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We investigated the changes of magnetic properties and phase transition in EuO films grown on a
MgO�100� substrate as a function of temperature. As the temperature was varied, we observed a
clear phase transition and polarization change at 69 K using spin resolved photoemission
spectroscopy and low energy electron diffraction. We will elucidate the temperature driven changes
in the electronic and magnetic properties of EuO films on a MgO�100� substrate. © 2007 American
Institute of Physics. �DOI: 10.1063/1.2775297�

I. INTRODUCTION

Over the past several decades, the semiconducting mate-
rial Eu monoxide �EuO� has been intensively studied not
only because of its scientific interest but also its many tech-
nological applications.1–8 Recently, ferromagnetic
semiconductors9,10 such as EuO and CrO2 have attracted
considerable interest due to their applications, for example,
as a source of polarized carriers for injection.11–13 The local-
ized magnetic moments of the half-filled 4f shell of the Eu
atoms and the existence of a conduction band make EuO an
appropriate system to test the Kondo-lattice model.14 Inter-
estingly, it also shows a colossal magnetoresistance �CMR�
behavior in that an applied field shifts the metal-insulator
transition �MIT� temperature, as has been reported for
La1−xSrxMnO3.15–17 However, EuO films are difficult to fab-
ricate because they form only under particular growth con-
ditions �e.g., oxygen partial pressure and substrate tempera-
ture�, and they are easily changed into Eu2O3 films if the
growth conditions are not rigorously maintained.18,19

In the present study, we investigate the change in polar-
ization �P= �Ispin up− Ispin down� / �Ispin up+ Ispin down�� and mag-
netic and electronic characteristics of a EuO film on a
MgO�100� surface as a function of temperature using spin
resolved photoemission spectroscopy �SRPES�, x-ray ab-
sorption spectroscopy �XAS�, and low energy electron dif-
fraction �LEED�.

II. EXPERIMENT

The experiments were performed at the 2A1 �EPU6� un-
dulator beamline at Pohang Accelerator Laboratory. Spin re-
solved photoemission spectra were measured using a
125 mm hemispherical analyzer equipped with a mini Mott
detector. The total energy resolution was set to 300 meV.
The soft x-ray absorption spectra of the europium M5 edge
�1118–1148 eV� were also measured with a spectral resolu-
tion of 0.1 eV. All measurements were performed under

UHV conditions �P=7�10−11 Torr� at room temperature.
The MgO�100� surface was cleaned by several cycles of
sputtering with 1.5 keV Ar+ ions at 300 K for 30 min, fol-
lowed by annealing at 700 K for 15 min. The cleanness of
the surface was checked by photoemission spectroscopy
�charging effect� and LEED �1�1 LEED pattern�. All mag-
netic measurements were performed in remanence. Applica-
tion of a magnetization pulse �full width at half maximum of
�0.5 ms and Imax of �1600 Oe� in an in-plane direction
along the z axis was found to be sufficient to saturate the
sample.

III. DATA AND RESULTS

Figure 1 shows the Eu 4d core level spectra �left panel�
and valence band spectra �right panel� for Eu metal, Eu mon-
oxide �EuO�, and Eu trivalent oxide �Eu2O3�. The different
stoichiometries were generated by controlling the oxygen
partial pressure. Figure 1�a� shows a typical metallic Eu 4d
core level spectrum with a 127 eV binding energy. As shown
in this spectrum, the sharpness of the D9 states is clearly
resolved in the lowest peak structure. Moreover, the
exchange-split high binding energy states are broadened by
the decay effect, and the low energy spectral features are
similar for the spectra convoluted with constant � and with
term dependent � f plus Gaussian, in accordance with previ-
ous results.11

To fabricate a single-phase EuO film, we deposited Eu
atoms while maintaining the temperature of MgO�100� sur-
face at 400 °C under an oxygen partial pressure of 2
�10−8 Torr. Figure 1�b� shows the Eu 4d core level spec-
trum of EuO with a 128 eV binding energy. Compared with
the metallic Eu 4d core level, the spectral shape is similar
�e.g., a decay effect is observed�, but the resolved D9 state
has disappeared and the core level spectrum is shifted toward
a higher binding energy by 1 eV. Hence, we can clearly dis-
tinguish the EuO and Eu metal films based on the spectral
data. Increasing the partial pressure of molecular oxygen up
to 5�10−8 Torr led to the facile formation of a Eu2O3 film.
The Eu 4d core level spectrum of Eu2O3, shown in Fig. 1�c�,
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is clearly different from the spectra for the metallic Eu or
EuO film. In particular, it shows a larger binding energy shift
�3.4 eV� toward a higher binding energy, indicative of an
insulator, and the decay effect of the D7 state is not observed.

To clarify the variation of the valence band with varia-
tions in the Eu oxide stoichiometry, we recorded the valence
band spectra at photon energy of 135 eV. Figure 1�d� shows
the valence spectrum of clean Eu metal, which exhibits the f7

transition peak and density of states at the Fermi level
�marked with a circle�. Figure 1�e� shows a typical valence
spectrum of EuO, showing only spectral weight from Eu2+ 4f
and from the O 2p levels. Moreover, we observed a zero
density of states at the Fermi level in this spectrum. It is
noted that EuO is not metallic but semiconducting. On the
other hand, the valence spectrum of Eu2O3 is remarkably
different. As shown in Fig. 1�f�, no transition peak from 4f7

to 4f6 is evident; rather, a transition peak from 4f6 to 4f5

located at 7.8 eV is observed, which is typical of Eu3+. From
these spectra obtained from films prepared under different
conditions, we confirmed that a EuO film can be prepared by
controlling the oxygen partial pressure.

Figure 2 displays XAS spectra of films with various
compositions: EuO, a mixture of EuO and Eu2O3, and
Eu2O3. Similar to the photoemission spectra, because EuO
has a Eu2+4f7+ �spd�0 configuration and Eu2O3 has a
Eu3+4f6+ �spd�1 configuration, we can easily confirm the for-
mation of a EuO film using XAS. Figure 2�a� shows the
XAS spectrum of a EuO film, which we confirmed from the
photoemission spectra shown in Figs. 1�b� and 1�e�. This
spectrum contains two clear peaks: the Eu2+ XAS peak
�1127.9 eV�, which is only observed for EuO, and its satel-
lite peak �1132.0 eV�. For comparison, we also measured the
adsorption spectrum of single-phase Eu2O3 �Fig. 2�c��. Eu3+

induced XAS peaks at 1130.2 and 1133.8 eV, respectively,
which are clearly different from the features in the EuO spec-
trum. Moreover, to clarify the discrepancy between EuO and

Eu2O3, we measured the XAS of a film comprised of a mix-
ture of EuO and Eu2O3. As shown in Fig. 2�b�, this spectrum
contains a superposition of features characteristic of EuO and
Eu2O3 and is clearly different from the spectrum of the
single-phase EuO film. Thus, we can confirm the formation
of a EuO film on the basis of photoemission and XAS spec-
tral data.

After confirming the formation of a EuO film, we per-
formed SRPES to elucidate the polarization change and
phase transition according to temperature. Figure 3 displays
the SRPE spectra for EuO on MgO�100� surface as a func-
tion of temperature. As mentioned in the Introduction, EuO
shows MIT behavior and a magnetic property change from
ferromagnetic �FM� to paramagnetic �PM� at 69 K.13 The
spin resolved valence band spectrum obtained at 40 K �Fig.

FIG. 1. �Color online� Eu 4d core
level spectra �left panel� and valence
band spectra �right panel� of Eu oxide
films with different stoichiometries.
Photoemission spectra of ��a� and �d��
Eu metal, ��b� and �e�� Eu monoxide
�EuO�, and ��c� and �f�� Eu trivalent
oxide �Eu2O3�.

FIG. 2. �Color online� Eu based x-ray adsorption spectra �XAS� with vari-
ous compositions. �a�, �b�, and �c� show XAS of EuO, mixed EuO and
Eu2O3, and Eu2O3, respectively. The dotted line of Fig. 2�b� shows the result
of curve fitting for XAS of mixed Eu oxide.
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3�a�� is a well polarized spectrum, with a 50% polarization
value. However, Eu 4f shows no exchange splitting in this
spectrum. On the other hand, the O 2p region induced by
EuO shows an exchange splitting of 0.2 eV �see circled area
marked as A in Fig. 3, upper right panel�, which can be
explained by hybridization between O 2p and Eu 5d /6s.20

To examine the possibility of half metallic behavior, we
scrutinized the Fermi level region �circled area marked as B
in Fig. 3, bottom right panel�. As shown in this zoom in
spectrum, the density of states at the Fermi level shows no
Fermi level crossing for all spin states, indicating no metallic
behavior. To show the half metallic behavior, one of the spin
states should be crossing at the Fermi level. However, we did

not find any evidence for half metallic behavior in our EuO
film. Hence, we exclude the possibility of half metallic be-
havior.

On increasing the temperature from 40 to 60 K �Fig.
3�b��, a decrease in the polarization is observed. To see the
phase transition as a function of temperature, we further in-
creased the temperature to 80 K �Fig. 3�c��. At 80 K, we
observed a zero polarization �0%� and a binding energy shift
toward a higher binding energy of 0.38 eV. These features
indicate that a magnetic phase transition from FM to PM
occurs between 60 and 80 K, consistent with previous re-
ports that EuO undergoes such a transition at 69 K. More-
over, the 0.38 eV shift toward a higher binding energy
clearly shows that the phase transition involves a change in
electronic structure. To confirm the reversibility of the tran-
sition, we decreased the temperature again to 40 K. As
shown in Fig. 3�d�, the polarization �50%� reappeared and
the binding energy returned after cooling to 40 K.

Figure 4 shows the LEED patterns recorded at 60 and
80 K �either side of the phase transition� to see the correla-
tion between morphological changes and the phase transition
as a function of temperature. Interestingly, we observed that
the spot size of the LEED pattern decreased when the tem-
perature was decreased from 80 K �Fig. 4�a�� to 60 K �Fig.
4�b��. The variation in spot size as a function of temperature
�Fig. 4�c�� showed a sharp drop off between 80 and 60 K,
consistent with a phase transition at 69 K. Thus, the present
results show a close correspondence between the phase tran-
sition and a change of spot size, indicating that the surface
morphology of the EuO film changes as a function of tem-
perature.

Figure 5 displays plots for changes in polarization and
binding energy shift as a function of temperature for the EuO
film. In this plot, the polarization value is 0 �paramagnetic�
and the binding energy shifts toward the higher binding en-
ergy region by 0.38 eV at temperatures above 69 K. Below
69 K, in contrast, the polarization increases with decreasing
temperature and the binding energy remains at the same
value.

FIG. 3. �Color online� Left panel shows the polarization change for EuO on
MgO�100� using spin resolved photoemission �SRPE� spectra as a function
of temperature. �a�, �b�, �c�, and �d� show SRPE spectra obtained at 40, 60,
80, and 40 K, respectively. A displays the exchange splitting of the O 2p
region �0.2 eV�, and B shows the Fermi level region to clarify the half
metallic behavior.

FIG. 4. �Color online� LEED images recorded at two different temperatures: �a� 80 and �b� 60 K. �c� Plot of relative spot size vs temperature.
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IV. SUMMARY

In the present study of EuO films on MgO�100� sub-
strate, we obtained three remarkable experimental results.
First, in an investigation of the temperature dependent polar-
ization change and phase transition using SRPES, we clearly
observed the magnetic transition �from FM to PM� and MIT
at 69 K. Second, even though we observed an incomplete
spin polarization of the Eu 4f peak, we could exclude the
possibility that the EuO film exhibits the half metallic behav-
ior on the basis of the change of the Fermi level for the two
spin states �majority and minority�. Third, in LEED patterns
recorded at temperatures spanning the phase transition, we

observed a change in LEED spot size in going through the
phase transition, indicating that the transition involves a
change in surface morphology.

ACKNOWLEDGMENT

This work was supported by the Korea Science and En-
gineering Foundation �KOSEF� grant funded by the Korean
government �MOST� �No. R01-2006-000-11247-0�.

1T. Kasuya and A. Yanase, Rev. Mod. Phys. 40, 684 �1968�.
2S. J. Cho, Phys. Rev. B 1, 4589 �1970�.
3J. B. Torrance, M. W. Shafer, and T. R. McGuire, Phys. Rev. Lett. 29,
1168 �1972�.

4A. Mauger and C. Godart, Phys. Rep. 141, 51 �1986�.
5N. Tsuda, K. Nasu, A. Yanase, and K. Siratori, Electronic Conduction in
Oxide, Springer Series in Solid State Science �Springer-Verlag, Berlin,
1991�, Vol. 94, Chap. 4.9, pp. 229–244.

6H. Ogasawara, A. Kotani, and B. T. Thole, Phys. Rev. B 50, 12332 �1994�.
7D. I. Khomskii and G. A. Sawatzky, Solid State Commun. 102, 87 �1997�.
8E. L. Nagaev, Phys. Rep. 346, 387 �2001�.
9B. T. Matthias, R. M. Bozorth, and J. H. vanVleck, Phys. Rev. Lett. 7, 160
�1961�.

10T. R. McGuire and M. W. Shafer, J. Appl. Phys. 35, 984 �1964�.
11Y. Ohno, D. K. Young, B. Bcschoten, F. Matsukura, H. Ohno, and D. D.

Awschalom, Nature �London� 402, 790 �1999�.
12A. T. Hanbicki, B. T. Jonker, G. Itskos, G. Kioseoglou, and A. Petrou,

Appl. Phys. Lett. 80, 1240 �2002�.
13J. Lettieri, V. Vaithyanathan, S. K. Eah, J. Stephens, V. Sih, D. D. Aw-

schalom, J. Levy, and D. G. Schlom, Appl. Phys. Lett. 83, 975 �2003�.
14M. Lavagna and C. Pépin, Acta Phys. Pol. B 29, 3753 �1998�.
15A. A. Samokhvalov, N. A. Viglin, B. A. Gizhevskii, T. I. Arbuzova, and

N. M. Chebotaev, Phys. Status Solidi B 148, 361 �1988�.
16M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phys. 70, 1039 �1998�.
17J.-H. Park, E. Vescovo, H.-J. Kim, C. Kwon, R. Ramesh, and T. Venkate-

san, Nature �London� 392, 794 �1998�.
18A. A. Dakhel, Phys. Status Solidi A 147, K79 �2006�.
19Y. Castro, B. Julian, C. Boissière, B. Viana, H. Amenitsch, D. Grosso, and

C. Sanchez, Nanotechnology 18, 055705 �2007�.
20S. M. Jordan, J. F. Lawler, R. Schad, and H. an Kempen, J. Appl. Phys. 84,

1499 �1998�.

FIG. 5. �Color online� Plots of the polarization �closed circles� and binding
energy shift �closed squares� as a function of temperature for a EuO film on
a MgO�100� surface.

053903-4 Lee et al. J. Appl. Phys. 102, 053903 �2007�

 [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:

119.202.87.58 On: Fri, 22 May 2015 06:15:42


