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ABSTRACT 

 The sign of the superexchange coupling J2 between next nearest neighboring Eu2+ 

magnetic moments in EuO is a matter subject to debate.  We have obtained evidence 

that this coupling is of antiferromagnetic nature (J2 < 0).  EuO thin films grown at 

different temperatures suggest that lattice expansion results in enhancement of TC as 

clearly observed in stoichiometric EuO films grown on CaF2 substrates.  Resonant 

photoemission spectroscopy provides compelling evidence of strong hybridization 

between O 2p and Eu 5d6s6p weighted bands, suggesting that strong superexchange 

may be mediated by oxygen thus consistent with the observed antiferromagnetic 

behavior between the next nearest neighboring Eu atoms via nearest neighbor oxygen 

in EuO.  
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I.  INTRODUCTION 

 There has been extensive research on the europium chalcogenides (EuX, X = O, S, 

Se, and Te) since 1961.1  Among them, EuO has aroused more interest than many 

others because it is a ferromagnetic semiconductor with a higher Curie temperature 

(TC) of 69 K.  EuO has rock salt structure with a lattice constant of 5.144 Å and a 

band gap of about 1.12 eV at room temperature.2,3  In addition, EuO has shown 

interesting behavior with electron doping such as a metal-to-insulator transition and 

colossal magnetoresistance, where the resistivity change can exceed 8-10 orders of 

magnitude,4,5 much higher resistivity change than seen the famous and widely studied 

manganites.  The Faraday rotation of EuO (~5× 105 °/cm at 632.8 nm) is by far the 

highest of all known materials.6 Recently a spin-split conduction band of about 0.6 eV 

in its ferromagnetic state have been shown by the studies of spin-resolved x-ray 

absorption spectroscopy, which creates nearly 100% spin polarized electrons close to 

the conduction band edge.7  The successful integration of EuO with GaAs,8 Si,9-12 

and GaN,9 together with much enhanced Curie temperature via electron doping,11-14 

by pressure,15,16 or interfacial strain,17 makes EuO an attractive candidate for 

spintronic applications.  

 The main contributions to the magnetic coupling between Eu2+ spins S in EuX are 

the nearest neighbor (NN) exchange interaction J1 and next nearest neighbor (NNN) 

exchange interaction J2, 18-21 which are related to the TC via the mean field expression 

           TC = 2/3 S(S+1) (12J1 + 6J2)/kB.        (1) 

The indirect exchange interaction J1 between the 12 NNs is ferromagnetic and 

involves a virtual transfer of a 4f electron to the empty 5d states.22  A large positive 

ferromagnetic J1 (J1/kB = 0.625 K as determined from single crystal inelastic 

neutron-scattering experiment)19 has been widely accepted and demonstrated to be the 

case in a number of studies.18-24  The superexchange interaction J2 between the 6 

NNNs may involve several mechanisms and is mostly mediated via the p electrons of 

the anions.2  The p electrons of the anions polarize the 4f states via overlap of the 

anion p orbitals and the cation 5d6s6p orbitals by means of intra atomic f-d exchange.  

However, whether J2 is ferromagnetic or antiferromagnetic in EuO is still a matter of 
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debate.  Studies based on inelastic neutron-scattering on single crystals of EuO gave 

a positive value for J2 (J2/kB = 0.125 K) and showed a ferromagnetic NNN exchange 

interaction,19 consistent with the analysis on powder samples.18  Similar results were 

also obtained in recent model calculations.17,24  On the other hand, heat capacity25,26 

and NMR27,28 measurements obtained both positive and negative J2.  Recent 

theoretical work using Monte Carlo calculations has suggested an antiferromagnetic 

NNN exchange interaction (J2/kB = -0.41 K) and showed that Tc decreases with the 

increase of the antiferromagnetic exchange coupling J2.16  According to Kasuya and 

Yanase,29 J2/kB = -0.12 K.  Although calculations by Wan et al.24 show J2 changes 

from antiferromagnetic to ferromagnetic moving from EuTe to EuO, J2/kB is −0.04 K 

for EuO with a Coulomb U of 8 eV. 

 The exchange interactions between local Eu2+ moments can be tuned by applying 

a hydrostatic pressure15,16 or epitaxial strain,17 as shown from the change in the 

ferromagnetic ordering temperature TC of EuO.  Hydrostatic pressure was found to 

increase the TC of EuO from 69 K to above 200 K.30,31  Utilizing epitaxial lattice 

strains induced in EuO or EuX films grown on substrates with smaller lattice 

constants, the ferromagnetic exchange interaction can increase.17  Similar results 

were found when the films were sandwiched between layered materials.32,33  The 

value of TC increases when a compressive strain (shrinking of the lattice constant) is 

present.  For tensile strain, however, there exists no clear experimental evidence 

showing that lattice expansion leads to decreased TC.  

 In this study, we have investigated the magnetic properties of stoichiometric EuO 

thin films.  The lattice constants were examined for stoichiometric EuO thin films 

grown on different substrates.  When grown on CaF2 substrates, an obvious increase 

in TC was observed, which is correlated with the lattice expansion of the EuO films 

due to strains built during the growth.  This enhancement in Tc diminishes at higher 

substrate temperature possibly due to strain relaxation.34,35  We discuss the 

implication of such results with regard to our understanding of the magnetic coupling 

between neighboring Eu spins in this paper.  Resonant photoemission studies give 

strong support for an antiferromagnetic NNN superexchange coupling hybridization 
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mechanism. 

 

II.  EXPERIMENTAL 

 For samples grown on Si substrates, the Si wafers were cleaned with dilute HF 

acid and rinsed with acetone, and then immediately placed in the vacuum chamber.  

Before the deposition, the silicon wafers were annealed at a temperature of 750º C in 

a chamber of pure H2 gas of pressure 10-5 Torr to remove the native SiO2 surface layer 

from the wafers.  For samples grown on CaF2 and MgO substrates, the substrates 

were cleaned with acetone, and then placed in the vacuum chamber.  The CaF2 and 

MgO substrates were heated to the designated deposition temperature.  Pulsed laser 

deposition was the method used to prepare the films.  The targets were Eu (99.9%) 

metal from Alfa Aesar, and the purity of H2 gas used during the deposition was 

99.995%.  More details about the sample preparation can be found elsewhere.11,12  

To prevent the degradation of the EuO films when exposed to air, some films were 

protected by a Pt capping layer deposited in situ.  The magnetic properties of 

stiochiometric EuO were examined using a physical properties measurement system 

(PPMS) from Quantum Design.  X-ray diffraction (XRD) and scanning electron 

microscopy with energy dispersive x-ray spectroscopy (SEM-EDX) were used to 

investigate the films and verify they are of single phase fcc rock salt crystal structure.  

The lattice constants of the samples were calculated from the peak positions in the 

XRD patterns that are calibrated with the single crystal Si/CaF2/MgO substrates for 

each measurement.  

The photoemission experiments were conducted at the 3m TGM beamline36 

located at Center for Advanced Microstructures and Devices (CAMD) synchrotron at 

Louisiana State University.37-39  The endstation has a 50 mm hemispherical electron 

energy analyzer, with a resolution of about 70 meV, as described elsewhere.36,40  All 

of the photoemission spectra were taken with a 45° incidence angle and the 

photoelectrons were collected along the sample normal (0° emission angle).  All 

spectra presented were normalized to the photon flux, and the secondary electron 

background has been subtracted.  The position of the Fermi level was established 
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using clean Au and Cu foils as a reference.  All binding energies reported here are 

with respect to this common Fermi level in terms of E-EF, so that occupied state 

binding energies are negative.  Energy distribution curves (EDCs) were obtained by 

fixing the photon energy hν and sweeping the electron kinetic energy EK over an 

energy range of about 20.0 eV within the measured Fermi level, thus measuring all 

the valence band common features. 

 

III. RESULTS AND DISCUSSION  

We have grown stoichiometric EuO thin films on three kinds of single crystal 

substrates: Si (100), MgO (100) and CaF2 (100) to study the relationship between the 

lattice constant and TC.  The influence of the substrate temperature on TC was 

investigated by growing EuO thin films on CaF2 (100) single crystal substrates at 

different deposition temperatures (350 ℃, 400 ℃, and 500 ℃). 

Figure 1 shows the XRD patterns of EuO samples on three substrates under the 

same grown conditions. The deposition temperature is 350℃. The stacking planes are 

the (200) or (111) lattice planes. The XRD peak intensities of the EuO films grown on 

CaF2 (100) are much stronger than on the other two substrates, indicating the better 

quality and greater crystallinity of the films on CaF2.  This is probably because the 

crystal structure of CaF2 is closer to EuO (both of rock salt structure) and the lattice 

mismatch is smaller (ao
EuO = 5.144 Å,2 and ao

CaF2 = 5.462 Å41 at T = 300 K).  We will 

focus on samples deposited on CaF2.   

 The lattice mismatch between EuO and CaF2 substrate indeed leads to a lattice 

expansion of the films, which can be seen from the (200) peak shift compared to the 

standard (dashed vertical line) and the other two films, as shown in Fig. 2.  The tensile 

stress by the substrate results in a 0.8% lattice expansion, which is relatively large 

compared to other experimental data.33  The thickness of the films ranges between 200 

and 400 nm.  Considering the relatively small lattice mismatch between the film and 

CaF2 substrate, the critical thickness for strain relaxation should be fairly large.  The 

known critical thickness for the onset of the relaxation for EuO films was given for 

films deposited on YAlO3 and was found to be about 40 nm.42  We anticipate 
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substantial stain be retained in our film deposited at 350℃ since it was deposited at a 

lower temperature, which favors greater critical thickness.43,44  In addition, strain is 

generally expected in films many times thicker than the critical thickness.44,45  EuS 

films 200 monolayer thick exhibits strain induced lattice expansion and contraction.46  

It is likely, on the other hand, that the induced strain gradually decreases as it is farther 

away from the film-substrate interface. 

It is commonly expected that the TC of EuO decreases upon lattice expansion 

(equivalent to a negative pressure) from various published data16,17,31,47 and from the 

consideration that dominant ferromagnetic NN exchange coupling J1 should decrease 

with atomic spacing.  Our data show the TC does not decrease with increased lattice 

constant, but instead it increases upon lattice expansion.  Figure 3 shows the 

magnetization M as a function of temperature for the samples deposited on the three 

substrates (Si (100), MgO (100) and CaF2 (100)).  The Curie temperature (TC = 71.3 

K) of the EuO film grown on CaF2 is significantly and reliably higher than the value 

commonly reported for EuO (TC = 69.3 K).  It is also higher than the two films 

deposited on Si and MgO, although the lower TC of the latter two may be associated 

with the lower film quality, in addition to the absence of lattice expansion in the EuO 

film.  In order to further investigate this phenomenon, we have deposited EuO thin 

films on CaF2 (100) substrates at different deposition temperatures.  Figure 4(a) 

shows the XRD patterns of the films grown at deposition temperatures of 350℃, 

400℃, and 500℃.  Higher deposition temperature leads to smaller strain in EuO, 

which is likely due to strain relaxation.34,35  It was reported in Ref. [34] that dramatic 

softening of CaF2 due to localized plastic flow starts at 400 oC.  As seen in the inset 

of Fig. 4(a), the shift from the standard (200) peak becomes negligible for the two 

samples deposited at 400 and 500 oC, and their lattice constant decreases to that of the 

unstrained EuO (see Table 1).  The measured values of film thickness and TC for the 

various samples are also summarized in Table 1.  The TC of the two strain relaxed 

samples of EuO grown on CaF2, at 400 and 500 oC, is 69.8 and 69.7 K, close to the 

expected value for EuO.  The TC was determined from Arrott-plot and inflection 

point of the M versus T curve, which gave consistent values for the TC.  The 
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magnetization as a function of temperature and its derivative dM/dT are shown in Fig. 

4(b).  We have also carried out experiments to study the deposition temperature 

dependence of Tc for EuO thin films grown on a different orientation of the CaF2, 

(110).  The same trend was found, that is, TC decreases with increasing deposition 

temperature, which is accompanied by the decrease in lattice constant.  This 

correlation between lattice constant and Tc was also found to hold for samples 

prepared with different film thicknesses. 

 The lattice expansion induced enhancement in TC, discussed above, suggests 

antiferromagnetic coupling is at play.  We believe this is, in fact, evidence for 

antiferromagnetic NNN exchange interaction J2.  With increasing Eu-Eu separation, 

this antiferromagnetic coupling plays a lesser role in preventing the overall 

ferromagnetic alignment of the Eu moments and, as a result, TC increases.  Although 

the combined ferromagnetic coupling effect of J1 and J2 is known to increase with 

compressive strains (positive pressure), there exists no reliable data showing it 

decreases with tensile strain (negative pressure) in a similar manner.  It may well be 

that the lattice expansion leads to smaller magnitude for both J1 and J2 (J2 at a faster 

pace than J1) with the net result of an enhanced TC.  According to a high pressure 

x-ray absorption near edge structure (XANES) and x-ray magnetic circular dichroism 

(XMCD) study, although lattice contraction enhances the TC by inducing mixing of 

Eu 4f and 5d electronic orbitals, a competing exchange pathway mediated by 

spin-polarized anion p states is predominant and counteracts the effect of the lattice 

contraction, limiting the TC of EuO at ambient pressure to 70 K.31  These 

experiments31 suggest, however, the strength of this antiferromagnetic coupling does 

not change significantly with lattice contraction.  Through their Monte Carlo 

calculations, Söllinger et al.16 have shown a fairly sizable negative J2, but its 

dependence on the lattice constant is characterized by a Grüneisen power law of 

exponent of about 10, slower than J1 of exponent of 20.  On the other hand, using a 

density functional method with explicit account for strong Coulomb repulsion within 

the 4f shell, Kuneš et el.23 found nearly linear dependence of J1 on the lattice constant, 

but J2 exhibits a faster non-linear dependence. In fact, over certain values of Coulomb 
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potential (U = 8 eV), not only does J2 decrease in magnitude with lattice expansion, it 

crosses zero and changes sign from negative to positive in EuO.  Such a dependence 

of J2 on the lattice constant is consistent with our observation.  It should be pointed 

out that their calculations give mostly positive J2 for other values of U.  It should be 

mentioned that the increase in TC discussed here is not related to oxygen vacancies.  

Oxygen-deficient EuO shows distinct double-dome shape in the M-T curve.11-13  In 

addition, oxygen-deficient samples should have reduced lattice constant, which is 

opposite to the present case.  Indeed, samples are found to be extremely resistive.   

Results of resonant photoemission measurements support the presence of strong 

antiferromagnetic NNN superexchange interaction in EuO.  A major attribute of 

resonant photoemission is that it allows one to distinguish which valence bands of the 

semiconductor host have strong rare earth 4f and/or simply hybridize with the Eu 4f 

unoccupied continuum.48-56  Because of the well separated oxygen weighted bands, 

the Eu 4f bands in close proximity to the Fermi level,53,57-65 and the 

multiconfigurational final state features a higher binding energies,53,65,66 Eu 

hybridization with the oxygen and Eu 5d states can be established based on the 

characteristics of the valence band at photoemission energies near the 4d→4f resonant 

photoemission condition.53  Resonant photoemission measurements were performed 

on a EuO film deposited on silicon as shown in Fig. 5.  Contributions from the Eu 4f 

states are evident at binding energies of -2.4 eV, followed by a strong weighted O 2p 

contribution at binding energies of 6.2 eV.  In fact, Eu photoemission resonances are 

very common and are expected at photon energies greater than 127 eV.53  In 

particular, resonances due to 4d→4f excitations are expected at photon energies of 

about 140.5 eV, as seen in Fig. 6 for the Eu 4f weighted valence band feature at about 

-2 eV binding energy.  This process can be described as  

10 7 10 6 -4 4 + 4 4 +d f h d f eν →                         (2)  

10 7 9 8 10 6 -4 4 + 4 4 4 4 +d f h d f d f eν → →                   (3) 

where (2) is a direct photoionization process and (3) is a super Coster-Kronig 

transition process.  In fact not only do the Eu weighted valence band features show a 
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resonant enhancement with photon energies near the Eu 4d core level, the oxygen 

weighted valence band features also exhibit a strong resonance as well. 

 Neglecting the oxygen k-shell, all oxygen resonances are expected to occur at 

small photon energies.  However, the enhancement in the photoemission intensity for 

the valence band feature located around 6.0 eV binding energy, as one probes the Eu 

resonance in the region of an incident photon energy of about 140 to 150 eV, is also 

seen to occur.  These resonances occur at photon energies somewhat higher (145 eV 

photon energy) than those (140 eV photon energy) corresponding to (3).  In fact 

excitations of the form 

Eu[4d 10 4 f 7 (5d 6s6 p )2 ]O[2p 4 ]+hν → Eu[4d 9 4 f 7 (5d 6s6 p )3]O[2p 4 ]
→ Eu[4d 10 4 f 7 (5d 6s6 p )2 ]O[2p 3]+e -

    (4) 

are also possible53,66 and could contribute to a Fano-resonance with  

Eu[4d 10 4 f 7 (5d 6s6 p )2 ]O[2p 4 ]+hν → Eu[4d 10 4 f 7 (5d 6s6 p )2 ]O[2p 3]+e -   (5) 

but would only contribute the oxygen weighted valence band feature if there existed 

strong hybridization between 2p oxygen band and Eu 5d6s6p weighted bands, so that 

a final state of Eu[4d104f 7(5d6s6p)2]O[2p3] becomes possible, even with the initial 

excitation on the Eu site. This is compelling evidence of Eu and O hybridization 

involving some of the unoccupied Eu 4f levels.  This hybridization between Eu and 

O in turn could play a significant role in the NNN superexchange coupling seen in the 

EuO films.  In fact these hybrid bands would be expected to be significantly more 

itinerant than the 4f weighted bands and are essential to the superexchange coupling 

mediated by the overlap of the oxygen 2p orbitals and the Eu 5d6s6p orbitals via intra 

atomic f-d exchange.  

 The resonance of the multiconfigurational final states that give rise to the valence 

band photoemission features at about 9 eV binding energy is the result of the 

additional energy cost associated with excitations to the 4f 7(5d6s6p)3 hybridized band, 

similar to the photon energy dependent resonances associated with the oxygen 

weighted states seen in the valence band photoemission spectra.  But it also suggests 

that there is Eu 4f-5d-6s hybridization as well.   
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 It should be mentioned here that the existence of strong hybridization between O 

2p and Eu 5d6s6p weighted bands seen in EuO should not be dependent on the 

substrate (Si, MgO or CaF2).  Only the degree of such hybridization may be changed 

by the choice of the substrates.  We would like to note, in addition, that in rare earth 

metals like Gd,67,68 TC will also increase with an increasing lattice constant because of 

an increased intraatomic 5d4f overlap due to the increased 5d localization, leading to 

an increase in the polarization of the itinerant electrons even as J1 decreases.68,69 With 

EuO, the nominally 2+ valence makes this mechanism inappropriate as this is a 

semiconductor and not a metal.  

 

V.  CONCLUSIONS 

Antiferromagnetic NNN exchange coupling J2 is suggested as a result of the 

investigation of stoichiometric EuO grown on CaF2 at various temperatures.  Tensile 

strain induced in the films leads to an observable enhancement in TC from 69.7 to 

71.3 K.  Resonant photoemission provides evidence of strong hybridization between 

the Eu and oxygen so that the unoccupied bands of Eu 5d6s6p character must also 

contain significant O 2p weight as well.  These results combined provide strong 

support for the antiferromagnetic NNN superexchange coupling. 
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Table 1. Comparison of lattice constant, Curie temperature and film thickness for EuO films 

grown on CaF2 (100) at different deposition temperatures 

 

 

 

69.7 69.8 71.3 

0.5138 0.5145 0.5181 

Curie temperature (K) 

Lattice constants (nm) 

Substrate temperature (℃) 500 400 350 

CaF2 (100) 

Film thickness (nm) 420 360 240
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Figure Captions 

 
Figure 1 XRD patterns of EuO thin films grown on Si (100), MgO (100) and CaF2 (100) 
substrates.  

 

Figure 2 Enlarged views of XRD patterns around the EuO (200) peaks for three substrates. The 

doted vertical line is the position of the standard EuO (200) peak. 

 

Figure 3 Magnetizations as a function of temperature for EuO thin films grown on three 

substrates. 

 

Figure 4 (a) XRD patterns of EuO thin films grown on CaF2 (100) substrates at different 

deposition temperatures; the inset shows enlarged view of XRD patterns about the EuO (200) 

peaks. (b) Magnetizations as a function of temperature for EuO thin films grown at different 

deposition temperatures on CaF2 (100) substrates; inset shows the derivative of the magnetization 

as a function of temperature. 

 

Figure 5 Resonant photoemission spectra obtained for the EuO films on Si (100). The photon 

energy ranges from 125 eV (bottom) to 165 eV (top).  Resonant enhancements observed at a 

binding energy of -2.4 eV correspond to constructive interference between a direct 4f 

photoionization and a super Coster-Kronig transition as described in the text. Electrons were 

collected normal to the surface at a temperature of 100 0C to eliminate residual charging effects. 

 

Figure 6 Resonance line shape as extracted from the constant initial state valence data for the 

EuO on Si (100) films. These features correspond to (a) Eu 4f 6 (-2.4 eV binding energy), (b) O 2p 

(-6 eV binding energy) and (c) Eu 4f 5 (-9 eV binding energy). 
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Figure 3    
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Figure 4  
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Figure 5  
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Figure 6 

 

 


