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Nonequilibrium Magnetization near the Reorientation Phase Transition of Fe/Ag(100) Films
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(Received 9 June 1995)

The static and dynamic magnetic properties of ultrathin Fe/Ag(100) films are investigated in the
vicinity of the reorientation transition where the magnetic easy axis changes from out-of-plane to in-
plane orientation. In a certain temperature range below the reorientation transition temperatureTr

a time dependent decay of the remanent out-of-plane magnetization is observed. The origin of this
relaxation behavior is discussed, and implications for a thermodynamic description of the reorientation
phase transition are outlined.

PACS numbers: 75.30.Gw, 75.30.Kz, 75.60.–d, 75.70.Ak
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In recent years, ultrathin ferromagnetic films have
tracted a tremendous amount of attention. One of the m
fascinating topics in this field is the alteration of ma
netic properties by the very existence of surfaces or
terfaces. In particular, magnetic anisotropies in ultrat
films are strongly modified compared to bulk values, d
to the broken symmetry at the interfaces [1]. This is
fundamental interest because only anisotropic systems
exhibit a long-range ferromagnetic order in two dime
sions [2]. Furthermore, the ability to alter anisotropy v
ues is of technological importance for magnetic record
applications [3].

Ultrathin Fe/Ag(100) films have been found to exhib
a strongly enhanced magnetocrystalline anisotropy w
an easy axis perpendicular to the surface plane [4].
low film thickness and temperature, this perpendicu
anisotropy is sufficient to overcome the demagnetiz
field and align the magnetization perpendicular to the s
face plane. Furthermore, a reversible reorientation tr
sition of the magnetization from out of plane to in pla
has been observed as a function of temperature [5].
the vicinity of this reorientation phase transition (RPT) t
remanent magnetization, in plane as well as out of pla
is vanishing, which has been explained by the existenc
domains in the out-of-plane phase [5–8]. But even thou
this RPT phenomenon has attracted a substantial theo
cal interest [9–16] only very few experimental studies a
available [5–8,17]. In particular, it is not clear whether t
magnetic properties in the vicinity of the RPT are det
mined by thermal equilibrium or whether relaxation ph
nomena occur. This is of fundamental importance beca
all theoretical descriptions are based on a thermodyna
approach [9–16]. Relaxation effects near the Curie te
perature have already been observed in Fe/Ag(100) fi
by Volkeninget al. using Mössbauer spectroscopy [18].

In this paper, we investigate the static anddynamic
magnetic properties of Fe/Ag(100) films in the vicini
of the RPT. For this purpose, we have performed c
ventional hysteresis loop measurements as well as
dependent measurements of the out-of-plane magne
tion using the magneto-optical Kerr effect (MOKE). Th
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entire experiment, film preparation and magnetic chara
terization, was performed under ultrahigh vacuum cond
tions. The Fe films were grown by evaporation from ane
beam evaporator onto a clean and well annealed Ag(1
substrate, held at room temperature. The growth rate w
chosen to be approximately 1 monolayer per min and w
controlledin situ by a quartz monitor. Subsequently, th
films were heated to 440 K for 30 min, which improve
sharpness of the LEED spots significantly, as previous
reported by Qiuet al. [8]. Using two sets of coreless coils
we were able to determine the in-plane and out-of-pla
magnetization components as a function of field, tempe
ture, as well as time. In agreement with previous repor
we have found a strong thickness dependence of the
orientation transition temperatureTr [8]. Therefore, we
focused our study on film thicknessesd ø 4 monolayers
to have the reorientation transition well within the exper
mentally accessible temperature range.

Figure 1 shows the temperature dependent magnet
tion for a 4.3 monolayer film. The out-of-plane magnet
zation in remanence (thin solid line) decreases strongly i
relatively narrow temperature range aroundTp  120 K.
For lower temperatures, the remanent magnetization
equal to the saturation magnetization, which is measu
here in an applied field of 90 Oe (thick solid line). In
the temperature range between 120 and 210 K, the rem
nent out-of-plane magnetization is very small or even ze
whereas a small field of 90 Oe is still sufficient to fully
saturate the film out of plane. Furthermore, no in-plan
magnetization (solid squares, open circles) is observed
this temperature range. Above 210 K, the in-plane ma
netization increases strongly and stays constant forT .

240 K, whereas the induced out-of-plane magnetizatio
decreases rapidly in this temperature region. This behav
can be consistently explained by a temperature depend
reorientation transition from an out-of-plane magnetize
state to an in-plane state atTr ø 220 K. As shown by
the schematics in Fig. 1, the magnetization is lying in th
film plane aboveTr . For temperatures belowTr , the easy
axis of magnetization is perpendicular to the film plan
But, because of the magnetostatic energy associated wi
© 1996 The American Physical Society 519
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FIG. 1. Temperature dependent magnetization for a 4.3 mo
layer Fe/Ag(100) film: out-of-plane magnetization (in rema
nence: thin solid line; in an applied fieldH  90 Oe' surface:
thick solid line), in-plane magnetization (in remanence:j; in
an applied fieldH  50 Oe jj surface:s). The corresponding
magnetization states in remanence are illustrated.

perpendicular magnetization, the system forms domains
alternating magnetization direction to minimize its energ
[19]. The existence of domains, experimentally verified b
Allenspach and Bischof for Fe/Cu(100) films [7], results
the absence of a remanent out-of-plane magnetization,
the observed remanence gap. In agreement with the e
tence of a domain structure, a small field of several 10
is sufficient to restore the full out-of-plane magnetizatio
as predicted by Kashuba and Pokrovsky [12]. Such sm
values of the saturation field are caused by the extrem
small energy gain of multidomain structures in ultrath
films [19]. But even though the domain state is the low
est energy state for all values of the anisotropy const
K . Kc [20], the remanent magnetization increases w
decreasing temperature and is even equal to the satura
magnetization at low temperatures. Thus, at low tempe
tures they system is again in a single domain state, wh
as also been observed previously [5–8]. ThisMr increase
had been attributed to the exponential domain size incre
with anisotropy; i.e., above a certain threshold value a fin
sample should exhibit a single domain state [12]. But t
only available experimental domain study on this tempe
ture dependent reorientation phenomenon does not sh
any significant change in domain size with temperature [
Thus, it is an open question what determines the tempe
tureT p at which the single domain state in the out-of-plan
magnetization occurs.

In Figure 2(a), the time dependence of the out-of-pla
remanent magnetization is shown for a 4 monolayer fi
at various temperatures. In these experiments, a field
90 Oe was applied perpendicular to the surface up to
time t  0 (on the scale shown in Fig. 2) and the tim
dependent measurements were subsequently performe
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FIG. 2. (a) Remanent out-of-plane magnetization vs tim
measured for a 4 monolayer Fe/Ag(100) film at various temp
atures; (b) relaxation time vs inverse temperature determin
from the data shown in (a).

zero field. For all temperatures shown here such a fi
was sufficient to saturate the magnetization, i.e., produ
a single domain state with out-of-plane magnetizatio
Thus, fort  0, the film is in a single domain state inde
pendent of the temperature. The time dependence of
single domain state, however, is very different for diffe
ent temperatures. For low temperatures, up toT  120 K,
no change, i.e., no reduction of the remanent magneti
tion, can be observed as a function of time. But for tem
peratures in the region ofT p sø160 Kd, where anMrsT d
decrease is observed for this sample, the remanent ma
tization also shows a pronounced time dependence at c
stant temperature. With increasing temperature, the de
of the magnetized single domain state becomes faster a
for T . 200 K, the decay becomes so fast that the rem
nent magnetization is equal to zero, even for the short
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duration timest  40 msd in this study. So, these time
resolved measurements clearly demonstrate that the re
nent out-of-plane magnetization has a pronounced time
pendence; i.e., the out-of-plane magnetized single dom
state has a certain lifetime, which is strongly temperat
dependent. For a determination of this lifetime, we ha
analyzed our relaxation data [Fig. 2(a)] using an expon
tial decay function [21]. In Fig. 2(b), these relaxatio
times are plotted as a function of the inverse tempe
ture T21. It is obvious from Fig. 2(b) that the relaxatio
time shows an exponential increase with increasingT21,
i.e., exhibits a typical activation barrier behavior. Thu
the uniform single domain state is not unstable as d
cussed by Kashuba and Pokrovsky [12], but is at le
metastable for temperaturesT # Tp, and an activation en-
ergy is necessary to form a nucleus of reversed magne
tion. From Fig. 2(b) the activation energy is determined
be Ea  0.34 6 0.02 eV, but this value varies consider
ably for different samples. The saturation of the relaxat
time values att ø 10 ms, observed for high temperatur
data in Fig. 2(b), is caused by the response time of our
perimental setup.

In general, our time resolved measurements show
the single domain state represents a local energy m
imum, as schematically shown in Fig. 3. By applyin
a field this state is populated because it has the lo
est energy in a sufficiently large fieldH . Hcr , which
is smaller than 90 Oe here. But even after reducing
external field to zero, the film remains in this single d
main state for some time, because of its metastable na
and because the system has to overcome the activa
energy to form domains first. Thus, the increase of
remanent magnetization atTp and the existence of a sin
gle domain state belowTp is due to the dramatic increas
of the lifetime of this metastable state and not caus

FIG. 3. Schematic of the free energy dependence on
macroscopic magnetizationM for a film with out-of-plane mag-
netization orientation. In zero fieldsH  0d, the demagnetized
multidomain state has the lowest energy, but in a sufficien
large field sH . Hcr d the single domain state is energetical
favorable.
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by an equilibrium domain size comparable to the sa
pling size. Such an increased domain size might ca
an out-of-planeMrsT d behavior as shown in Fig. 1, bu
does not explain the time dependence ofMrstd at a fixed
temperature. Consistent with this explanation is our o
servation that these films can be put into a stable (li
time t . 100 s) demagnetized state, independent of
temperature, even for temperaturesT ø Tp. One would
not expect this to happen if the increase ofMr at Tp is
caused by a domain size effect in thermal equilibriu
Thus, the occurrence of a remanent out-of-plane magn
zation marks the temperature range where nonequilibr
magnetic properties become important; i.e., the therm
dynamic relaxation time becomes large compared to
observation time. This can also be interpreted as a
nificant reduction of fluctuations forT , Tp caused by
the effective anisotropy. In addition, our observation
a metastable single domain state is fully consistent w
spin-wave calculations for the 2D anisotropic Heisenbe
model [11]. Erickson and Mills reported a softening
spin waves for anisotropy values close to the reorien
tion transition but for anisotropy values just slightly larg
than Kc the spin-wave gap opens up again and the u
form state is at least metastable [11].

The schematic in Fig. 3 also indicates that the stabi
of the metastable single domain state may be enhan
by a small field parallel to the magnetization directio
By applying such a field the nucleus of reversed mag
tization has an activation energy larger than in the c
of a field free environment due to the additional Zeem
energy contribution. Thus, the metastable single dom
state should have an increased lifetime. The effect of s
a field dependent lifetime enhancement can be see
Fig. 4, where several hysteresis curves are shown for t
peratures close toTp sTp ø 270 K for the 3.8 monolayer
film shown here). ForT ø 270 K, the hysteresis effec
in the center of theMsHd loops disappears, which cor
responds to a short lifetime of the single domain state
H  0. However, for field valuesH ø 10 Oe, a hystere-
sis effect can still be observed up toT ø 310 K, which
indicates that the relaxation time as well as the necess
activation energy for a decay of the single domain state
substantially increased by an applied field.

In summary, we have investigated the static and
namic magnetic properties of Fe/Ag(100) films in th
vicinity of the reorientation phase transition. For tempe
atures below the reorientation transition it is shown th
the occurrence of a remanent out-of-plane magnetiza
is a relaxation time effect caused by the metastable
ture of the single domain state. The temperature as w
as the field dependence of this relaxation time behav
has been investigated. Our measurements also show
nonequilibrium phenomena do not play a role in the im
mediate vicinity ofTr , at least not on time scales invest
gated here, i.e.,t . 10 ms. Thus, a thermodynamic de
scription should be appropriate forT ø Tr .
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FIG. 4. Hysteresis loops measured for a 3.8 monolayer F
Ag(100) film with out-of-plane orientation of the applied field
temperatures as indicated.
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