to
summarize our findings. For the purposes of characteriz-
ing the thickness dependence of T~ we used as the opera-
tional definition that T~ is the T above which a11

remanence vanishes. We define TR as the T & Tg at
which the in-plane remanent magnetic component starts
to develop. The T~ and Tg values thusly determined are

shown in Fig. 5 for different thicknesses of Fe films along
two wedged samples, respectively. As expected, TR de-
creases as the Fe film thickness increases. Combined
with the thickness dependence we determined for T~, Fig.
5 represents a magnetic phase diagram that delineates the
M=0, M~~, and M& phases.

In summary, wedge-shaped Fe films grown on an
Ag(100) substrate were investigated via SMOKE mea-
surements. The reorientation transition for the magneti-
zation from perpendicular to in-plane was studied by both
changing temperature and the thickness of the Fe film.
In both cases, a pseudogap region is identified below Tg
in which the remanent magnetization is greatly sup-
pressed from its saturation value, and exhibits asym-
metric behavior. But the magnetization is not truly zero
within the pseudogap region. A magnetic phase diagram
is constructed that delineates the M=O, M]], and M&
phases.
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