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La-doped EuO: A rare earth ferromagnetic semiconductor with the highest

Curie temperature
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We report the fabrication of single-crystalline La-doped EuO thin films with a Curie temperature
(T¢) of about 200 K, the highest among rare-earth compounds without transition metals. From
first-principle band calculation and x-ray diffraction measurement, the observed increase in 7¢
cannot be explained only by the increase in hybridization intensity due to lattice contraction and the
increase in up-spin electrons of the Eu 5d state caused by the electron doping. Hybridization
between the Eu 4f and donor states and/or Ruderman—Kittel-Kasuya—Yoshida interaction mediated
by the doped La 54 state is a possible origin of the increase in Tc. © 2010 American Institute of

Physics. [doi:10.1063/1.3416911]

The advent of next-generation spintronics has led to re-
newed interest in rare-earth oxide ferromagnetic semicon-
ductors such as europium monoxide (EuO), whose magne-
tism arises from partially filled and highly localized 4f states.
EuO, which has a rocksalt crystal structure, is regarded as a
typical Heisenberg ferromagnetic semiconductor with a Cu-
rie temperature (7¢) of about 70 K and a band gap of 1.12
eV at room temperature.]_3 In the case of electron doping by
the Eu excess or the substitution of Eu?* ion with Gd** or
La®* ions, T¢ increases to 150 K and the electrical resistivity
then drops 12-orders of magnitude below 7, in other words,
a metal-insulator transition (MIT) appears.“f20 With applying
an external magnetic field, the MIT temperature is decreased
substantially, causing a colossal magnetoresistance with a
change in the electrical resistivity of up to six orders of
magnitude.(”9 Since the Eu 4f up- and down-spin states are
perfectly occupied and unoccupied, respectively, the carriers
are expected to be fully polarized below 7. Due to its re-
markable properties, EuO attracts much attention for next-
generation spintronics applications such as spin valves and
spin switches.'*?""** For the use of EuO in spintronics appli-
cations, however, it is desirable to increase T to above room
temperature.

We have succeeded in fabricating single-crystalline
thin films of pristine EuO and clarified their electronic
structure by anégle—resolved photoemission and infrared
spectroscopy.”"2 The origin of the ferromagnetic phase
transition in pristine EuO is the hybridization between Eu 4f
and other states, such as the O 2p (super-exchange interac-
tion) and Eu 5d states (indirect-exchange interaction). This
result indicates that the increase in hybridization intensity
between Eu 4f and other states is important to increase 7.
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There are two methods to enhance the hybridization intensity
exist: one is the contraction of the lattice constant and the
other is the increase in the number of up-spin electrons.
Since the unoccupied Eu 5d band is also polarized, electron
doping of the Eu 5d band is an effective means of increasing
T¢. The substitution of some of the Eu?* ions with La** ions,
whose ionic radius is smaller than that of Eu®* ions, is effec-
tive for both lattice contraction and charge doping.

In this letter, we report the fabrication of single-
crystalline La-doped EuO thin films. The T of the thin films
was surprisingly found to be about 200 K, which is the high-
est Curie temperature of rare-earth compounds other than
those containing transition metals. From first principle elec-
tronic structure calculation with the lattice constant obtained
by x-ray diffraction (XRD), it was found that the mechanism
of the high 7 cannot be explained by band calculation using
the combination of the lattice constant contraction and the
shift of the Fermi level due to the charge doping. This indi-
cates that another effect exist that cannot be explained by
band calculation.

Single-crystalline La-doped EuO thin films were grown
by using the molecular beam epitaxy (MBE) method. The
thin films were grown onto 0.05 wt % Nb-doped SrTiOs
(001) single-crystalline substrates. To obtain high-quality
EuO thin films, a buffer layer of BaO was evaporated before
preparing the EuO film.*"** Eu and La metals were evapo-
rated at temperatures of 525 and 1260 °C, respectively, un-
der an oxygen pressure of 8.0 X 107® Pa at a substrate tem-
perature of 400 °C. The composition of the fabricated La-
doped EuO was confirmed to be Lay Euy,oO by analysis
using  energy-dispersive  x-ray (EDX) spectroscopy
(SEA2010, SII Co.). The crystal structure was checked by
low energy electron diffraction (LEED) after deposition and
confirmed to have the fcc 1 X1 (001) pattern, the same as
pristine EuO. The crystal structure and magnetization were
observed by x-ray diffractometer (RINT-Ultima III, Riagaku
Co.) with a Cu K, radiation source and by superconducting
quantum interference device magnetometer (MPMS-7,
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FIG. 1. Temperature dependence of the magnetization (a) and its first de-
rivative as a function of temperature (b) for fabricated La-doped EuO and
pristine EuO thin films with a thickness of 100 nm on SrTiOj; substrate. The
magnetization and its derivative are normalized at their maximum and mini-
mum, respectively.

Quantum Design Co.), respectively, under an atmosphere.
For these measurements, a BaO capping layer with a thick-
ness of 10 nm was evaporated onto the EuO thin film for
protection.

Figure 1 shows the temperature-dependent magnetiza-
tion of pristine and La-doped EuO thin films with a magnetic
field of 1000 Oe applied along the EuO [010] direction along
the substrate plane. In the pristine EuO, the onset of the
magnetization appears at around 70 K (7) due to ferromag-
netic ordering. In the La-doped EuO, on the other hand, there
are two onsets at around 70 and 200 K. To clarify the origin
of the onset, the first-derivative of the magnetization in Fig.
1(a) is shown in Fig. 1(b). The first-derivative of the pristine
EuO has one peak that corresponds to the ferromagnetic tran-
sition. On the other hand, another peak appears at around
200 K in the La-doped EuO in addition to the identical peak
of pristine EuO. The two onsets of the magnetization (two
peaks of the first-derivative) indicate that two phases with
different 7 values coexist in the La-doped EuO; one is the
same as that of the pristine EuO and the other an additional
Tc of 200 K due to the La doping. In previous studies on
electron-doping EuO, the highest 7 was about 160 K, ex-
cept for transition-metal-doped rare-earth compounds (for
example, Fe-doped EuO).” Therefore, this is the highest T
achieved for electron-doped EuO without transition metals.

To clarify the origin of the high-7- phase of the La-
doped EuO thin film, the lattice constant was determined by
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FIG. 2. (a) XRD pattern of La-doped EuO thin film with a thickness of 100
nm on SrTiO; substrate. (b) XRD patterns around the EuO (002) peak of
La-doped EuO (open circles) and pristine EuO (thick line) thin films. The
thin lines show the decomposition of the La-doped EuO (002) pattern into
two Gaussian components.
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XRD, as shown in Fig. 2(a). The pattern contains not only
from the SrTiO; (001) substrate and the fabricated EuO thin
film, but also a small La,05 peak originating from surface
contamination due to the evaporation of La-metal. However,
since the diffraction peak of EuO (001) and clear LEED
spots appear, it is confirmed that the La-doped EuO was
epitaxially grown along [001] direction onto the SrTiO;
substrate.

Figure 2(b) shows the EuO (002) peaks of pristine and
La-doged EuO. The pristine EuO has a single peak at
35.2°,” whereas the La-doped EuO has an additional peak at
the higher angle side of the main peak, which implies the
shorter lattice constant. This suggests that fabricated La-
doped EuO contains two phases: one from the pristine EuO,
and the other from the actual La-doped EuO. In the above
discussion of the magnetization, two phases were also sug-
gested to exist in fabricated La-doped EuO. Therefore, the
shorter lattice constant can be considered to originate from
actual La-doped EuO.

To confirm the consistency between the magnetization
and the additional XRD peak due to La doping, the volume
fraction of the La-doped EuO was evaluated. From the
Gaussian fitting of the (002) XRD peak as shown in Fig.
2(b), the volume fraction of the pristine and La-doped EuO
phases is 0.39:0.61 =0.01. On the other hand, from the fit-
ting of the summation of two Brillouin functions of the mag-
netization assuming two T values, the volume fraction of
the pristine and La-doped EuO phases is determined to be
0.38:0.62 =0.03. These results are in good agreement with
each other. Therefore the additional XRD peak of the La-
doped EuO phase originates from the genuine peak of the
actual La-doped EuO phase and hence the lattice contraction
is one possible for the increase in the 7.

Next, the origin of the high 7 in the La-doped EuO is
discussed. Local spin density approximation plus Coulomb
repulsion U (LSDA+U) band calculation was performed us-
ing the WIEN2K code.® In the band calculation, the electron
correlation energy U was fixed at 7.0 eV, which can explain
an angle-resolved photoemission spectrum.23’26 The theoret-
ical T can be evaluated from the total energies of three
variant spin configurations, such as one ferromagnetic order-
ing (FM) and two antiferromagnetic ordering (AFM-I and
AFM-11),>! as shown in Figs. 3(a)-3(c), using the following
equations:

Epy=Eo+S(S+ 1)(= 127, - 6J,),

Expn1=Eg+ S(S+ 1)(4], - 6J,),

(1)
Expm-n = Eog+ S(S+1)(6J5),

kBTC =4S(S+ 1)(2]1 +J2),

where J; and J, are the first- and second-nearest-neighbor
exchange constants, and S is the spin quantum number
of Eu?* 4f electrons (S=7/2). In the calculation, we used
the experimental lattice constants of 0.5152 nm and
0.5116+0.0014 nm for pristine and La-doped EuO, respec-
tively, evaluated from the XRD pattern in Fig. 2. From the
calculation, T of pristine EuO is evaluated as 92 K, which is
consistent with the experimentally obtained T (70 K) taking
into account the overestimation of 7¢ by the band calcula-
tion. On the other hand, in La-doped EuO, T can be evalu-
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FIG. 3. (Color online) Three spin configurations of one ferromagnetic (FM)
(a) and two antiferromagnetic (AFM-I and AFM-II) [(b) and (c)] structures.
(d) Calculated T¢ as a function of the doped electron number using the
lattice constants of pristine EuO (thin line) and La-doped EuO (thick line).

ated as 101 K. Therefore T¢ increases by 9 K as a result of
the lattice contraction.

La doping also pushes up the Fermi level due to the
increase in the electron number. To calculate the electron
doping effect, we assume a rigid band model where the
Fermi level is shifted to the high-energy side without a
change in the electronic structure. Figure 3(d) shows the cal-
culated T as a function of the doped electron number using
the experimentally obtained lattice parameters of the pristine
and La-doped EuO. As seen in Fig. 3(d), the maximum 7T
increases by about 40 K due to the La doping. This is not
consistent with the experimentally obtained 7. of 200 K.
These results indicate that an unknown effect other than that
shown by band calculation possibly plays an important role
in this case. One possible reason for the high 7 is hybrid-
ization between the Eu 4f and donor states due to the La
doping or/and oxygen defect proposed by Arnold and
Kroha.*” Another possibility is that the Eu 4f states interact
with each other mediated by La 5d conduction electrons,
namely, the Ruderman-Kittel- Kasuya- Yoshida (RKKY) in-
teraction, because the density of La ions is very high in the
actual La-doped EuO phase. To understand the origin of the
high T of La-doped EuO, further experimental and theoret-
ical studies are needed including determination of whether
the donor states and La 5d conduction band exist or not.

To summarize, we have succeeded in fabricating single-
crystalline La-doped EuO thin films on SrTiO; substrates
using the MBE method. The surface structure of the fabri-
cated La-doped EuO thin film was fcc 1X 1 (001), which is
the same as that of the pristine EuO, but the lattice constant
is decreased by 0.7% from 0.5152 to 0.5116=0.0014 nm.
The Curie temperature of the La-doped EuO was about
200 K, which is the highest T achieved for electron-doped
EuO without transition metals. The origin of the high 7 can
be qualitatively explained by first-principle band calculation
but the actual increase in T cannot be precisely explained.
To explain the 7 quantitatively, other effects such as the
hybridization between Eu 4f and doped donor states and/or
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the RKKY interaction mediated by the doped La 5d state
must be taken into account.
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