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Ultrathin Fe films grown on the Gd(0001) surface exhibit a magnetic in-plane to out-of-plane spin-
reorientation transition with increasing temperature. We provide evidence that this reorientation tran-
sition is accomplished in two steps. The first step, at low temperature, is a continuous reorientation
of the surface moment from in-plane to canted out-of-plane with a corresponding peak in the suscep-
tibility. The second step is a thermally irreversible rotation from this canted direction to perpendicu-
lar to the film plane. These two steps therefore have the characteristic signatures of second- and

first-order phase transitions, respectively.
PACS numbers: 75.70.Ak, 75.30.Kz

Reorientation transitions (RT’s) in magnetic films are
remarkable phenomena of fundamental physical interest
because, in the ultrathin film limit, magnetic anisotropies
present at surfaces and interfaces compete with the de-
magnetizing energy of the films. In many cases, the RT
of the magnetization from in-plane to out-of-plane (or vice
versa) is driven by changing the film thickness or tempera-
ture[1-3]. Recent theoretical and experimental studies of
ultrathin films have focused on thermodynamic classifica
tion of RT's [4—6]. Most importantly, the connection of
RT’s to the general theory of phase transitions remains
uncertain in experimental work to date. For example,
it is unclear that discontinuous RT’s, in which the mag-
netization direction abruptly changes, are truly first-order
phase transitions [5]. Similarly, it is unclear that continu-
ous RT’s, in which the magnetization direction changes
smoothly from one orientation to another, are second-
order (or higher) phase transitions [6]. In this Letter, we
apply two principles of phase transitions to classify the
RT in ultrathin Fe films grown on Gd(0001). We find
evidence that this RT is composed of two distinct phase
transitions, one of second order and one of first order.

In an ultrathin film, the magnetization is uniform and
makes an angle # with the film plane that is determined
by a balance of the second- and fourth-order magnetic
anisotropies K, and K4 [4,7]. In current literature,
the temperature-driven tragjectories {K»(T), K4(T)} are
used to predict the behavior of RT's [4,8]. Two types
of transitions have been identified: discontinuous and
continuous. The free-energy formalism employed to
describe these RT’ s is a Landau expansion with the order
parameter cos(6) [or sin(6), depending on the convention
used] [4,7,9]. Using the Landau theory for classification
criteria [9], the discontinuous transition is a first-order
phase transition, whereas the continuous reorientation is
actually comprised of two second-order phase transitions,
separating three distinct phases. in-plane, canted, and
perpendicular.
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However, before identifying phase transitions within an
RT, it is necessary to identify salient characteristics of
first- and second-order behavior. For example, Ehrenfest
[10] provided three criteria to identify a first-order phase
transition: (i) hysteresis, (ii) latent heat, and (iii) an abrupt
change in the order parameter. Additionally, phase coex-
istence is a common feature [5,11,12]. In second-order
phase transitions, a divergence in the susceptibility is ex-
pected [9]. In particular, in a continuous RT where two
second-order phase transitions occur, two divergences in
the magnetic susceptibility will occur if thefield is applied
perpendicular to the local magnetization (i.e., along a hard
axis) [13]. Inthis case, the susceptibility peaks are dueto
rotation of the moment. In the present study, we observe
behavior of both first- and second-order phase transitions
in the RT of ultrathin Fe/Gd using thermal hysteresis and
magnetic susceptibility measurements, respectively.

In contrast to ultrathin film systems where RT’s have
been observed [1-3,8], the Fe/Gd(0001) system is an ul-
trathin ferromagnet on a thin-film ferromagnet. Previous
magnetic studies determined that the Fe film couples an-
tiferromagnetically to the underlying Gd, with an order-
ing temperature higher than that of the Gd [14,15]. An
important property of this system is that the underlying
Gd and the ultrathin Fe film have different ordering tem-
peratures: one at the bulk Gd Curie temperature of TS,
293 K, and a second transition for the Fe film (above
350 K for 1.5 atomic layers of Fe) [13]. Monte Carlo
simulations [16] show that the surface of a magnetic thin-
film system remains ordered above the ordering tempera-
ture of the bulk if the exchange coupling at the surface
is sufficiently stronger than in the bulk. From the known
Fe-Gd, Fe-Fe, Gd-Gd exchange couplings, this criterion
is tenably satisfied [13,17]. At low temperatures, where
the magnetization of the system is dominated by the Gd,
the shape anisotropy orients the Gd magnetization direc-
tion in the plane. Because the Fe overlayer is exchange
coupled to the Gd, it is dso held in-plane. The Fe/Gd
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surface, however, possesses a strong perpendicular mag-
netic anisotropy [18]. At temperatures above 759, the
surface is free to orient along its own easy axis. Previous
work determined that ultrathin Fe films less than six atoms
thick reorient from in-plane to perpendicular as a function
of temperature [14]. For the present study, we focus on
1.5 atomic layers of Fe on Gd(0001) films because ear-
lier experiments suggested a discontinuous RT at this Fe
thickness [15].

Film growth, structural and chemical characterization,
and magnetic measurements were made in an ultrahigh
vacuum system with a base pressure of 4 X 107° Pa
(3 X 107" torr). A Y(0001) single crystal substrate was
cleaned by neon-ion sputtering, and 15 nm of Gd was
deposited at 473 K by electron-beam evaporation [19].
A fina anneal of 700 K for one minute yielded a film
that was highly ordered according to low energy electron
diffraction (LEED), uncontaminated according to Auger
electron spectroscopy (AES), and magnetically soft with
a coercive field less than 800 A/m (10 Oe) from 150 K
to T78®. Fe was then deposited at room temperature, also
by electron beam evaporation. From the LEED pattern,
gquenched at only 1 atomic layer of Fe, and the AES
uptake curves, which show intermixing, we conclude that
the ultrathin Fe film is more accurately described as an Fe-
rich, amorphous Fe/Gd surface alloy. Surface magnetic
measurements were made with spin-polarized secondary
electron emission spectroscopy (SPSEES). A 1 keV
electron beam was used to generate secondary electrons
from the surface region. The low energy electrons were
collected, and the spin polarization was measured in a
30 keV retarding potential Mott detector. Because of
the short mean-free path of low energy electrons in a
material, the resultant polarization was proportiona to
the magnetization in the first few atomic layers of the
surface [20]. The magneto-optic Kerr effect (MOKE) was
used in the polar (out-of-plane) and longitudinal (in-plane)
geometries. As shown below, the MOKE measurements
probed both bulk and surface magnetism.

Figure 1 provides an overview of the RT of 1.5 atomic
layers of Fe on Gd(0001). Magnetic remanence measure-
ments using MOKE [Fig. 1(a)] and SPSEES [Fig. 1(b)]
were made in differential mode, with the magnetization
reversed at each temperature by applying field pulses
of approximately 1 kA/m for 10 us. These differential
measurements were thermally reversible. The tempera
ture dependence of longitudinal MOKE measurements is
nearly identical to that of clean Gd. However, the polar
MOKE shows the RT of the surface. The polar and longi-
tudinal measurements give comparable magnitudes for the
MOKE rotations even though the RT is localized to the
surface because of the following effects. First, the polar
Kerr effect is usually more than 10 times greater than the
longitudinal [21]. Second, Fe has a greater magneto-optic
rotation than Gd. Figure 1(b) shows the in-plane (x) and
out-of-plane (z) components of the secondary electron po-
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FIG. 1. The reorientation transition in 1.5 atomic layers of
Fe on 15nm of Gd observed in remanent magnetization
measurements using (@) MOKE and (b) secondary electron
polarization.

larization. The x component is approximately 30% of the
corresponding value for the clean Gd(0001) [13] or for
the clean Fe(001) surface [2]. This reduction is a com-
pensation effect due to the ferrimagnetic order at the Fe-
Gd surface [14,15]. Comparing the longitudinal MOKE
data in Fig. 1(a) to the secondary electron x-polarization
in Fig. 1(b), the in-plane magnetization at the surface has
a different temperature dependence than the bulk. Sur-
face and bulk in-plane components disappear near the
TEY. Both the polar MOKE and the secondary electron
z-polarization show that the surface magnetization hasa z
component that persists below 200 K.

The magnetic susceptibility measurements of Fig. 2
were obtained using polar MOKE and a field amplitude
of 200 A/m (2.5 Oe) out-of-plane. These data are for
a different 1.5 atomic layer Fe/Gd(0001) film than that
of Fig. 1. For comparison, the polar MOKE signal from
clean 15 nm Gd/Y(0001) films (not shown) was less
than 0.1 urad/(80 A/m), for al T > 100 K. The real
(in-phase with the applied field) and imaginary (out-
of-phase) parts of the polar susceptibility, Re{y} and
Im{ x} respectively, both measured in cooling, are shown
in Fig. 2(@). The Re{y} rises from zero above 200 K,
forming a broad peak near 240 K, labeled Ts,, while
perpendicular remanence, as measured by Im{x} [22],
rises from zero above this temperature. A second peak
forms in both parts near 7S¢ (293 K). A third peak
(not shown) appears above 350 K, where the Fe overlayer
disorders. By changing the annealing temperature of the
Gd, the peaks near TS were unaffected; however, the
position of the peak at T, could be varied. For example,
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FIG. 2. The magnetic susceptibility with the applied field
perpendicular to the film measured with polar MOKE.
(@) Real and imaginary parts, measured simultaneously in
cooling, show that the moment falls in-plane continuously at
240 K and remains in-plane at lower temperatures. The peak
in Re{y} a T, =240 K is a signature of a second-order
phase transition. (b) Thermal hysteresis in Re{y} is observed
near T¢* = 293 K.

the T, peak in Re{y} for the dataof Fig. 1 was at 150 K.
Our studies indicate that this behavior correlates with the
reduction of the magnetocrystalline anisotropy in the Gd
film, as determined by the coercive field. Figure 2(b)
shows Re{y} measured in both cooling and heating, and
is characteristic of all the films measured. The peak
a T, isthermaly reversible, independent of annealing
conditions. Thermal hysteresis was observed in the peak
at higher temperature, and diminished with higher applied
field amplitudes.

To better investigate the thermal hysteresis near the 78,
remanent magneti zation measurements were made in cool -
ing and in heating without applied fields during or between
datapoints. For these measurements, the film wasinitialy
magnetized out-of-plane with a single field pulse at 300—
310 K, cooled in zero field to a temperature bel ow that for
which hysteresis was observed, typically to 250—-260 K,
and then reheated in zero field to the starting temperature.
The measurements were then repeated after a second field
pulse in the opposite out-of-plane direction [23]. Magne-
tization measurements were acquired continuously during
the thermal cycle. Figure 3 shows a thermal hysteresis
loop in the z component of the secondary electron polar-
ization. In cooling, the z-polarization remained near 3.6%
down to T¢,. = 285 K. W.ith further cooling, it reduced
to below 1%. Then, in heating, the polarization remained
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FIG. 3. The z component of the secondary electron polariza-
tion measured in zero field, both in cooling and in heating after
magnetizing the film in the z direction at 310 K. Thermal
hysteresis is strong evidence that this part of the reorientation
transition is first order.

a this level up to Tr,. With further heating, it returned
to 3.6%. The width of the hysteresisloop, AT ., was ap-
proximately 15 K.

The polar susceptibility datain Fig. 2(a) shows that the
onset of the RT from in-plane to out-of-plane is con-
tinuous and bears the signature of a second-order phase
transition. The appearance of out-of-plane remanence, as
measured by Im{y} [22], coincides with the peak in Re{y}
a Ts,. Remanent magnetization measurements show a
substantial out-of-plane moment only at higher tempera-
tures. Thus, the peak in Re{y} appears at the onset of
canting out-of-plane and is evidence that the onset of the
RT at low temperature is a second-order phase transition
[13]. Other observations that support the assertion that the
moment is canted out-of-plane above T ,. are that, in ther-
mal hysteresis experiments (as in Fig. 3), the film would
not remain in a single domain state if it was cooled below
Ts... Thistype of demagnetization is expected for atran-
sition from in-plane to canted when the film is warmed
because the nucleation of canted-up and canted-down do-
mains is equally likely. Additionaly, if the film was not
cooled below T, , then it remained single domain upon
warming. This second-order behavior in the RT at low
temperature is markedly different from that near 759,

The thermal hysteresis observed near 759 in Fig. 2(b)
and Fig. 3 is strong evidence that the completion of the
RT is a first-order phase transition [10-12]. For a first-
order phase transition, the thermal width, w = AT /T,
is ameasure of the first-order strength [24]. From Fig. 3,
w = 0.05 is very large, comparable to that of pure
water near its freezing point [25], and is an order of
magnitude larger than that observed in the melting of
the Abrikosov flux lattice in high-T- superconductors or
nematic-isotropic liquid crystal transitions [24,26]. This
excludes nonequilibrium effects, such as critical slowing
down, and supports a first-order phase transition as the
origin of the hysteresis.
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This study shows that ultrathin Fe layers on thin
Gd(0001) films have atwo-step RT. At low temperatures,
the Fe remains in-plane, antiferromagnetically coupled
to the Gd. At the intermediate temperature T, , the
Fe/Gd surface undergoes a continuous rotation to a
canted direction. A similar effect, i.e., a smal-angle RT
with a corresponding susceptibility peak, has been seen
in thick Gd films and bulk Gd [27]. The addition of
Fe produces a perpendicular magnetic anisotropy at the
surface that may allow the transition to occur at T, for
thin Gd films as well. Because the exchange coupling in
Gd is small, domain walls are narrow, and we expect an
inhomogeneous magnetization depth profile in the Gd thin
films in this intermediate temperature range. Pinning of
this domain wall near the surface, due to either defects or
magnetostriction, provides a mechanism for the thermal
hysteresis observed as the system is cycled through 7&¢.
Available modelsin ultrathin films assume a homogeneous
magnetization and exclude the coexistence of continuous
and discontinuous behavior within one 90° reorientation.
The inclusion of a magnetization depth profile is probably
necessary to reveal the underlying physicsin this system.
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