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Experimental and theoretical analysis of magnetic moment enhancement in oxygen-deficient EuO
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We have carried out both experimental and theoretical studies of the magnetic properties of thin films of
oxygen-deficient EuO. Accurate control of the oxygen vacancy concentration in these films was achieved by
sputter codeposition of Eu and Eu,05. The films were characterized by superconducting quantum interference
device, x-ray reflectometry and polarized neutron reflectometry and the magnetic moment was found to in-
crease monotonically with oxygen vacancy concentration. The electronic structure of EuO;_, was calculated
using density-functional theory (DFT+U). In agreement with previous studies, these calculations show that
oxygen vacancies act as n-type dopants in EuO and that the excess electrons preferentially populate the
majority spin branch of the spin-polarized conduction band. The observed increase in the magnetic moment
originating from these excess electrons was accurately determined experimentally and found to be in good

agreement with our quantitative predictions.
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I. INTRODUCTION

In 1999 DiVincenzo proposed the use of thin-film EuO as
a spin-dependent tunnel barrier to enable single-shot mea-
surement of spin qubits in Si/Ge or GaAs based quantum
processors.'> At the time, it was not known experimentally
whether thin-film EuO would be compatible with the growth
of Si or GaAs and whether its conductivity could be matched
with these materials to enable it to operate as an efficient
spin filter.! Subsequently the growth and spin-injection prop-
erties of thin-film EuO were shown to be compatible with Si,
preserving a very high polarization, above 90% both for
epitaxial® and nonepitaxial* thin films. The conductivity was
matched with Si by introducing excess electrons into the
conduction band of EuO by doping either with La (Ref. 3) or
oxygen vacancies.* However a question still remained as to
what effect, quantitatively, the excess electron concentration
from the oxygen vacancies would have on the magnetic in-
teractions in thin-film EuO and therefore the magnetic mo-
ment of this material, and how the polarization of the con-
duction band would be affected by varying the degree of
nonstoichiometry.

In this paper we make an accurate analysis of the oxygen
vacancy concentration, the magnetic moment, and the elec-
tronic band structure of oxygen-deficient EuO, therefore
studying the interaction between these factors and conse-
quently their effect on the polarization of the conduction
band at the Fermi level. This study lets us draw a conclusive
picture of the fundamental physics involved. Our density-
functional theory (DFT) calculations, in agreement with pre-
vious studies,>® show that the excess electrons which enable
the conductivity matching also enhance the magnetic mo-
ment, by populating preferentially the majority spin branch
of the spin-polarized conduction band. For higher oxygen
vacancy concentrations the minority spin band is progres-
sively lowered below the Fermi level, thereby decreasing the
degree of polarization of the conduction band.
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EuO is a ferromagnetic’-® semiconductor with a band gap
of 1.12 eV and a conduction-band spin split by 0.6 eV (Refs.
9 and 10)—thin films of this material can therefore be very
efficient spin filters.!! Its Curie temperature 7., for thin films,
increases with doping from the intrinsic value of 70 K, up to
170 K reported for 4% Gd,”'>!3 or by oxygen vacancies,'*7
which are favored over interstitial Eu.'® Stoichiometric EuO
is an ideal Heisenberg ferromagnet with direct superex-
change between the Eu 4f shells of nearest neighbors, how-
ever the excess electrons in the conduction band of doped
EuO mediate an additional exchange, which is defined as
indirect exchange by Mauger.!” By varying the excess elec-
tron concentration it is possible to study how this additional
exchange influences the Curie temperature and magnetic mo-
ment of thin films of EuO,_,. Our study with varying oxygen
vacancy concentration reproduces similar results for the Cu-
rie temperature to those previously found for EuO doped
with Gd (Refs. 7, 12, and 13) and also determines quantita-
tively the effect on the magnetic moment.

This paper is organized as follows. In Sec. II we describe
the sputtering growth process and the experimental details of
the measurement techniques. Section III discusses the experi-
mental results, in particular, the measurement of the mag-
netic moment and oxygen vacancy concentration of EuO_,.
In Sec. IV we detail the electronic structure of EuO,_,, stud-
ied by density-functional theory, and discuss how the spin
polarization of the conduction band is influenced by the oxy-
gen vacancy concentration.

II. EXPERIMENTAL METHODS

We deposited thin films of EuO,_, by magnetron cosput-
tering using two targets: metallic Eu and ceramic Eu,0;. The
oxygen-deficiency concentration was controlled by varying
the relative growth rates from these two targets. Each sample
contained about 20% of nonferromagnetic phases, e.g., Eu
and Eu,03;. The base pressure in the chamber was 4
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FIG. 1. Magnetization curve (normalized to unity) and first de-
rivative (inset) for a 106 nm EuO,_, film with xpyg=2.5%. The
continuous line is the Brillouin /=7/2 function with 7,.=70 K.
Measured in a field of 1 T.

X 107 Torr and the Ar* pressure 2 X 10~ Torr. The depo-
sition rates were calibrated by x-ray reflectometry (XRR) and
polarized neutron reflectometry (PNR) (Refs. 20-23) per-
formed at 5 K on the CRISP station at ISIS with an in-plane
field of 3 kOe.?* PNR was also used to determine the mag-
netic moment of three samples with different oxygen va-
cancy concentrations x, which calculated from the PNR
data® as detailed below, were xpxr=2.5%, 4.2%, and 9%.
The deposition parameters and overall deposition rate for
EuO,_, for these samples were, respectively, as follows: Eu
(0.10 A) and Eu,05 (75 W), 3.5 nm/min; Eu (0.11 A) and
Eu,05 (75 W), 3.9 nm/min; and Eu (0.15 A) and Eu,05 (50
W), 5.3 nm/min. All other samples were deposited by keep-
ing the deposition rate for Eu,O3 constant (75 W). The mag-
netization curves of all samples were measured using a su-
perconducting quantum interference device (SQUID) with an
applied in-plane field of 1 T; the samples were saturated
above 0.1 T. T, was measured by linearly fitting, using the
Curie-Weiss law, the data in the paramagnetic region. All
samples (unless otherwise noted) were deposited at room
temperature on (100) Si substrates with a Pt buffer layer and
Pt capping layer both of 10 nm.

III. EXPERIMENTAL CHARACTERIZATION OF EuO,_,
THIN FILMS

A. SQUID measurements

A representative magnetization curve for EuO,_, is shown
in Fig. 1. The exchange interaction between Eu ions medi-
ated by the conduction-band electrons causes a marked de-
viation from the Brillouin J=7/2 function.>!*?627 As has
been explained by Mauger and Godart,’ the density of states
of EuO,_, changes with temperature because the spin split-
ting of the conduction band is a function of temperature; this
mechanism produces two successive superimposed dome
shapes in the magnetization curve with increasing tempera-
ture. These occur because EuO,_,, in thin films, effectively
behaves as if it has two Curie temperatures.”!>1926.28.29 Thijg
can be seen in the inset of Fig. 1 which is the derivative of
the magnetization with respect to temperature and has two
minima, one at 70 K and the other at 140 K. In order to
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FIG. 2. T, of 100-nm-thick EuO,_, samples (data points) fitted
with Mauger’s model (line).

describe how T, varies with the conduction-band electron
concentration, we applied a model developed by Mauger for
Gd doping;”?’ we considered each oxygen vacancy to act
like a Gd atom, donating one electron, the other electron is
expected to remain localized.”® By fitting the data to the
model as shown in Fig. 2 we obtain a measurement of the
oxygen vacancy concentration x which we denote as xyy, to
distinguish it from that calculated by PNR, xpnr. We extract
from Mauger’s model in Fig. 2 the expected values of x for
the three samples measured by PNR (x);). For the sample
with xpng=9% the deposition rate for Eu,O; was approxi-
mately half that of the other two samples. We therefore esti-
mate x); to be twice the value extracted from Fig. 2. This
approximation arises because some of the deposited O comes
from inside the chamber and not the Eu,05 target. The val-
ues of x); and xpyg for the three samples will be compared in
Table IV.

B. PNR measurements

We measured three samples by PNR: two samples with
Xpnr=2.5% and 9% deposited on Si substrates whose natural
oxide had been removed by HF etching, and one sample with
xpnr=4.2% deposited on a Pt buffer layer. The structure
composition measured by PNR and XRR for each of the
three PNR samples is shown in Table I. It can be seen that
the films grown on etched Si have an increased roughness.
The reflectivity data and fit to the standard model® are plot-
ted in Fig. 3 for the three samples. From Table I it can be
seen that the films thicknesses measured by XRR and PNR
are in agreement to within a few Angstroms.

The other parameters of the PNR fit are the neutron-
scattering 1ength,30 the number density, that is, the number of
atoms per unit volume, the neutron absorption, and the mag-
netic moment of each layer. By fitting the PNR reflectivity
data® as plotted in Fig. 3 we found that the best values for
the effective scattering length and number density of EuO,_,
had a deviation from the theoretical stoichiometric ones. This
was expected as the effective scattering length is the average
of that of Eu and O, thus will change with the relative con-
tent of the two atoms, while the number density will depend
on the degree of off stoichiometry, that is x, as well as the
presence of extraneous nonmagnetic phases, that is Eu,05
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TABLE 1. Thickness of samples with varying xpngr
(nanometer).

Thickness Roughness
xpar=2.5% PNR XRR PNR XRR
Pt 13.1 12.2 1.8 1.1
EuO 7.0 8.7 23 1.1
Si(100) 1.1 0.6
xpNr=9%

Pt 11.2 10.7 1.6 1.5
EuO 11.5 10.8 2.1 1.3
Si(100) 1.2 0.6
XPNR=4.2%

Pt 12.2 11.8 1.3 0.7
EuO 10.9 11.2 0.9 0.8
Pt 11.7 12.3 14 1.2
Si(100) 0.3 0.3

and Eu, that have a different number density. These param-
eters, listed in Table II, are instrumental in determining the
exact magnetic moment of each sample. In fact, the PNR
measurement gives the magnetic moment per atom of the
magnetic layer, and it includes all nonmagnetic atoms as
well. To extract the real magnetic moment per Eu atom of
EuO,_, we then have to exactly determine the number of
magnetic atoms, that is we have to accurately measure x and
the relative content of Eu,0O5 and Eu, whose presence was
detected also by x-ray diffraction (not shown). The effect of
the nonmagnetic phases on the scattering length is measur-
able but less pronounced, as their b is relatively close to that
of EuO; the effect on the absorption is minimal since their
Eu atoms will also absorb neutrons. However, the effect on N
is clearly detectable as the nonmagnetic phases have very
different values for this parameter, compared to EuO. The
values of N measured by PNR are all significantly reduced
from the value for EuO and clearly indicate the presence of
extraneous phases. These extraneous phases are modeled as
clusters inside the film, hence a simple average for N and b is
taken. The number density is also sensitive to x, therefore by
finding the values for x as well as the fraction of Eu,O5 and
Eu which reproduce the values of the scattering length, num-
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FIG. 3. (Color online) PNR data (data points) and fit (lines) for
varying oxygen vacancy concentrations, xpyr=2.5%, 4.2%, and
9%.

ber density, and magnetic moment per atom measured by
PNR we can accurately determine the number of magnetic
Eu atoms. We found that the scattering length and number
density were reproduced only by specific values for x and the
fraction of nonmagnetic phases, which gave us confidence in
the accuracy of the calculation. The fact that the values of x
thus determined, xpnr, are in very close agreement with
those measured independently by using Mauger’s model, xy;,
gives strong support to the accuracy of the PNR parameters
we calculated, listed in Table III. To distinguish the values of
b and N obtained from the PNR fit from those we calculated
starting from x and the nonmagnetic phases fractions to re-
produce the former ones, we denote the former ones as PNR
and the latter ones as C in Table III. The values of xpyg and
Xy can be compared in Table IV. The parameters of Table III
have good consistency across the three samples, as the
sample with xpyr=2.5% has the lowest deposition rate for
Eu and it has the highest fraction of Eu,05, the lowest frac-
tion of Eu and the lowest x; the sample with xpyr=9% has
the highest deposition rate for Eu, the highest fraction of Eu
and the highest x. The values of magnetic moment per mag-
netic Eu atom thus calculated from the PNR data are all

TABLE II. Neutron-scattering length N and number density b for varying xpng-

b PNR fitb PNR fitb PNR fit b N PNR fit N PNR fit N PNR fit N

(fm) (fm) (fm) (fm) (10%/m3  (10%/m?)  (10%/m3)  (10*%/m?)
Xoam 2.5% 42% 9% 2.5% 42% 9%
Pt 9.6 9.6 9.6 9.6 6.62 6.62 6.62 6.62
EuO 6.51 6.6 6.6 6.7 5.87 4.98 4.95 4.6
Eu 7.22 2.1
Eu,0;  6.368 1.8
Si 4.149 4.97
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TABLE III. Calculated fit of EuO;_, parameters.

b N
XPNR PNR C PNR C Eu,035 fraction Eu fraction
(%) (fm) (fm) (10%8/m?3) (10%8/m?3) (%) (%)
2.5 6.6 6.57 4.98 4.98 14 7
4.2 6.6 6.62 4.95 4.95 10 11
9 6.7 6.69 4.6 4.61 12 16

increased relative to the theoretical value of 7ug for stoichi-
ometric EuO as seen in Table IV. In the literature values for
the moment of EuO have been measured to be very close
to*3! or below*!*3 7uy and in two cases above.'®!! The
wide range of values is probably attributable to the different
growth conditions and uncertainty in the magnetometry tech-
nique used, which (with the exception of Ref. 3) relies on the
precise measurement of the geometrical dimensions as well
as the exact phase composition, of thin films, and can be
more susceptible to imprecisions than PNR. An increase of
the local exchange constant for EuO doped with Gd has been
found previously via nuclear-magnetic resonance, although,
contrary to our results, it was not monotonic.>? We will dis-
cuss the values we measured for the magnetic moment and
compare them with those predicted by DFT in Sec. V.

IV. ELECTRONIC-STRUCTURE CALCULATIONS

To determine the electronic structure of EuO;_, and pro-
vide context for the experimental findings, plane-wave
density-functional-theory calculations® of both stoichio-
metric and oxygen-deficient material were carried out using
the plane-wave DFT code CASTEP (Ref. 35) to perform
LSDA+U calculations.>**° Exchange and correlation are
treated within the local spin-density approximation (LSDA)
supplemented by Hubbard-U terms. We used Vanderbilt
ultrasoft pseudopotentials,*' retaining the O 2s5*2p? and
Eu 5s525p%6s24f7 electrons as valence states. For calculations
of bulk properties, a four-atom fcc cell was constructed while
for oxygen-deficient calculations, a 64-atom simulation cell
consisting of 2 X2 X2 copies of the eight-atom cubic unit
cell was constructed. A plane-wave cutoff of 600 eV was
used, along with a Monkhorst-Pack*?> k-point grid of 4 X4
X4 points for Brillouin-zone integrations on the 64-atom
cell, and a 10 X 10 X 10 grid for the two-atom cell. The basic
LSDA approximation, with no onsite Hubbard-U terms to
localize the correlated orbitals, fails to represent EuO accu-

TABLE IV. Oxygen-vacancy concentration and magnetic mo-
ment of EuO,_,.

XpNR XM u(x) DFT w(x) PNR
(%) (%) (ug/Eu atom) (ug/Eu atom)
2.5 3.5 7.03 7.04

4.2 4.4 7.06 7.07

9 10 7.10 7.13

rately: it predicts it to be a metal with no energy gap for the
majority spin channel, and predicts somewhat less than the
full 7up per Eu atom due to the Eu 4f states lying at the
Fermi level rather than entirely below it. The lattice param-
eter ay, is likewise in fairly poor agreement with the experi-
mental value of 5.14 A (Ref. 43): an underestimate of nearly
4%. These failures are well-known to originate from the ten-
dency of LSDA to overdelocalize the orbitals originating
from atomic f- and d-like states due to spurious self-
interaction of localized states.’® We therefore employ the
widely used remedy of introducing a Hubbard-U term to the
Kohn-Sham Hamiltonian to promote integer occupation of
the orbitals of the correlated subspace (in this case, the Eu 4f
manifold). The usual approaches to determining U param-
eters are either to treat them as variable parameters and at-
tempt to match some property of the model to an experimen-
tally known property of the material or to calculate them
from first-principles.** Some previous LSDA+ U simulations
of EuO (Refs. 45 and 46) have employed Hubbard-U terms
on the 5d orbitals of Eu, on the basis that adjustment of both
U; and Uy simultaneously can be used to match both the
energy gap and the lattice parameter simultaneously to their
experimental values. However, examination of the band
structure suggests that the conduction-band states originating
from Eu 5d are strongly dispersive, as seen in Fig. 4. This
suggests that the 5d-like bands do not represent strongly lo-
calized states for which DFT+U is appropriate. We have
tested values in the range of U;=6.3—-8.3 eV, in line with
the range of previous theoretical estimates. We used linear
combination of atomic orbitals states of the pseudopotential
as Hubbard projectors with the spin state initialized to the
ferromagnetic state in each case to aid convergence of the

[\ NFA
7 <
N\~
N \
gy )/
) NN
/ . 7
/ A\ /

XWL I' KX

n(e)

FIG. 4. (Color online) (a) Band structure and (b) density of
states for bulk EuO calculated within LSDA+U for U;=7.3 eV.
Majority spin bands and DOS are in green (light), minority spin
bands in blue (dark).
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electronic energy. For each U; value, the optimized lattice
parameter and corresponding majority and minority spin en-
ergy gap were calculated. We note that variation in the spe-
cific value of U; does not significantly affect a,,,, which stays
constant at around 5.06A or any other details of the geometry
(atomic relaxations in the defective cells are similarly insen-
sitive to Uy). The calculated majority spin energy gap (which
is indirect between I' in the conduction band and X in the
valence band) is somewhat sensitive to U; but for the param-
eters tested stayed within the range of 0.4-0.6 eV. The
LSDA+U gap is therefore still considerably underestimated
relative to the experimental value of 1.12 eV (Ref. 43). On
the basis of this relatively small variation in the physical
observables with U;, we have chosen here an intermediate
value of Uy=7.3, in line with theoretical estimates suggested
elsewhere,*~*7 though of course U parameters are not di-
rectly transferable between calculations given the freedom of
choices of pseudopotentials and projectors. Figures 4(a) and
4(b) show the resulting LSDA + U band structure and density
of states for bulk EuO. The majority spin Eu 4f band lies
well below the Fermi level, below the majority spin O 2p
states while the conduction band comprises hybridized Eu 6s
and 5d states. The bottom of the conduction band is seen to
be spin polarized with a splitting of 0.58 eV between the
majority and minority spin bands.

Oxygen-deficient cells representing EuO;_, were then
constructed by patterning the eight-atom cubic unit cell 2
X2 X2 times to form a 64-atom supercell. A proportion x of
the oxygen atoms were removed from positions that ensured
no pair of next-nearest-neighbor oxygens were both re-
moved: this allows up to four of the 32 oxygens to be re-
moved. We can thus access vacancy concentrations from x
=0 to x=12.5% for this system size. Geometry relaxation of
all atoms was performed. Note that due to the periodic
boundary conditions imposed in DFT simulations of solids,
the system studied represents a periodic array of defects
rather than a random distribution. However, the change in
magnetic moment per vacancy due to occupation of the con-
duction band would not be expected to depend strongly on
the arrangement of these vacancies. Figure 5 shows the band
structure and density of states of some of the resulting super-
cells: the effect of the vacancies is to bring down the energies
of the conduction-band states on the Eu atoms adjacent to
vacancy sites. Because of the aforementioned spin splitting
of the conduction-band minimum, the free charge released
by the creation of vacancies occupies the majority spin pref-
erentially, enhancing the magnetic moment of the sample.

In dilute ferromagnets, the only origin of ferromagnetism
is given by the exchange interaction mediated by conduction
electrons,*®*° however in EuO,_, the superexchange between
Eu atoms is the origin of ferromagnetic alignment, causing
the spin splitting of the conduction band; the conduction-
band electrons by populating the majority spin branch are
ferromagnetically aligned with the 4f shells, thereby enhanc-
ing the magnetic moment. At higher vacancy concentrations,
beyond those measured experimentally, the degree of polar-
ization of the occupied conduction-band states falls due to
proportionally more minority spin bands falling below the
Fermi level. Table V lists the predicted moment per Eu atom
for varying levels of vacancy concentration x. These results
show an increasing trend with x.
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FIG. 5. (Color online) Calculated band structure and density of
states, for 2 X2 X2 supercells of EuO,_,, containing (a) one va-
cancy (b) two vacancies (c) three vacancies and (d) four vacancies.
Majority spin bands and DOS are in green (light), minority spin
bands in blue (dark). Note that the energy scale is shifted relative to
that in Fig. 4 and between different calculations due to differing
Fermi energies. Note also the different k-point path due to the
choice of a simple-cubic supercell rather than fcc.

Results corresponding to the vacancy concentrations cal-
culated from the PNR data were interpolated to the x values
sampled in the DFT calculations by using a fit to the DFT
results of the form w(x)=7+a,;x+a,x*> ug/Eu atom, which
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TABLE V. Oxygen-vacancy concentration x and magnetic mo-
ment of EuO,_, calculated within DFT+U.

X Moment per Eu atom
Number of vacancies/cell (%) (up)
0 0.000 7.000
1 3.125 7.044
2 6.250 7.077
3 9.375 7.103
4 12.500 7.134

gives a;=1.37 and a,=-2.53. In Table IV we indicate the
value for w(x) thus calculated for each value of xpyg.

V. MAGNETIC MOMENT OF EuO,_, THIN FILMS

The electronic structure of EuO,_, calculated by DFT
+U indicates that the excess electrons populate preferentially
the majority spin branch of the conduction band, giving rise
to an enhancement of the magnetic moment per Eu atom.
The moment w(x) increases with the oxygen vacancy con-
centration x as shown in Tables IV and V. By comparing the
predicted values of u(x) with those measured by PNR we
find a satisfactory agreement. The moment obtained from the
DFT calculations and the PNR data is also plotted in Fig. 6.
From this analysis we conclude that the magnetic moment of
EuO,_, is enhanced by the excess electrons originating from
the oxygen vacancies populating the spin-polarized conduc-
tion band.

VI. SUMMARY

We have analyzed how the oxygen vacancy concentration
in EuO,_, influences its magnetic moment and Curie tem-
perature. The oxygen vacancy concentration in EuO,_, acts
as a dopant and thereby controls the conduction-band elec-
tron concentration. We were able to measure precisely the
oxygen vacancy concentration by independently fitting PNR
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FIG. 6. Magnetic moment of oxygen-deficient EuO as a func-
tion of the oxygen vacancy concentration as calculated by DFT and
measured by PNR at 5 K.

data and Curie temperature measurements made by SQUID
and fitted with a model developed by Mauger.”?’ It has been
shown previously that these excess electrons populate pref-
erentially the majority spin branch of the conduction band at
lower concentrations and can modulate the conductivity of
EuO,_, and match it with that of Si.>* We found by PNR
measurements that the magnetic moment is enhanced with
the oxygen vacancy concentration. By studying the elec-
tronic structure of EuO,_, through DFT+U theory calcula-
tions, we have determined quantitatively the expected en-
hancement of the magnetic moment caused by the excess
electrons and found it to be in good agreement with our
experimental results. These electrons mediate an additional
ferromagnetic exchange interaction which increases the mag-
netic moment. The degree of polarization of the conduction
band decreases at higher concentrations, when the minority
spin branch is progressively lowered below the Fermi level.
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