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Influence of chemical doping on the magnetic properties of EuO
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We report on the magnetic field dependence of the apparent ferromagnetic ordering temperature (7¢) of the
ferromagnetic semiconductor EuO doped with 8% Gd, La, or Lu. Chemical doping is a common method
to increase the 7r of EuO. Recent findings demonstrate that in thin films only a fraction of the dopants
donate electrons into the conduction band. We show that the 7¢ of doped EuO determined by the standard
procedure drastically increases with applied magnetic fields. The comparison of measured data to theoretical
models is in agreement with large fractions of dopant electrons being localized and the presence of magnetic

disorder.
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The ferromagnetic, half metallic semiconductor EuO (Curie
temperature Tc = 69 K, band gap Eg,, = 1.12 eV at 300 K?)
displays outstanding colossal magnetoresistive effects,’ metal-
to-insulator transitions,* magneto-optical effects,” and close to
100% spin polarization in the ferromagnetic state.®® Its ability
to be epitaxially integrated with Si,” GaN,” and GaAs,® render
EuO a very promising material for spintronic applications.
In addition, theoretical calculations predict highly strained
EuO to become ferroelectric and even multiferroic.'? To make
the outstanding physical properties of EuO of interest for
more widespread use or even applications, the increase of
its T¢ is one of the main problems to be addressed. Rare
earth doping with trivalent ions like La,”%!"13 Ce,'* Nd,'?
Sm,"> Gd, 31121625 Ho, 112 and Lu® is the most commonly
applied technique to increase T¢ of EuO beyond its undoped
value. This approach exploits an additional indirect exchange
interaction, mediated via the conduction electrons supplied
by the donors, that acts in addition to the direct Heisenberg
exchange between the Eu 4 f moments.??’ Because of the
simplicity of this approach, many doping studies have been
performed on single crystals'"'5" and thin films.%!2-1420-25
Despite exploiting the same physical mechanism to increase
Tc, the reported improvements vary strongly from experi-
ment to experiment even for identical dopant elements and
comparable dopant concentrations. These discrepancies might
partially be explained by different magnetic background fields
and different methods used to extract T¢ from the magnetic
data including several superconducting quantum interference
device (SQUID) magnetometry-based methods, x-ray mag-
netic dichroism (XMCD), second harmonic generation (SHG),
magneto-optic Kerr rotation, and neutron reflectometry (see
Table I for details). As EuO shows large magnetoresistive
effects and a strong dependency of 7¢ on external magnetic
fields, T¢ derived at different magnetic background fields
might not be comparable. In addition, recent findings show
that in rare earth-doped EuO thin films a large fraction
of the dopant atoms do not donate an electron into the
conduction band and thereby limit the achievable increase in
Curie temperature.®?3?* A partial localization of the dopant
electrons can explain this behavior and is in contrast to
the assumptions on which theoretical models calculating the
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magnetic properties of doped EuO are based.’®?’34-3¢ In a
rigorous sense, the term Curie temperature is only defined
for a ferromagnetic phase transition at zero magnetic fields.
Nevertheless, in the EuO community ferromagnetic ordering
temperatures are regularly called Curie temperature, even
when measured at substantial magnetic background fields.
To avoid confusion, we use the term ferromagnetic ordering
temperature (7p) for measurements performed in nonzero
magnetic background fields.

To address these questions and to provide a database for the
comparison of experiments, in this paper we investigate the
dependence of T of 8% rare-earth-doped EuO (Eug 9 By 030,
with B = Gd,La,Lu) on applied external magnetic fields.
The doping concentration was chosen to be in the range
of the maximum reported and theoretically predicted Tr
values.!31621-23.26.27.34.35 The dopants were chosen to provide
a spectrum of ionic radii, electron configurations, and to
investigate possible differences between magnetic (Gd) and
nonmagnetic (La, Lu) dopants. To analyze systematically
changes originating from applied external magnetic fields,
we kept film thickness, microstructure, and oxygen content
constant.

The films were grown using reactive oxide molecular-beam
epitaxy (Veeco 930 and GEN10 MBE systems) on YAIO;
single crystal substrates oriented within 40.5° of (110).%’
Europium and the dopant elements were co-evaporated from
effusion cells. The respective fluxes were calibrated to the
desired Eu/dopant ratio using a quartz crystal microbalance.
The total metal flux was set to 1.1 x 10 atoms/(cm?s).
The films were deposited in O, partial pressures Po, = 1.0 x
10~? Torr above the vacuum chamber background pressure of
2 x 10~ Torr. To minimize additional charge carrier doping
originating from oxygen vacancies, the films were grown
in the adsorption controlled growth regime at a substrate
temperature of Ty, = 350°C.2*37 To prevent their oxidation
and to allow ex situ analysis, all films were capped with
about 20 nm of amorphous silicon. After growth, ex sifu
four-circle x-ray diffraction (XRD) was used to characterize
the structural quality of all films. The scans reveal epitaxial and
single-phase films within the resolution limit of XRD. The high
and comparable crystalline quality of all films is demonstrated
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TABLE 1. Measurement techniques for determining 7¢ of EuO. For the SQUID-based methods, the extraction

methods of 7r from the data are listed.

Method Applied magnetic field (G) Reference
Magneto-optical Kerr rotation ¢ 6
SQUID: onset of magnetization 0 7
SQUID: rise of derivation 1000 13
#: derivation of magnetization 500 14
SQUID:® and XMCD 100 and ¢ 20
XMCD ¢ 21
SQUID:* 10 22
Neutron reflectometry 0, 125 or 250 28
SQUID: inflection point of M(T') 50 29
SHG ¢ 30
SQUID: derivation of magnetization 10000 31
SQUID:* 50 32
SQUID: linear fit to inverse of M(T) 2000 33

Measurement technique not named in the paper.
"Extraction method not provided.
“Magnetic background field not given.

by rocking curves on the 002 EuO peaks which show full width
at half maximum of ~0.01°. The in-plane magnetic properties
of all films were determined using SQUID magnetometry.
To acquire the magnetic field dependence of the Curie
temperature [Tr(uoH)], the temperature dependence of the
film magnetization at a sequence of applied background fields
[M(T,H)] was measured for all films.*® The ferromagnetic
ordering temperatures were extracted from the M(T") data by
taking the negative temperature derivative of the normalized
magnetization [-d M /dT (T')]. The high temperature shoulder
of the peak associated with the onset of ferromagnetism was
then defined as 7. As itis the most commonly applied strategy
within this approach, we chose to extract the 7y values by eye.
The increasing uncertainty of this method at high fields is
reflected in the respective error bars. A strict criterion for the
Tr extraction could be introduced, but would be arbitrary and
falsely suggest underlying physics and certainty which are not
inherent to this method. To gain information about the dopant
activation and to be able to compare the M(T,H) data to
theory, the transport properties and charge carrier densities n
at 4.2 K of the rare earth-doped samples were measured using
the Hall effect. For this, bridges were patterned into the films
by the method described in Ref. 23.

Figure 1 shows the M(T,H) characteristics of an 8%
Gd-doped EuO film for applied fields 0 < uoH < 5T (a) and
the respective theoretical results, calculated using Refs. 26 and
27 (b). For the theoretical calculations the measured charge
carrier density n = 9.0 x 10 cm™> was used as an input
parameter. The corresponding —dM /dT(T) characteristics
are shown in Figs. 1(c) and 1(d). The derived ferromagnetic
ordering temperature for every single measurement is shown
in the Supplemental Material.*® Both theory and experiment
show a qualitatively similar behavior. The M(T,H) data
exhibit a shift from a sharp onset of ferromagnetism at zero
field to broad and little defined transitions at high magnetic
fields. This broadening makes the visual determination of
Tr at high fields challenging. Only at low fields can sharp
transitions be observed and utilized for the direct determination

of Tg. The high temperature shoulders of the peaks in
—dM /dT(T) characteristics exhibit a systematic shift to
higher temperatures with increasing magnetic fields, which
corresponds to an increase in the apparent Tg. The position
of the peak maximum, however, stays almost constant at the
value of the zero-field Curie temperature of the respective
sample. The experimentally observed small shift of this peak
is in agreement with the theoretical models, which were
developed for Gd-doped EuO. The peak of —dM/dT(T)
is therefore suitable to extract comparable Ts, despite the
broadening at high fields. The corresponding uncertainty in the
determination of 7y with increasing magnetic field is reflected
in the respective error bars.

Despite the good qualitative agreement, theory and exper-
iment differ quantitatively quite substantially, especially at
low magnetic background fields. This is best demonstrated by
comparing the Tr(uoH) characteristics of the 8% Gd-doped
EuO sample to the theoretical values (Fig. 2), both derived
from the characteristics shown in Fig. 1.3 At zero field,
the experimental Curie temperature of T¢c = 125 K is lower
than the theoretical value for n =9.0 x 102 ¢cm~3. The
experimental Tr(woH) shows a more pronounced increase at
low fields and settles into a steady, but less steep, slope at
higher magnetic fields. The steeper slope of the experimental
Tr(oH) characteristics at high fields thereby leads to a
gradual reduction of the Ty difference between theory and
experiment. These differences between experiment and theory
are explained by the unjustified assumption of a totally
unperturbed lattice of magnetic ions, just like in undoped
EuO. This is a good assumption with respect to the 4 f’
electron configuration of Gd3*, which is identical to that of
Eu?*t. Nevertheless, one can expect that the incorporation
of a high amount of doping impurities will cause local
structural as well as magnetic disorder. As the magnetic
disorder should be suppressed by the application of an
external magnetic field, the discrepancy between theory and
experiment is reduced, as observed. We also point out that
the measured charge carrier density of n = 9.0 x 10* cm™3
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FIG. 1. (Color online) (a) Normalized measured temperature
dependence of the magnetization M (T, H) of a Eug9,Gdg 05O sample
at different external magnetic fields uoH; (b) calculated M(T,H)
characteristics of Gd doped EuO at n = 9.0 x 10%° cm~* according
to Refs. 26 and 27; (¢) —d M /d T (T') characteristics derived from the
data shown in (a) calculated using the algorithm described in Ref. 39
for « = 0.25; (d) —dM /d T (T) characteristics derived from the data
shown in (b).
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FIG. 2. (Color online) Magnetic field dependence of 7¢ of a
Euy92Gdy0sO sample (red curve with circles) compared to the
respective theoretical values for n = 9.0 x 10 cm™ (blue curve
with squares) and the nominal carrier density n = 2.4 x 10?! cm™3
for 100% active dopants (orange curve with triangles) according to
Refs. 26 and 27. The T values are derived from the —dM /dT(T)
data shown in Fig. 1. The solid curves are guides for the eye.

for 8% Gd-doped EuO corresponds to only 30% of the
Gd ions donating an electron into the conduction band. In
our case, a theoretical calculation based on the widespread
assumption of 100% dopant activation would therefore grossly
overestimate the charge carrier density and deviate completely
from the experimental data (Fig. 2), because the highest T¢ in
the model is reached for n &~ 10?! cm™3.2%2" This emphasizes
the necessity to base the comparison between experimental
data and theory on measured carrier densities rather than on
dopant concentrations.

Effects originating from magnetic disorder and the in-
fluence of different doping elements can systematically be
investigated by replacing the magnetic Gd** ions (5p®
4 f7) by nonmagnetic Lu** (5p® 4 £14) or La3* (5p° 4£9).
The latter dopants are expected to donate electrons into
the conduction band just like Gd, inducing an indirect
exchange interaction increasing 7¢. On the other hand, they
also cause a weakening of the direct exchange between the
rare earth ions, leading to a suppression of 7¢. The combined
strength of these two exchange mechanisms determines the
actual Curie temperature of each individual sample. Figure 3
shows the Tr(uoH) characteristics of EuO films doped with
8% La-, Lu-, or Gd, together with the theoretical values of
Fig. 2.3 All three doped samples show comparable zero-
field Curie temperatures and carrier densities, with Tc.gq =
125K (ngg = 9.0 x 102 cm™3), Tepa = 116 K (np, = 1.1 x
10?! cm™3), and Tepw =126 K (n, = 2.1 x 102 cm™3).
The La-doped EuO sample behaves most like the Gd-doped
one. Despite its larger carrier density, it shows systemati-
cally lower ferromagnetic ordering temperatures, which can
be attributed to the reduced direct Heisenberg exchange.
The low field gain in ferromagnetic ordering temperature
[Tr(1 T)/Tc(0 T)]1is slightly more pronounced for La (129%)
as for Gd (120%), indicating greater magnetic disorder in
the La-doped sample. The slopes of Tr(1toH) at high fields
are again very similar. A much more pronounced difference
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FIG. 3. (Color online) Magnetic field dependence of T of a
Eug.9:Lag 050 sample (light blue curve with rhombi), a Eug g,Lug osO
sample (orange curve with triangles), Euj9,GdsO (red curve
with circles), and the respective theoretical values calculated for
n = 9.0 x 10%° cm=3 according to Refs. 26 and 27 (blue curve with
squares). The solid curves are guides for the eye.

is observed in the Tr(uoH) data of the 8% Lu-doped EuO
film. Despite having a much smaller charge carrier density
and dopant activation, its zero-field Curie temperature is
close to that of the Gd-doped film. Compared to the La-
and Gd-doped samples, the Lu-doped film shows a much
stronger increase at low field [Tr(1 T)/Tc(0 T) = 142%].
Above 1 T, the slopes of the Tr(11o H) characteristics are again
very similar for all three doped samples. Nevertheless, the
steep initial increase leads to a much stronger overall gain
of Te(5 T)/Tc(0 T) of about 170% for Lu as compared to
154% and 159% for Gd and La, respectively. These findings,
a high T despite a low n and a larger overall T increase
with applied field, indicate that in addition to charge carrier
density and magnetic disorder, additional influences such as
film microstructure, dopants size,” and electron configuration

PHYSICAL REVIEW B 87, 014416 (2013)

might play a role in determining the Curie temperature of rare
earth-doped EuO.

In conclusion, we have investigated the magnetic field
dependence of the ferromagnetic ordering temperatures of
8% Gd-, La-, or Lu-doped EuO films and compared it to
a theoretical model developed for Gd-doped EuO. Using
measured charge carrier densities as input parameters for the
calculations, the experimental and theoretical Curie tempera-
tures at high field of Gd-doped EuO are in good agreement.
At low fields, however, theory tends to overestimate 7c.
This behavior is in agreement with the presence of magnetic
disorder in the samples, which is not accounted for in the
theoretical models. This behavior is even more pronounced
if the magnetic dopant Gd* is replaced by the nonmagnetic
ions La** and Lu**. Strong Ty increases at low fields are
followed by comparable Tr(uoH) slopes at high fields for
all three dopants. The large observed quantitative difference
between the La- and Lu-doped EuO indicates the presence
of additional influences determining 7y. Furthermore, the
measured charge carrier densities demonstrate that only a
fraction of the introduced dopants transfer electrons into the
EuO conduction band. A refined theory describing the doping
and magnetic-field dependence of the Curie temperature of
EuO should therefore include the influences of low dopant
activity and of structural and magnetic disorder. In addition, the
presented data demonstrates that 7f, determined at even mod-
erate magnetic background fields, tend to largely overestimate
the intrinsic 7¢ of the doped EuO samples. The determination
of T¢ at zero applied field is therefore preferable.
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