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Chapter 5

Terahertz response of EuO thin
film

5.1 Introduction

In this chapter we will use optical-pump terahertz-probe spectroscopy to investigate the
carrier dynamics of photoinduced carriers in Europium monoxide (EuO). EuO is a ferro-
magnetic semiconductor, and therefore a potential spintronics material. The macroscopic
properties of this compound depend strongly on the exact stoichiometry. For Eu rich
EuO, the transition to the ferromagnetic state at the Curie temperature is accompanied by
a change from a semiconductor to a (bad) metal.

In the first part of this chapter we will briefly review some previous work on EuO,
relevant to the present experiments. The second part of this chapter presents and dis-
cusses the THz-TDS and optical-pump THz-probe investigations on EuO thin film. The
chapter ends with a short discussion of the obtained results.

5.2 Structure and growth

EuO has a rock salt structure, with a lattice constant which decreases from 5.144 Å at
room temperature to 5.127 Å below 10 K [1]. The density of Eu atoms in EuO is 44 %
higher than in Eu metal, and is only 3 % lower than the concentration of Gd atoms in fer-
romagnetic Gd metal. Europium monoxide has an ionic Eu2+O2− character, therefore the
electronic configuration of europium is [Xe]4 f 75d06s0 (highest valence band) while the
electronic structure of oxygen is 1s22s22p6. The lowest conduction band has primarily a
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120 Chapter 5. Terahertz response of EuO thin film

4 f 65d1 nature. It has been shown that large homogeneous crystals of EuO can be grown
at temperatures of around 1800◦C [2–4]. The stoichiometry of the resulting EuO crystals
depends significantly on the growth temperature. When the stating composition contains
excess oxygen, part of the europium atoms will become Eu3+ ions, resulting in Eu3O4

and Eu2O3 formation, as well as the presence of Eu vacancies (see [5–7]). EuO may also
be grown in thin film form by reactive evaporation of Eu metal in a low oxygen pressure
while heating the substrate to ∼ 400◦C. The EuO thin film sample we measured has been
grown by molecular beam epitaxy (MBE) in the group of Prof. Hao Tjeng at the univer-
sity of Cologne using a method developed by Steeneken et al. [12]. High purity Eu metal
was evaporated from effusion cells and molecular oxygen was supplied simultaneously
through a leak valve. The formation of oxides like Eu2O3 and Eu3O4 has been prevented
by setting the Eu evaporation rate higher relative to the oxygen dosing to obtain an ex-
cess of Eu. At the same time, the substrate temperature is kept high enough to enable
the non-reacted Eu to re-evaporate from the film. The growth rate is then determined by
the oxygen dose rate. If the distillation condition is not used, one is confronted with the
difficult task of controlling very precisely the ratio between Eu and O, in order to obtain
(quasi) stoichiometric EuO [8].

5.3 Optical properties

The optical properties of EuO are particularly interesting. They change spectacularly
upon lowering the temperature or applying a magnetic field and are a good probe into
the electronic structure. The most interesting part of the optical spectrum is dominated
by transitions from the 4 f valence band orbitals to the 5d - 6s conduction band across
the gap of 1.15eV. The phase transition into the ferromagnetic phase at Tc = 70 K is
accompanied by a large (∼ 0.3eV) shift of the optical absorption edge to lower ener-
gies [18–20]. This anomalous shift of the band edge is illustrated in figure 5.1, which is
obtained by Freiser et al. from optical experiments [19]. This shift is partly the result of
direct exchange interaction between the polarized Eu 4 f spins and the conduction elec-
trons, which pushes the spin-down band to higher energies and the spin-up band to lower
energies, thus reducing the gap. Steeneken et al. have studied the electronic structure of
EuO thin films using spin-resolved photoemission spectroscopy and found an exchange
splitting of the conduction band as large as 0.6 eV [21]. From these observations the
authors concluded that electron doped EuO should be 100 % spin-polarized, making this
material a unique candidate for spintronics applications. Not surprisingly, the magneto-
optical phenomena of EuO are among the strongest known, with a Verdet constant of 7.5
× 105 deg/cm [23] and a Kerr rotation of 7.1 degrees [22]. It has been claimed that this
latter can be enhanced to 70 degrees by growing thin EuO films on Ag metal [24, 25],
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Figure 5.1: Shift of the absorption edge at the magnetic ordering transition in EuS and
EuO . (Figure reproduced from [19], with permission).

but this might in fact be due to the Faraday effect in the thin film in combination with
an enhancement of the (magneto-optic) fresnel factors. Even though less relevant for
the present work, it should be noted that one expects that optically pumping EuO with
800 nm light (about 1.55 eV) as is done in this work, should lead to a fully spin-polarized
population of the conduction band.
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5.4 Transport properties
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Figure 5.2: Transport properties of EuO from different sources. Left side: resistivity
temperature dependence for EuO thin film with differend degrees of non-
stoichiometry. Eu/O ratio decreases from curve a to curve d. Reproduced
from [9], with permission. Right side: resistivity temperature dependence at
different applied external magnetic field values, reproduced from [14], with
permission.

A selection of resistivity curves, measured on different EuO1±x samples is shown in
Fig. 5.2. Eu rich, EuO samples reveal a large reduction of the resistivity in the ferro-
magnetic state, which can exceed 12 orders of magnitude [3]. The resistivity of crystals
grown under different conditions show substantial variations, again demonstrating the
sensitivity of EuO to its stoichiometry. This concerns for instance the magnitude of the
resistivity change close to Tc and the resistivity upturn below 20 K. It has also been shown
that the resistivity of EuO thin films is different from that of crystals, it, for instance, does
not show a temperature independent or an activated high-temperature resistivity (see Fig.
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Figure 5.3: Resistivity temperature dependence of a quasi stoichiometric (QS) EuO thin
film, reproduced from [15], with permission. The arrow is an indication for
TC .

5.2 left side). Moreover, epitaxial films do not show the pronounced resistivity cusp near
Tc, nor the hump near 50 K. Fig. 5.3 displays the resistivity as function of temperature
in the case of a quasi stoichiometric (QS)EuO thin film. For this sample Tc is around
72 K. Upon the application of a magnetic field on the Eu-rich EuO, another spectacular
effect occurs: the resistivity changes by six orders of magnitude at temperatures close to
Tc, as shown in Fig. 5.2 right side. In fact , there is a large class of ferromagnetic ma-
terials with a large negative magnetoresistance around their Curie temperature. Among
these we mention the manganites [26], (Hg,Cd)Cr2Se4 [27], EuB6 [28] and the diluted
ferromagnetic semiconductors like Ga1−xMnxAs [29]. The fact that that the resistivity
in some of these compounds depends only on the magnetization and does not explicitly
depend on temperature [30], suggests that the metal insulator transition is solely driven
by a change in the magnetization.

Although at this point the origin of the metal insulator transition in Eu rich EuO is
not unambiguously determined, several models have been proposed, all of them relating
the transition to the delocalization of doped carriers below the Curie temperature.
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5.5 Photodoping and field doping

In Gd substituted EuO, the amount of Gd introduced in the system has a spectacular effect
on the Curie temperature. When the Gd percentage increases between 0 and almost 4 %,
Tc increases as well, from 74 K to about 170 K. If the amount of substituent is increased
even more, between 4 and 19 %, Tc starts to decrease again, reaching a value which is
close to 80 K at 19 %. These spectacular changes in the Curie temperature are illustrated
in figure 5.4. Since the dependence of the Curie temperature on chemical doping in the

Figure 5.4: Variation of the Curie temperature with the amount of Gd dopant added to
EuO. The dotted line represents the result of a mean-field calculation. Figure
reproduced from [31], with permission.

Eu chalcogenides is very strong [31], it might also be possible to achieve an increase
in Curie temperature by optical injection of carriers in the conduction band. Earlier at-
tempts to dope electrons in the conduction band with high power pulsed lasers on EuS,
have shown that an increase in magnetization of ∆M/M ≈ 10−2 can be induced by light
(see [10, 11]). Several preliminary attempts to introduce charge carriers in EuO by ap-
plying a large electric field in a field effect transistor geometry have also been tried [12].
However, no significant effect of the field on the transport properties or the magneto opti-
cal Kerr effect was observed for gate voltages up to ∼ 5 V. At higher voltages, breakdown
of the dielectric layer occurred. Later, electric field induced ferromagnetism has been
observed in (In,Mn)As by Ohno et al [17]. A difference in Tc of 1 K was observed as
a result of a field-induced electron doping of ∼ 0.15 percent. Even larger changes in
the Curie temperature can be expected in Eu chalcenogides. Additionally, field induced
doping could allow studies of the doping dependence of the metal insulator transition in
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a controlled way. Finally we note that Steeneken has found that strong changes in the
resistivity of EuO can even be induced by light (see Fig. 5.5) [12].

Figure 5.5: Resistivity of an epitaxial EuO film. Although no metal-to-insulator transi-
tion is observed in the dark conductivity, the film (0.3 × 1 mm2 × 35 nm)
shows metallic behavior below ∼ 65 K upon illumination with a He − Ne
laser. Figure reproduced from [12], with permission.
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5.6 Motivation and scope

Due to their captivating physical properties, EuO and other similar Eu chalcenogides
like EuS, EuSe and EuTe, are one of the most thoroughly investigated classes of com-
pounds. Therefore, after more than half a century since their discovery, it might seem
very difficult to improve the theoretical, experimental, and technological understanding
of this compound. However, spectroscopic techniques have shown spectacular devel-
opments during the last few decades, leading , among others, to turn-key femtosecond
laser sources, advanced experimental possibilities at synchotron radiation sources, and
space and time resolved high resolution electron spectroscopies. In addition, thin film
technology for EuO has reached a mature stage, allowing for a very precise control of
both stoichiometry and doping. Despite these developments, a limited number of stud-
ies of EuO thin films using these methods have been carried out. Maybe because the
discovery of high-temperature superconductivity has shifted the attention of many solid
state physicist towards the cuprates and the structurally similar manganite systems. As
discussed in the previous sections, EuO displays many remarkable phenomena: it un-
dergoes a magnetization driven insulator to metal transition, displays colossal magneto
resistance, has large magneto-optical effects, is highly susceptible to doping, and is a
promising spintronics material.

In this chapter we study the properties of a (close to) stoichiometric thin film using
Terahertz Time-Domain Spectroscopy, which is a relatively new spectroscopic tool. One
of the first questions to answer is whether indeed our film is close to stoichiometric i.e.
wether or not the film shows a metal-insulator transition. This will be addressed in the
first part of the section 5.7. If indeed there is a metal-insulator transition as a function
of temperature, one expects a distinct change in the THz response due to the presence
of a Drude contribution to the dielectric function in this frequency range. The second
part of section 5.7 will be devoted to 800 nm pump/THz probe experiments. The central
question there is wether or not we can induce a long lived metallic state. The existence of
such a state would not only be interesting in terms of the dynamics of an optically induced
insulator-metal transition, but also in the light of optically induced magnetism. This latter
property is beyond the scope of the present study, and requires different experiments to
be performed (e.g. time resolved magneto-optical kerr experiments).
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5.7 EuO terahertz response

5.7.1 Terahertz Time-Domain Spectroscopy

Terahertz Time-Domain Spectroscopy is a spectroscopic tool which is particularly sensi-
tive to phase transitions between insulating and metallic phases of materials. In the case
of Eu rich EuO, one should be able to discriminate between the insulating phase which is
present above 70 K and the metallic phase which develops as soon as the sample temper-
ature is below this. The insulating phase is usually not giving a specific signature in the
terahertz regime, since even the phonons are expected at higher energies. The metallic
phase can be characterized by the creation of free electrons which leads to the presence
of a Drude response in the THz regime. Hence, the THz optical properties of EuO thin
film samples depend strongly on the stoichiometry and thus on the growing conditions.

MgO substrate     1mm

EuO 25nm

Protective layer    10nm

Figure 5.6: Schematic representation of the EuO thin film sample used in the present
study. A 25 nm thin film of EuO was deposited on a 1 mm MgO substrate.
In order to protect the film against oxidation, an additional 10 nm protective
layer of MgO was deposited on top.

Figure 5.6 represents in a schematic way the EuO thin film sample which was used
for the THz TDS transmission measurements. The base of the sample is a MgO substrate
of 1 mm thickness. A 25 nm thin film of EuO has been grown on top of this. Because
EuO is highly vulnerable to further oxidation, a 10 nm protective layer of MgO was
deposited on top of the EuO film.
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We performed THz TDS transmission measurements on the above described sample.
An extensive description of the experimental procedures is presented in chapter Terahertz
Time-Domain Spectroscopy. The major part of the sample is MgO, and even though one
does not expect a temperature dependent THz response of MgO, we have checked this
temperature dependence by performing experiments on a bare substrate. The MgO sub-
strate transmission has been determined by dividing the fourier transforms of the THz
pulse shapes after transmission through vacuum, and through the bare substrate, respec-
tively. The results of these experiments are displayed in figure 5.7. Since MgO has no
low lying optical phonons in the measured frequency range, and is a good insulator, the
response is rather featureless, and the transmission shows about 10% scatter across the
whole temperature range, which is caused by the experimental uncertainties. The peaked
structures in the spectra originate from the presence of residual water in the ’vacuum’ ex-
periment. From this we conclude that, within the experimental accuracy, the properties
of the MgO substrate are virtually featureless and do not strongly depend on the temper-
ature. Only at high temperatures there is a marked decrease of the transmission towards
higher energy, which is due to the presence of a phonon at about 3 THz (100 cm−1). This,
and the value of 65 % is in good agreement with the existing literature [13].
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Figure 5.7: Terahertz response of the 1 mm MgO substrate measured at different temper-
atures. A featureless and nearly temperature independent terahertz response
is found (within the experimental accuracy of about 10%), as expected for
this substrate.
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Figure 5.8: Terahertz transmission of the 25 mm EuO thin film sample measured at dif-
ferent temperatures normalized to the transmission at 295 K. Once again, no
pattern can be detected in its terahertz response.

In order to determine how the EuO thin film transmission changes with temperature,
THz pulses transmitted through the substrate+film+protective layer have been measured
at different temperatures between 20 K and 295 K. To better visualize the relative changes
as a function of temperature the transmission has been normalized to the transmission at
T = 295 K, as is shown in Fig. 5.8. Up to about 1.5 THz the transmission is nearly
temperature independent. The small variations observed here can again be ascribed to
experimental uncertainties. The absence of marked changes near the phase transition at
T = 69 K indicates that the present sample indeed does not show a clear semiconductor-
metal transition, i.e. the EuO film is nearly stoichiometric. Again, the upturn in transmis-
sion above 1.5 THz can be ascribed to the tail of the MgO phonon at 3 THz. A question
which arises is how large the expected changes in the transmission are when the system
passes from the semiconductor phase into the metallic phase.

Using literature data for the optical constants it is not difficult to approximate what
the transmission or reflectivity of EuO should be in the metallic and insulating phases.
In the case of nonstoichiometric EuO thin films (see for example Fig. 5.2 c)), the low
temperature resistivity can differ by at least four orders of magnitude, in comparison to
the resistivity at high temperature or to that of a stoichiometric film. The relation between
transmission and absorption coefficient is given by:
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T =
Es

Er
=

4nMgOnEuO

(nMgO + nEuO)2 ei(nEuO−1
ωd
c )e−κEuO

ωd
c (5.1)

Within the Drude model, the resistivity of a metallic system is related to the number of
free carriers by

ρ =
m0

Ne2τ
(5.2)

where N is the electron concentration, τ is the scattering time. For EuO thin film, the
number of free electrons N obtained from Hall measurements is 1026 m−1 and the scatter-
ing time τ is about 2.151*10−15s [14]. In the semiconducting phase EuO has a dielectric
function εsemiconductor = 26.5. Then the dielectric function in the metallic phase can be
approximated as

εmetal = εsemiconductor −
Ne2

ε0m0

1
(ω2 + iω/τ)

(5.3)

Using the above equations, we can now estimate the complex refractive index as well as
the reflectivity in the semiconducting and metallic phases. For a 25 nm thick EuO film
on a 1 mm MgO substrate these estimates yield a 25 percent reflectivity in the semicon-
ducting phase and a 80 percent reflectivity in the metallic phase, validating the above
conclusion that the present thin film does not undergo a semi-conductor to metal phase
transition.
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5.7.2 Optical-Pump Terahertz-Probe Spectroscopy
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Figure 5.9: Induced change in THz transmission through EuO at different temperatures,
when the sample is excited with 800 nm light and an excitation pulse with
energy of 1.1 mJ/cm2.

Another experiment we have performed on EuO thin film is optical-pump terahertz-
probe. The sample was excited with 800 nm light and 1.1 mJ/cm2 and probed by the THz
beam. The most interesting results are obtained at low temperatures, below 70 K. Time
resolved measurements have been performed at 15 K, 35 K, and 60 K and are displayed
in Fig. 5.9. This data have been taken monitoring the transmitted THz pulse peak ampli-
tude, while changing the delay between the optical excitation pulse and the THz pulse. In
this particular case, monitoring the transmitted THz pulse peak amplitude while changing
the delay between the optical excitation pulse and THz pulse is a justified approximation.
Looking at the induced electric field amplitude of the THz pulse at different times rela-
tive to the excitation time t = 0, depicted in Fig. 5.10 no phase shift between the pulses
measured at different times can be detected. Pulses presented in the last figure have been
taken with the chopper placed on the pump beam, thus they represent the induced electric
field amplitude. Since our EuO thin film is only 25 nm thick, the experiments are only
sensitive to changes in the reflectivity, i.e. the exponential factors in equation 5.1, which
includes the film refractive index and the sample thickness will approximately be equal
to 1, independent of the pump.

We have chosen τ = 0, as the time where a change in transmission is first observed.
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Figure 5.10: THz pulses transmitted through EuO thin film at 15 K, when the sample is
excited with 800 nm light and an excitation pulse with energy of 1.1 mJ/cm2.
The pulses are measured at different times relative to the moment of excita-
tion t = 0.

We would like to split this plot in two distinct parts: the first one, immediately after τ =

0, shows a sharp decrease in transmission. This sharp decrease in transmission (which
partially translates into a sharp increase in reflectivity of the film) can be easily described
by an exponential decrease with t1 ≈ 12 picoseconds at 35 K. The second part, for delay
times exceeding 15 ps, shows a slow, exponential, recovery of the signal with a decay
time t2 ≈ 531 ps, at the same temperature.

Fig. 5.12 shows how both time constants, t1, characterizing the sharp exponential
decrease in transmission and t2, which describes the slow exponential increase in trans-
mission, behave at different temperatures. Both of them are decreasing with decreasing
temperature. The fast rise in signal (decrease in transmission) most likely originates from
a fast, phonon assisted decay to the lower part of the conduction band of the initial elec-
tron electron distribution. At low temperatures the timescale for this process is about
12 ps. At higher temperatures this process speeds up due to the increase of the phonon
population (see Fig. 5.12, lower representation). The longer timescale recovery of the
signal (∼550 ps at 15 K) is due to recombination of electron whole pairs. Again a de-
crease of the decay time is found consistent with a phonon assisted electron-hole pair
decay process (phonon bottleneck).



5.7. EuO terahertz response 133

0.5 1.0 1.5 2.0 2.5
0.000

0.005

0.010

0.015
 6.5ps

 32.5ps

 102.5ps
∆T

(a
rb

. 
u
n
it
s
)

frequency (THz)

Figure 5.11: Fourier transformations of THz pulses at with optical excitation at 15 K,
taken at different delays relative to the arrival of the pump pulse. This is
basically a Fourier transformation of the pulses displayed in fig. 5.10.
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Figure 5.11 displays Fourier transforms of the (induced) THz pulses for 6.5, 32.5,
and 102.5 ps after optical excitation, calculated using the data of fig. 5.10. Since we
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Figure 5.13: THz pulses transmitted through EuO thin film at 15 K, when the sample
is excited with 800 nm light and an excitation pulse with energy of 1.1
mJ/cm2. The pulses are measured at different times relative to the moment
of excitation t = 0.

measured an EuO thin film (25 nm) sample on a MgO substrate (see Fig. 5.6), one might
argue that the above observed changes in absorption upon excitation with 800 nm light
might originate from absorption changes in MgO. In order to check this possibility, the
same type of pump-probe experiment has been performed on MgO substrate, revealing no
changes in absorption whatsoever. This result is not surprising, since the optical bandgap
in MgO is approximately 7.8 eV [32], much bigger than the excitation energy used in our
experiment: 1.55 eV. On the other hand, the optical bandgap in EuO is 1.12 eV. Thus, by
exciting with 1.55 eV, in the EuO thin film a certain amount of electrons will be promoted
from the valence band to the conduction band. This increase in electron population in the
conduction band results in an increase of the reflection of the EuO film, and thereby to a
decrease of the total transmission.

Figure 5.14 displays the transmission ratio between the THz pulses with optical ex-
citation and the ones without optical excitation at different temperatures. To calculate
the transmission ratio’s THz pulses used in fig. 5.13 have been used. The optically in-
duced response is rather featureless, indicative of a Drude-like (i.e. metallic behavior.
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Figure 5.14: Transmission ratio between the THz pulses Fourier transformations with
and without optical excitation. This is basically a Fourier transformation
ratio of the pulses displayed in fig. 5.13.

At the lowest temperature the change in transmission is about 20 %, consistent with the
value expected for the metallic phase as estimated in the previous section. Therefore we
conclude that indeed a metallic phase is induced in the EuO film, with a lifetime of the
order of 500 ps at low temperatures. Future experiments will have to show whether this
metallic phase is indeed also ferromagnetic, as is the case for the thermal semi-conductor
to metal transition in off-stoichiometric films.

5.7.3 Conclusions

Terahertz time-domain spectroscopy and optical-pump terahertz-probe experiments have
been performed on a 25 nm EuO thin film sample deposited on a 1 mm MgO substrate.

One of the main goals of the THz TDS experiments was to determine wether the
film is close to stoichiometric, i.e. wether the film undergoes a metal-insulator transition.
However, in our THz TDS data there is no indication of a metal-insulator transition at
any temperature, therefore our sample seems to be a nearly stoichiometric thin film. Still,
due to experimental resolution and sample thickness, it is possible that even if a metal-
insulator transition would be present, we might not be able to detect it.

In optical-pump THz-probe experiments, optical excitation of the thin film with 800 nm
light, results in a increase of the sample absorption, below 70 K. The time in which the
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film returns to the equilibrium state, (via phonon assisted electron-hole pair decay pro-
cess), is decreasing with the increase in temperature, becoming very small as the temper-
ature raises above 70 K. Above this temperature, a large number of phonons is present in
the system, therefore the recovery time is very fast, outside our experimental time reso-
lution. The fact that the optically induced response does not reveal much structure, it is
a good indication of metallic behavior. At 15 K, the induced change in transmission is
approximately 20 %, in good agreement with the value expected for the metallic phase
as estimated in the previous section. Therefore we conclude that we are indeed inducing
a metallic phase in the EuO film, which lives for about 500 ps at low temperatures.
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