Influence of the substrate temperature on the Curie temperature and charge carrier
density of epitaxial Gd-doped EuO films
T. Mairoser, A. Schmehl, A. Melville, T. Heeg, W. Zander, J. Schubert, D. E. Shai, E. J. Monkman, K. M. Shen
, T. Z. Regier, D. G. Schlom, and J. Mannhart
Citation: Applied Physics Letters 98, 102110 (2011); doi: 10.1063/1.3563708
View online: http://dx.doi.org/10.1063/1.3563708
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/98/10?ver=pdfcov
Published by the AIP Publishing
Articles you may be interested in
Highly resistive epitaxial Mg-doped GdN thin films
Appl. Phys. Lett. 106, 022401 (2015); 10.1063/1.4905598
Growth and characterization of Sc-doped EuO thin films
Appl. Phys. Lett. 104, 052403 (2014); 10.1063/1.4863752
Structure and magnetic properties of ultra thin textured EuO films on graphene
Appl. Phys. Lett. 103, 131601 (2013); 10.1063/1.4821953
La-doped EuO: A rare earth ferromagnetic semiconductor with the highest Curie temperature
Appl. Phys. Lett. 96, 232503 (2010); 10.1063/1.3416911
Effect of annealing on carrier density and Curie temperature in epitaxial (Ga,Mn)As thin films
Appl. Phys. Lett. 82, 2287 (2003); 10.1063/1.1566097

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
128.84.143.26 On: Mon, 27 Apr 2015 16:42:53

APPLIED PHYSICS LETTERS 98, 102110 共2011兲

Influence of the substrate temperature on the Curie temperature
and charge carrier density of epitaxial Gd-doped EuO films
T. Mairoser,1 A. Schmehl,1,a兲 A. Melville,2 T. Heeg,2 W. Zander,3 J. Schubert,3
D. E. Shai,4 E. J. Monkman,4 K. M. Shen,4 T. Z. Regier,5 D. G. Schlom,2 and J. Mannhart1
1

Zentrum für Elektronische Korrelation und Magnetismus, Universität Augsburg, Universitätsstraße 1,
86159 Augsburg, Germany
2
Department of Materials Science and Engineering, Cornell University, Ithaca, New York 14853, USA
3
IBN 1-IT and JARAFIT, Forschungszentrum Jülich GmbH, 52425 Jülich, Germany
4
Department of Physics, Cornell University, Ithaca, New York 14853, USA
5
Canadian Light Source, University of Saskatchewan, Saskatoon, Saskatchewan S7N 0X4, Canada

共Received 13 January 2011; accepted 13 February 2011; published online 10 March 2011兲
Rare earth doping is a standard, yet experimentally poorly understood method to increase the Curie
temperature 共TC兲 of the ferromagnetic semiconductor EuO. Here, we report on the charge carrier
density 共n兲 and the TC of commonly used 4.2 at. % Gd-doped EuO films grown by molecular-beam
epitaxy on 共110兲 oriented YAlO3 substrates at various substrate temperatures 共Tsub兲. Increasing Tsub
leads to a decrease in n and TC. For high substrate temperatures the Gd-doping is rendered
completely inactive: n and TC drop to the values of undoped EuO. © 2011 American Institute of
Physics. 关doi:10.1063/1.3563708兴
With its spin-polarization exceeding 90% and its ability
to be epitaxially integrated with silicon,1 GaN,1 and GaAs,2
the ferromagnetic semiconductor EuO has a high potential
to act as efficient spin-filter and spin-injector for
semiconductor-based spintronics. In addition, its outstanding
magnetotransport3 and magneto-optical properties4 make it
an attractive material for magnetoelectronic applications and
proof-of-concept devices. Nevertheless, its instability in air
and the comparatively low Curie temperature 共TC = 69 K5兲
strongly limit the application potential of EuO today. Increasing its Curie temperature therefore is one of the key
tasks to render EuO attractive for a broader range of applications.
The most commonly applied technique to increase the
Curie temperature of EuO is to charge-carrier dope the semiconductor using trivalent rare earth atoms such as
lanthanum1,6,7 or gadolinium.6,8–13 This approach exploits the
additional ferromagnetic exchange interaction, mediated via
the conduction electrons, that acts in addition to the direct
Heisenberg exchange between the Eu 4f moments.14–16
Since the first experimental reports in 1968,6 many doping
studies have been performed on single crystals6,8,9 as well as
on films.10–13 Despite the common approach, the achieved TC
increases vary strongly from experiment to experiment. For
example, a maximum Curie temperature of TC = 170 K is
reported for polycrystalline Gd-doped EuO films;11 for films
with high crystalline quality and near-perfect oxygen stoichiometries, however, the maximum TC equals 125 K.12,13 Despite being a common phenomenon, these large differences
in the achievable TC increase are poorly understood and raise
the question about the influence of the growth parameters on
the doping efficiency and TC-increase in rare earth doped
EuO films.
In this letter, we address this question by investigating
the influence of the substrate temperature on the charge carrier density 共n兲 and the Curie temperature of 4.2 at. % Gda兲

Electronic mail: andreas.schmehl@physik.uni-augsburg.de.

doped EuO films. Gadolinium was chosen, as it is the most
commonly used cationic dopant of EuO and therefore offers
the broadest literature for comparison. To perform systematic
studies without interfering influences resulting from changes
in the film microstructure, thickness, or oxygen stoichiometry, latter parameters were kept constant and only the substrate temperature was changed.
The films were grown using reactive oxide molecularbeam epitaxy on YAlO3 single crystal substrates oriented
within ⫾0.5° of 共110兲.17 Europium and gadolinium were coevaporated from effusion cells. The respective fluxes were
calibrated using a quartz crystal microbalance and adjusted
to result in the desired Eu/Gd ratio. The total metal flux was
set to 1.1⫻ 1014 atoms/ cm2 s. The films were deposited in
O2 partial pressures PO2 of 1.0⫻ 10−9 Torr above the
vacuum chamber background pressure 共⬃2 ⫻ 10−9 Torr兲.
The substrate temperature was set by adjusting the current
flow through a resistive substrate heater, resulting in substrate temperatures of Tsub = 300– 600 ° C.18 All films were
grown in a single batch, one immediately after the other,
to thicknesses of 35 nm. The film thickness was corroborated
by postgrowth Rutherford backscattering 共RBS兲 measurements on one exemplary sample of the batch. Additional
RBS measurements on a reference sample demonstrate
the adsorption-controlled growth of the films with
Tsub ⱖ 350 ° C, minimizing additional charge carrier doping
from oxygen vacancies. To prevent oxidation, the films were
protected by a ⬃20 nm thick capping layer of amorphous
silicon. To ensure a constant Gd-doping x in the Eu1−xGdxO
films, the Eu/Gd ratios of the films grown at the lowest and
highest substrate temperatures were determined using x-ray
absorption spectroscopy 共XAS兲 using the inverse partial
fluorescence yield method.18 For films grown in the intermediate temperature range, x was assumed to be constant. Fourcircle x-ray diffraction 共XRD兲 was used to characterize the
structural quality of all films. The scans reveal epitaxial and
single-phase films within the resolution limit of XRD.18
Rocking curves on the 002 Eu reflections show peaks with
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FIG. 1. 共Color online兲 Simplified band structure of doped EuO. Below the
Curie temperature the large energy splitting ⌬E of 0.6 eV leads to ionization
of the dopants and electron transfer into the lower conduction band. As
thermal excitations from the valence band are negligible at these low temperatures, the charge carrier density is almost exclusively determined by the
active dopants.
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FIG. 3. 共Color online兲 Dopant activation as a function of the approximated
substrate temperatures. Starting from an already low activation of 51% at
Tsub ⬇ 300 ° C, the activation drops with increasing substrate temperature
until at Tsub ⬇ 600 ° C all dopants are rendered inactive.
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ties of the Eu0.958Gd0.042O films. For substrate temperatures
of Tsub ⬇ 300– 350 ° C both quantities are maximized with
TC ⬇ 122 K and n ⬇ 5 – 6 ⫻ 1020 cm−3. Increasing Tsub leads
to a continuous decrease in n and TC, demonstrating their
direct correlation. For Tsub ⬇ 600 ° C, the Curie temperature
full widths at half maximum of ⬃0.01°, demonstrating the
and the charge carrier density are reduced to the values of
high and comparable crystalline qualities of all films.18
completely undoped EuO, with TC = 69 K and n = 9
The in- and out-of-plane magnetic properties of the
⫻ 1018 cm−3.20 This demonstrates that at high substrate temEu0.958Gd0.042O films, including the Curie temperatures, were
peratures almost all Gd-dopants are rendered electrically indetermined using superconducting quantum interference deactive. As the Gd content x in the films stays constant as a
vice magnetometry. To measure n by the Hall effect, bridges
function of Tsub while n decreases with increasing Tsub, a
were patterned into the samples using an in situ combination
Tsub-controlled decrease in the ability of the Gd atoms to
of ion etching and sputtering. The carrier densities were extransfer electrons into the conduction band is implied. To
tracted from the linear magnetic field dependence of the Hall
asses this behavior we determined the dopant activity p by
resistance RH共H兲 for 0H exceeding the out-of-plane saturacalculating the expected charge carrier density nex, assuming
18
tion fields of the Eu0.958Gd0.042O films. All Hall measurethat every Gd atom donates one electron into the conduction
ments were performed at T = 4.2 K. Due to the large band
band14–16 according to nex = 0.042 nEu, where nEu designates
energy splitting of 0.6 eV 共Ref. 19兲 of the conduction band in
the density of Eu atoms in EuO. The ratio of the measured
the ferromagnetic state, at low temperatures the shallow dopcharge carrier density n and the expected charge carrier
ant states are completely drained into the lower conduction
density therefore provides the fraction of active dopants
band 共Fig. 1兲. Thermal carrier excitation is negligible at this
p = n / nex.
temperature and n is only determined by the Gd-doping.
Figure 3 shows the dependence of the dopant activity p
Figure 2 shows the influence of the substrate temperature
on the substrate temperature. For Tsub ⬇ 300– 350 ° C, only
on both the Curie temperatures and the charge carrier densiabout 50% of the Gd atoms donate one electron into the
conduction band. This low value is further reduced with increasing Tsub until at 600 ° C, the dopant activity has dropped
to p = 0.007. This is surprising, because the XAS data for the
120
Tsub ⬇ 600 ° C sample shows that all Gd atoms are ionized to
110
Gd3+ and therefore have donated one electron. The small
dopant activity thus implies the existence of charge20
100
10
compensating effects that block the electrons from being
90
transferred into the conduction band, and that become dominant at increasing Tsub. To assess if this effect can be attrib80
uted to a change in growth dynamics at Tsub, we have grown
a Eu0.958Gd0.042O film at Tsub ⬇ 350 ° C, where high dopant
Curie temperature
19
carrier
density
(T
=
4.2
K)
activities and Curie temperatures are achieved. After the
70
10
deposition and before capping with Si, the film was annealed
300 350 400
450 500 550 600
in vacuum at T ⬇ 550 ° C for 30 min. After this anneal, the
film showed a low Curie temperature 共TC = 69 K兲 and a low
approximate substrate temperature (°C)
carrier concentration 共n = 9 ⫻ 1018 cm−3兲, comparable to
FIG. 2. 共Color online兲 Curie temperatures and charge carrier densities at
those of films grown at Tsub ⬇ 600 ° C. At 550 ° C, low mo4.2 K of the 4.2 at. % Gd-doped EuO films as a function of the approxibilities
of the metal ions within the Eu0.958Gd0.042O sample
mated substrate temperatures. With increasing substrate temperature both
are expected in comparison to a large mobility with respect
n and TC are reduced until for Tsub ⬇ 600 ° C values of undoped bulk EuO
to oxygen
diffusion.
We therefore attribute the change
in the to IP:
are reached.
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n共Tsub兲 and TC共Tsub兲 characteristics to changes in the oxygen
sublattice of the Eu0.958Gd0.042O films. This is surprising, as
all films with Tsub ⱖ 350 ° C were grown in the adsorptioncontrolled growth regime, where near perfect oxygen stoichiometries are expected. Nevertheless, this growth regime has
only been established for undoped EuO films, and the influence of Gd doping on the adsorption-controlled growth of
EuO has yet to be explored.
In summary, we have grown a series of 4.2 at. % Gddoped EuO films with identical thicknesses and comparable
crystalline quality only varying the substrate temperatures.
With increasing Tsub, the charge carrier densities and the Curie temperatures of the Eu0.958Gd0.042O films are increasingly
suppressed, until at Tsub ⬇ 600 ° C no effect of the Gd doping
remains observable. This behavior is also reflected in the
dopant activity, that drops from already low values of ⬇50%
at Tsub ⬇ 300 ° C to about zero at Tsub ⬇ 600 ° C. A postgrowth anneal at T ⬇ 550 ° C on a Eu0.958Gd0.042O sample
grown at 350 ° C led to a Curie temperature of 69 K, the
value of undoped EuO. This could indicate that the low dopant activities represent the thermodynamic equilibrium state
of Gd-doped EuO. We attribute this behavior to thermally
activated changes in the oxygen sublattice. Controlling and
engineering the oxygen chemistry might therefore be a way
to enhance the dopant activity and with it the Curie temperatures of Gd-doped EuO.
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