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We have investigated the ultrafast spin dynamics in EuO thin films by time-resolved Faraday rotation

spectroscopy. The photoinduced magnetization is found to be increased in a transient manner, accompanied

with subsequent demagnetization. The dynamical magnetization enhancement showed a maximum slightly

below the Curie temperature with prolonged tails toward both lower and higher temperatures and dominates

the demagnetization counterpart at 55 K. The magnetization enhancement component decays in�1 ns. The

realization of the transient collective ordering is attributable to the enhancement of the f-d exchange

interaction.
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Ultrafast magneto-optical experiments in ferromagnets
have attracted considerable interest in condensed-matter
physics for understanding the dynamics of the electrons’s
spin degree of freedom [1].Most experiments to date showed
an ultrafast demagnetization due to laser-induced electronic
heating [2]. There is stronger interest in ultrafast photoen-
hancement of magnetization. In spite of the recent observa-
tions of the magnetization enhancement in strongly
correlated manganites [3,4] and a diluted magnetic semicon-
ductor [5], the understanding of the mechanism for this
nonequilibrium phenomenon [1] requires the accumulation
of theoretical effort and experimental results in a variety of
ferromagnets. In this study, we investigate the spin dynamics
in EuO thin films, which are expected to be suitable for the
observation of the photoinduced magnetization enhance-
ment. EuO is a ferromagnetic semiconductor with a band
gap of about 1.2 eV [6,7] and the conduction-band spin is split
by 0.6 eV [8,9]. Themagnetic properties have been explained
by the Heisenberg model because its magnetic moment of
6:9�B=Eu is similar to that of a free Eu2þ ion [6,7]. Its Curie
temperature (TC), for thin films, increases with electron
doping from the intrinsic value of around 69 K [10,11], up
to 125 K reported for 4% Gd-doped [6,12,13] or by oxygen-
deficient samples [14–16]. It is known that the increase in the
Curie temperature has been explained in terms of the effect of
magnetic coupling, i.e., the concept of the magnetic polaron,
where 5d electrons interact with the local 4f magnetic mo-
ments [7]. An observation of the transient photoinduced
enhancement was reported in EuO in the magnetic field (B)
up to B ¼ 0:2 T [17]. It is desirable to apply the saturation
magnetic field (B � 3 T) for an unambiguous discussion.

In this Letter, we study the photoinduced spin and
charge dynamics in EuO and report the observation of
the ultrafast photoinduced enhancement of magnetization.
The data show magnetization enhancement, followed by
subsequent demagnetization. The temperature profile of
demagnetization is monotonically decreasing up to TC,
while the transient magnetization enhancement has a maxi-
mum slightly below TC and persists well above TC.
EuO thin films were grown by a pulsed-laser deposition

method using an Eu metal as a target on YAlO3 (110) single
crystalline substrates. The substrates were annealed at
1200 �C in a furnace in air prior to the deposition to form
an atomically flat surface. The base pressure of the pulsed-
laser deposition chamber was 8�10�10 Torr, while the
oxygen partial pressure (pO2) during the growth was
1� 10�7 Torr. The EuO films were then capped with
AlOx films in situ to avoid their degradation in air. EuO
and AlOx layers have thicknesses of 310 nm and 30 nm.
The film turned out to be too insulating to be quantified by a
conventional transport measurement method. The magneti-
zation curves were measured with a superconducting quan-
tum interference devicemagnetometer. Details are described
in Ref. [15]. For the time-resolved Faraday rotation (��F)
and pump-probe transmission (�T=T) measurements, a Ti:
sapphire regenerative amplifier system (1.55 eV, 100 fs, and
1 kHz) was used to excite an optical parametric amplifier.
Time resolution of the measurement system is�200 fs. The
pumpfluencewas approximately0:5 mJ=cm2. Themagnetic
field applied normal to the sample surface is B ¼ 3:2 T.
For the steady-state Faraday rotation measurements, a
continuous-wave semiconductor laser diode is used.
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Figure 1 shows the basic magnetic [(a) and (b)] and
optical [(c) and (d)] properties of EuO thin films.
Magnetization is displayed as a function of temperature
under in-plane and out-of-plane configurations. This surely
amounted to lowest-temperature saturation magnetization
of 6:9�B=Eu, in reasonable agreement with the literature
[6,7]. The inverse plot of the magnetic moment yielded a
Curie temperature (TC) of 70 K, close to the reported value
of 69 K. The calculated Brillouin J ¼ 7=2 function result
(solid line) in Fig. 1(a) is in good agreement with the
experimental data. The in-plane and out-of-plane magnetic
field dependences of magnetization are plotted in Fig. 1(b)
at 5 K. The sample showed out-of-plane saturation fields of
jBsatj � 3:2 T [13]. Figure 1(c) shows an optical absorp-
tion spectrum of a 50-nm-thick thin film taken at 300 K.
Absorption bands can be seen which can be attributed to
the transitions schematically are shown in Fig. 1(d) [7]. We
have chosen the excitation photon energy (1.91 eV) to
promote the 4f ! 5dt2 g transition.

We show the time trace of�T=T at 10 K in Figs. 2(a) and
2(b) to see the charge dynamics. The time profile consists of
two components: the ultrafast component whose decay time
constant is�10 ps and the slower component that decays in
several nanoseconds. The first and second components
are attributable to the cooling process of the hot electrons
and the decay of the electron-hole pairs probably trapped
in metastable states, respectively. Figures 2(c) and 2(d)
represent time evolution of ��F. The line shape is

significantly different from that of �T=T. We confirmed
that the reversal of the applied magnetic field direction
changed the polarity of the signal [18]. The coincidence
between pump-induced ellipticity and rotation [5,19] was
also confirmed. The slightly detuned excitation at 1.55 eV
yielded in much weaker pump-induced rotation. The time
trace includes two dynamic magnetization processes: one is
an enhancement of magnetization (��F > 0) having two
decay components, the other is a subsequent demagnetiza-
tion at larger time delays (��F < 0).
Figure 3 shows��F for different temperatures on short (a)

and long (b) time scales. The magnetization [red (medium
gray) shaded region] and demagnetization [blue (dark gray)
shaded region] processes show different temperature depen-
dences on each other. The photoenhanced magnetization is
seen over the whole temperature range, T � 250 K. This is
also seen in the traces monitored at 2 and 26 ps in Fig. 3(c).
The trace at 2 (26) ps delay reflects the temperature depen-
dence of the faster (slower) decaying component. On the
other hand, the slow demagnetization is seen at a larger delay
time (860 ps), which vanishes for T > 55 K. Unlike in the
case of transition-metal ferromagnets, such a slow demagne-
tization is rather reasonable in a system containing 4f
electrons [20]. The photoexcitation raises the effective tem-
perature of the 5d-band electrons instantaneously. If the
magnetic moments are contributed from these 5d electrons,
the fast demagnetization can be observed through the spin-
flip scattering occurring only in the 5d band, which is not
the case in this material. The effective temperature of the 4f
spins determining the demagnetization then approaches that
of the heated 5d spins gradually through equilibration be-
tween two spin baths. This leads to the slow demagnetization
observed. As shown in Fig. 3(c), at elevated lattice tempera-
tures, the demagnetization components become obscure and
overwhelmed by the enhancement counterpart.
Having established the photoinduced enhancement of

magnetization in EuO, we decompose the photoinduced

FIG. 1 (color online). (a) Temperature dependences of magneti-
zation and inverse values of magnetization in EuO thin films under
in-plane [red (medium gray)] and out-of-plane [blue (dark gray)]
configurations atmagneticfields ofB ¼ 0:2 T and4T, respectively.
(b) Static magnetization-versus-magnetic field curves taken under
the out-of-plane and in-plane configurations atT ¼ 5 K. (c)Optical
absorption spectrum at T ¼ 300 K. Assignments are also depicted.
(d) Schematic diagram of the density of states.

FIG. 2 (color online). Time evolution of �T=T [(a),(b)] and
��F at 1.9 eV at 10 K [(c),(d)].
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Faraday rotation ��F into magnetization enhancement
(��enF) and demagnetization (��deF) components based
on their different time scales. Figure 4(a) shows a time trace
taken at T ¼ 10 K and at B ¼ 3:2 T, which is described by
the equation ��enF1 expð�t=�en1Þ þ ��enF2 expð�t=�en2Þ
þ��deF½1� expð�t=�deÞ�. Here, the ��enF1ð2Þ and �en1ð2Þ
in the first (second) term are the magnitude and decay time
constant of magnetization enhancement [red (medium gray)
line], while the quantities related to demagnetization [blue
(dark gray) line] are represented by ��deF and �de. The
decay or buildup time constants are �en1 ¼ 5 ps, �en2 ¼
1:4 ns, and �de ¼ 76 ps. �en2 is related to the diffusion or
recombination time of the magnetic polarons, whereas �de is
caused by the indirect heat transfer from the 5d system to
the 4f system as mentioned already.

Figures 4(b) and 4(c) plot the preexponential terms
of ��enF2, and ���deF against temperature by solid

squares. The demagnetization ���deF profile [Fig. 4(c)]

is a monotonically decreasing function of temperature and
similar to that of the steady-state Faraday rotation �F for
the same sample [inset of Fig. 4(c)]. The experimental
results (red solid triangles) are in reasonably good agree-
ment with the Brillouin J ¼ 7=2 function (solid black
line). On the other hand, the magnetization enhancement
��enF2 apparently has a different temperature profile peak-

ing slightly below TC, shown by downward arrows in
Fig. 4(b). The amplitude of the peak for��enF2 amounts to

� 0:04% of the static �F (4.6 degrees at 10 K). The
observed magnetization enhancement even at low tempera-
tures is reminiscent of the dynamical magnetization en-
hancement induced by the magnetic polarons in a diluted
magnetic semiconductor [21,22].

FIG. 3 (color online). Temporal traces of ��F at different
temperatures under an out-of-plane 3.2-T magnetic field [(a),
(b)]. Right (a) and left (b) panels, respectively, depict the fast
and slow temporal regions. All traces are offset for clarity.
(c) Temperature dependence ofmagnetization changes at different
time delays: 2 ps (squares), 26 ps (diamonds) and 860 ps (circles).

FIG. 4 (color online). (a) Deconvolution of the photoinduced
Faraday rotation change ��F into enhanced magnetization
��enF1ð2Þ [red (medium gray) curves] and demagnetization

��deF [a blue (dark gray) curve] components at T ¼ 10 K and
B ¼ 3:2 T. (b) Temperature dependences of enhanced magneti-
zation ��enF2 (red solid squares) components. The calculation

for the effects of �TC on �M�F=M (a dashed line for �TC ¼
30 mK) is also shown. (c) Temperature dependence of the
demagnetization ��deF (blue squares) component. The inset
shows the static Faraday rotation (�F) versus temperature (T)
at B ¼ 3:2 T (solid red triangles) and 1.91 eV along with
calculated magnetization (solid black curve).
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We first discuss the peaking behavior slightly below TC,
related to the reorganization effect of the partially random-
ized 4f magnetic moments within the Bohr radius of the
magnetic polarons [21]. This should manifest itself as an
increase in the TC (�TC), which has been demonstrated in
the electron-doped EuO. Wang et al. have attributed such a
peaking behavior in GaAs:Mn to the increase in TC (�TC)
[5,22]. We performed a least-squares fit to the experimental
data using a model based on the effect of �TC on the
differential magnetization (�M), which is proportional to
��enF2 in the framework of the Weiss mean-field theory
[23]. We calculate the differential magnetization �M
based on the effect of �TC. The experimental M and �F
curves [inset of Fig. 3(c)] are first calculated [23]:

MðT;�TCÞ¼�NBJ

�
�

kBT
þ3JðTCþ�TCÞMðT;�TCÞ

ðJþ1ÞN�2

�
; (1)

where BJðxÞ is the Brillouin function, N is the density, and
kB is Boltzmann constant, and T is a lattice temperature.
The Eu total angular momentum J is 7=2. At each �TC,
the magnetization enhancement �M was solved self-
consistently as a function of T. Bearing a relationship of
��enF2=�F ¼ �M=M in mind, the calculated �M�F=M
(a dashed curve) and experimental ��enF2 (solid symbols)
are shown in Fig. 4(b) for �TC ¼ 30 mK. The calculated
��enF curve has an asymmetrical line shape. The pro-
longed tail toward T > TC somehow reproduces the ex-
perimental ��enF2 values in the high temperature range.
On the other hand, the calculated curve reduces asymptoti-
cally to zero when the temperature decreases because the
saturation magnetization remains unchanged at low tem-
peratures, which is not the case in the experimental data.

Bearing in mind that the magnetic polaron contains a
5d electron as a constituent and it can polarize the 5d spin
efficiently at low temperatures, the effect of the spin
polarization of the 5d electrons can explain the observed
magnetization enhancement at low temperatures [21].
Barbagallo et al. attributed the increase in the magnetic
moment even at 5 K in oxygen-deficient EuO to the prefer-
ential population of the 5d electrons in the majority spin
branch of the spin-polarized conduction band [14], which
may have the same origin with our observation in the low
temperature range. It is reasonable that the 5d spin-
polarization degree, which should be a monotonically de-
creasing function of the temperature [7], affects the ��F
curve in the low temperature range. The above-mentioned
two contributions, which originated from the duality in the
role of the magnetic polaron, could explain the overall
temperature dependence as shown in Fig. 4(b).

In summary, we have demonstrated ultrafast photoen-
hanced ferromagnetism in EuO. Our data clearly show that
the dynamic magnetization buildup occurs, accompanied
with subsequent demagnetization in the time-resolved
Faraday rotation trace. An argument based on the
spin-polarization of the photoinjected 5d electrons and

reorganization of 4f local moments is successful in ex-
plaining the overall temperature dependence of our ob-
served magnetization enhancement.
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