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Quantum wells are created from ultrathin single-crystalline EuO layers to study the evolution of

the optical band gap down to the single nanometer regime. We find that the EuO band gap is indi-

rect—independent of quantum well thickness—and increases from 1.19 eV for bulk-like

(d¼ 32 nm) to �1.4 eV in the ultrathin films (d¼ 1.1 nm). The observed band-gap widening is a

clear sign of a quantum confinement effect, which can be used to control and modify the band gap

in EuO-based all-oxide heterostructures. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4966223]

Recent years have witnessed significant advances in

layer-by-layer growth of oxide thin films with atomic-scale

precision.1 The fabrication of artificial heterostructures has

enabled interface and size control of complex oxide materi-

als, for which unique phenomena with no bulk analogues

have been demonstrated.2,3 Going beyond oxide surfaces and

interfaces, the next simplest heterostructure is a quantum

well (QW). In a QW, the charge carriers are confined along

one dimension—typically the growth direction—due to the

large band-gap discontinuities at the interfaces. Quantum

size effects make it possible to tailor the effective band gap

of the oxide material and control its optical and electronic

properties in emerging applications—in terms of quality that

were thought to be unique to semiconductors.

The basic idea of quantum confinement—using potential

gradients caused by band offsets or band bending—applies

to complex oxides just as to conventional semiconductors,

but the physics is much richer. In metal oxides, confined

electrons are subject to strong electron-electron interactions

leading to a variety of physical phenomena that can be

accessed, modified and controlled in quantum wells.4 For

example, using oxides with intrinsic magnetic order allows

to combine spin-related phenomena with optoelectronic

applications.5

In this context, europium monoxide (EuO) shows

remarkable properties: It is a strong ferromagnet with a

Curie temperature of TC¼ 69 K and a bulk magnetic moment

of 7lB.6 EuO undergoes a large magnetization-driven insula-

tor-to-metal transition below TC, displays large magneto-

optical effects7 (Kerr rotation �7.1�), and can generate up to

100% spin-polarized electron currents if employed as a mag-

netic tunnel barrier.8–10

The electronic configuration of europium monoxide is

[Xe] 4f75d06s0 for the Eu2þ ion and [He]2s22p6 for the O2�

ion. The optical spectrum is dominated by transitions from the

4f valence band (VB) orbitals to the 5d � 6s conduction band

(CB) across a band gap of Egap� 1.12 eV.11 Interestingly,

even fundamental optical properties, such as the nature of the

band gap—direct or indirect—remain a subject of debate and

often have to rely on the works published many decades ago

before high-quality EuO thin films became available.6,11

Recent advances in the growth of EuO12 now make it

possible to study optoelectronic properties down to the few

atomic layer limit. In this work, the choice of suitable sub-

strate and capping materials depends not only on their good

transparency up to the UV range but also on the ability to

realize all-oxide multilayers with heteroepitaxial order. We

employ yttria-stabilized zirconia (YSZ) and MgO with the

large band gaps of 7.8 eV and 4.2 eV, respectively, and make

use of the virtually identical lattice constants of YSZ and

EuO (aYSZ¼ aEuO ¼ 5.14 Å, see Fig. 1 for schematics of the

resulting atomic arrangement and band alignment).

Furthermore, EuO is thermodynamically stable in contact

with YSZ,13 which allows the well defined heteroepitaxial

growth of EuO layers with monolayer precision, while main-

taining its intriguing physical properties.

To investigate possible size effects, EuO thin films were

grown in an ultrahigh vacuum MBE system with a residual

gas pressure p< 2� 10�10 mbar. The substrates were (001)-

oriented YSZ (composition Zr0.87Y0.13O1.935, epi-polished

on both sides). Prior to thin film growth, the substrates were

FIG. 1. (a) Crystal structures and stacking of the MgO/EuO/YSZ hetero-

structure. (b) Electronic structure of the all-oxide quantum well. Valence

band (VB) and conduction band (CB) are drawn as gray lines. Interrupted

lines indicate that exact values of the band offsets are not known.

a)Author to whom correspondence should be addressed. Electronic mail:
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annealed in vacuum at TS¼ 600 �C for t¼ 2 h with an oxy-

gen pressure of pO2
¼ 1� 10�7 mbar.14

Stoichiometric EuO was synthesized by evaporating

99.99% pure Eu with a deposition rate of 0.13 Å/s from a

low-temperature effusion cell in an O2 atmosphere. Using

customized gas inlets, the oxygen gas was evenly distributed

to the sample surface and to a quadrupole mass spectrometer,

which was used to carefully control the partial O2 pressure.

The substrate temperature was set to 500 �C during growth.

The EuO films were grown using the distillation

method.12,15 Growth was always initiated by exposing the

sample to Eu metal flux. Subsequently, the O2 flux was

ramped to the desired value within �30 s. A flux ratio of

JEu=JO � 1:1 was used to ensure the correct stoichiometry

by re-evaporation of excess Eu metal. The samples were

analyzed in situ by reflection high-energy electron diffrac-

tion (RHEED), low-energy electron diffraction (LEED),

and X-ray photoemission spectroscopy (XPS, Al-Ka). Prior

to ex situ measurements, the samples were capped with an

MgO layer (d¼ 10 nm) to prevent further oxidation of the

metastable EuO films in air. MgO was e-beam evaporated

at a rate of 0.2 Å/s with the sample at room temperature.

Additional structural analysis was carried out ex situ by X-

ray diffraction (XRD) using a Philips X’Pert four-circle dif-

fractometer. X-ray reflectivity (XRR) was used to deter-

mine the EuO growth rate, layer thickness d and surface

roughness R. The thickness of the EuO layers was cross-

checked by measuring their saturation moment with a

Quantum Design superconducting quantum interference

device (SQUID) magnetometer.

Fig. 2(a) shows the RHEED patterns of the YSZ sub-

strate (top), the EuO layer (d¼ 32 nm, middle), and the MgO

capping layer (bottom). As expected, the reflections of YSZ

and EuO are observed at the same positions on the RHEED

screen, since the lattice constants of YSZ and EuO are

virtually identical (aYSZ¼ aEuO¼ 5.14 Å). The first order

reflections of the EuO film are narrow streaks indicative of a

flat and well ordered surface. After deposition of the MgO

capping layer, broad spots of a transmission pattern are

observed. Thus, the MgO layer is also epitaxial but not as

flat and ordered as the EuO layer. Comparing the position

of the MgO spots with the EuO film (or YSZ substrate)

yields aMgO¼ (4.2 6 0.1) Å, consistent with the bulk refer-

ence value aMgO¼ 4.21 Å. Thus, the MgO layer is fully

relaxed and an influence of strain on the EuO layer is not

present.

Fig. 2(b) shows XRD data of the same heterostructure.

Only the EuO/YSZ and MgO reflections are observed, indi-

cating that the EuO layer is single-crystalline and

also confirming the epitaxial growth of the MgO capping

layer. Fig. 2(c) shows the corresponding XRR measurement

(black dots). Using a fit model based on the Parratt recursion

(red line), the thickness d of the layers and roughness R
of the interfaces are derived as dEuO¼ (31.8 6 0.1) nm,

dMgO¼ (9.2 6 0.5) nm, REuO¼ (0.4 6 0.1) nm and RMgO

¼ ð1:4 6 0:1Þ nm.

Optical transmission measurements were carried out

with a Bruker IFS 66v/S Fourier transform infrared spec-

trometer. For the spectral region of interest, i.e. h� > 1 eV,

we used a Si photo-diode detector and a quartz glass beam

splitter. The transmission I of each sample was recorded and

normalized using a spectrum of a reference sample (I0),

grown under identical conditions, but without an EuO layer.

Fig. 3(a) shows the extinction coefficient a as given by

Lambert-Beer’s formula a ¼ �lnð I
I0
Þ=d, where d is the thick-

ness of the EuO layer. For better comparison of the samples

with different d, the data were scaled to match the extinction

coefficient of the sample with d¼ 32 nm thickness. As can

be seen from Fig. 3(a), with decreasing EuO layer thickness,

the absorption edge clearly shifts towards higher energies.

This is a strong indication of band-gap tuning by quantum

confinement.16

First, we address the fundamental question whether the

EuO band gap is of direct or indirect nature. In a previous

work by G€untherodt et al.,11 a direct band gap was assumed

to evaluate the absorption data. More recent experimental

and theoretical studies, however, have indicated that the

EuO band gap is indirect.17–20

In general, the absorption coefficient a near the optical

gap energy Eopt follows the relation21

a � h� / ðh� � EoptÞf ; (1)

with the photon energy h�. For a direct gap f¼ 1/2, whereas

f¼ 2 for an indirect gap.22 The inset in Fig. 3(b) exemplarily

shows in a double-logarithmic representation the two possi-

ble fit functions in comparison with the experimental data

for d¼ 1.1 nm. Obviously, the fit with exponent f¼ 2 (red

line) agrees very well near the onset of absorption, whereas

the direct gap absorption (blue line with slope f¼ 1/2) does

not even show a qualitative agreement. This finding is true

for all investigated samples with layer thicknesses between

d¼ 1.1 nm and 32 nm and strongly confirms that EuO has an

indirect band gap – independent of the film thickness.

In order to evaluate the band-gap shift quantitatively,

the square root of the product of the extinction coefficient

FIG. 2. (a) Inverted contrast RHEED pattern (20 keV) of the YSZ substrate

(top), the EuO layer (d¼ 32 nm, middle), and the MgO capping layer (bot-

tom). Zero and first order reflections are indicated. (b) X-ray diffraction of

the same heterostructure showing only EuO/YSZ and MgO reflections. (c)

X-ray reflectivity data (black) and fit (red). Kiessig fringes are clearly visible

over the whole angular range.
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with the energy (f¼ 2 in Eq. (1)) was plotted against the pho-

ton energy in Fig. 3(b). To a good approximation, the data

show a linear dependence with the axis intercept correspond-

ing to the optical band gap Eopt. Deviations at higher ener-

gies are due to the fact that Eq. (1) is only valid for a single

band and close to the band edge. For thicker samples (e.g.,

d¼ 32 nm), the data exhibit two linear regions with slightly

different slopes. This is commonly observed in the absorp-

tion of indirect semiconductors, where different slopes

reflect the absorption and emission of phonons, respectively

(see, e.g., Refs. 22 and 23). In Fig. 4, the thus determined

optical band gap Eopt is plotted against the layer thickness.

Eopt displays a clear blue shift for decreasing EuO layer

thickness d, which is most pronounced for small d. This is

indicative for a quantum size effect, which—in the simplest

model of an infinite square well—shows a 1/d2 dependence

of the band-gap shift with respect to the bulk value. To test

this model, Eopt is plotted against 1/d2 in the inset of Fig. 4.

We find that for all but the thinnest samples (d¼ 1.1 nm

and d¼ 1.2 nm), the data falls on a straight line. For 1=d2

! 0, we derive an optical EuO bulk band gap of Eopt;bulk

¼ ð1:1960:02Þ eV.

There are several possible reasons for the strong devia-

tion from the 1/d2-law for the ultrathin layers: First, for high

quantization energies, the leakage of the wave function into

the barrier region will occur, which reduces the energy with

respect to the infinite-well model. Second, carriers high up in

the band will not be subject to the same (parabolic) band

structure as those close to the band edge. Such non-

parabolicity effects increase the effective mass and lead to a

further reduction of the quantization energy.24,25 Third,

slight fluctuations of the layer thickness can lead to areas

with lower quantization energies, which will somewhat red-

shift the absorption data. Because of the 1/d2-dependence,

this effect will be most prominent in the ultrathin layers.

The linear region of Eopt vs. 1/d2 (solid red line in the inset

of Fig. 4) allows us not only to extrapolate the bulk value of

the optical EuO band gap (1.19 6 0.02 eV) but also to extract

information on the EuO band structure, in particular, the effec-

tive masses of electrons and holes. Within the infinite-well

approximation, the quantization energy DEðdÞ is given by

DEe;h dð Þ ¼ h2

8m�e;hd2
: (2)

Here, m* is the effective mass of the electron and the

hole, indexed by e and h, respectively. The total shift of the

absorption edge then follows as

DE dð Þ ¼ h2

8d2

1

m�e
þ 1

m�h

� �
¼ h2

8d2
� 1
l
: (3)

The reduced effective mass l of the optically generated

electron hole pair can therefore be deduced from the linear

dependence of DE on 1/d2 in the range 2.4	 d	 32 nm

FIG. 3. (a) Extinction coefficient a of EuO thin films with thicknesses

between d¼ 1.1 nm and 32 nm. Data was scaled to match a of the 32 nm

sample for better comparison. A clear blue shift of the absorption edge with

decreasing thickness is observed. (b) ða � h�Þ1=2
representation of the meas-

urements shown in (a). The data is fitted with a linear curve to determine the

x-intercept (not shown here), which corresponds to the optical band gap.

The inset shows the data for the thickness d¼ 1.1 nm in a double-

logarithmic representation. The slopes f¼ 2 (red) and f¼ 1/2 (blue) corre-

spond to the indirect and direct absorption gap, respectively.

FIG. 4. Dependence of the optical band gap on EuO layer thickness (d
between 1.1 nm and 32 nm). Error bars indicate representative statistical

errors. The data shows the shift of the optical band-gap energy to higher val-

ues for thinner film thickness d. In the inset, the data are plotted against d–2

that, in a simple potential well model, leads to a linear dependence. Error

bars indicate a monolayer (0.26 nm) deviation of the thickness. The red line

is a linear fit to the data. Data points with d–2> 0.4 are not included in

the fit.

202401-3 Prinz et al. Appl. Phys. Lett. 109, 202401 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  134.91.160.17 On: Wed, 16 Nov 2016

11:13:21



(see solid red line in the insert of Fig. 4). We find

l ¼ ð1:060:2Þmo, where mo is the free electron mass. This

value is in good agreement with the longitudinal electron

mass in bulk EuO26 and with the recent experimental27 and

theoretical28 data of the conduction band dispersion in two-

dimensional EuO layers. Note that because the EuO 4f
valence band has a very weak dispersion26,29 and the hole

mass is correspondingly high, it is expected that l � m�e .

In summary, we have investigated all-oxide quantum

wells based on the magnetic semiconductor EuO. The excel-

lent single-crystalline layer and interface quality of the

YSZ/EuO/MgO heterostructures grown by MBE were

confirmed by RHEED, XRD and XRR. Using infrared trans-

mission spectroscopy, we have demonstrated that,

independent of the film thickness, the EuO optical band

gap is of indirect nature. By varying the thickness of the

quantum well layer from bulk-like (d¼ 32 nm) down to the

ultrathin film limit (d¼ 1.1 nm), we find a bulk value

Eopt;bulk ¼ ð1:1960:02Þ eV, a blue shift of the EuO absorp-

tion edge of up to �0.2 eV, and a reduced effective mass of

the electron-hole pair of l ¼ mo. The observed band-gap

widening demonstrates the quantum confinement in the fully

epitaxial EuO-based oxide heterostructures and provides a

route for controlling the band gap in complex oxides for

emerging spin- and optoelectronic applications.
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