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ABSTRACT 

 

A tightly confined 2D electron gas with good carrier mobility and large spin-polarization is an 

essential ingredient for the implementation of spin-caloritronic conversion device technology. 

Here we give evidence that the SrTiO3/EuTiO3/LaAlO3 heterostructure is a prototype material 

to the aim. The presence of Eu induces strong spin-polarization in the 2D electron gas 

spontaneously formed at the interface, and ferromagnetic order at low temperature. 

Furthermore, tight 2D confinement and spin-polarization can be highly enhanced upon charge 

depletion, in turn generating huge thermopower associated to the phonon-drag mechanism. 

Most importantly, the remarkable difference in the population of the two spin channels results 

in giant spin-polarized Seebeck effect, and in turn, giant spin voltages of mV/K order at the 

two ends of an applied thermal gradient. Our results represent a strong assessment to the 

capabilities of this interface for low-temperature spin-caloritronic applications. 

KEYWORDS: oxide interface, 2D electron gas, Seebeck coefficient, phonon-drag, spin-
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After the groundbreaking discovery of the 2D electron gas (2DEG) presence at the 

SrTiO3/LaAlO3 (STO/LAO) interface,1 a tremendous effort was spent by the community to 

introduce some form of magnetic order in the ultrathin mobile electron layer, to enable the 

interface to spintronic applications. As a matter of fact, this goal turned out to be extremely 

complicate. In fact, the most straightforward route to achieve magnetic dilution is through B-

site substitution with spin-polarized atoms, but this typically produces dramatic effects on the 

Ti-derived conduction bands hosting the 2DEG, with highly detrimental consequences on the 

transport properties. A different strategy is introducing magnetism through A-site 

substitutions; an optimal choice to the aim is Eu: at bulk level, EuTiO3 (ETO) is characterized 

by a rich phenomenology in terms of magneto-electric and magneto-structural coupling,2–16 

and is isostructural to STO with identical lattice parameter (a = 3.905 Å). Furthermore, the 

big Eu magnetic moments derived from the fully spin-polarized 4f electrons are keen to 

establish a substantial exchange interaction with the Ti 3d conduction bands, owed to strong 

Eu 4f – Ti 3d and Eu 5d – Ti 3d orbital couplings.17–21 Pristine ETO is antiferromagnetic with 

TN  = 5.5 K,2 but ferromagnetism (FM) with Tc ~ 8-9 K can be introduced by a variety of n-

doping substitutions.20,22–26 Consistently with this findings, FM order is also reported for the 

2DEG present at the ETO (100) surface,27 and, most crucially for our scopes, at the 

STO/ETO/LAO interface,28–31  where ferromagnetism up to T ~8 K  is observed.28,29 

A remarkable aspect reported for n-doped ETO is that carrier concentration is characterized 

by a large spin-polarization fraction, nearing 100% at low n.21,32  Our working hypothesis is 

that similar characteristics are displayed in 2D form by the STO/ETO/LAO heterostructure as 

well. A fully spin-polarized 2DEG with highly mobile carriers is instrumental to implement 

spin-caloritronic devices33–36 capable to convert an applied temperature gradient into a spin 

voltage and a spin current. This mechanism, recently described theoretically for n-doped 

ETO,21 can be further amplified in 2D since, due to phonon confinement, the 2DEG can 

develop giant phonon-drag, reaching and even overcoming the mV/K order in charge-



    

 

depletion conditions.37–41 In what follows we show that the 2DEG spontaneously formed at 

the STO/ETO/LAO interface is characterized by large spin-polarization and giant phonon-

drag induced thermopower of mV/K order for charge densities n ~ 1013 cm-2 measured in 

experiment,28-31 and that that these combined characteristics convey similarly giant spin 

voltages at the two ends of the applied temperature gradient. 

 

Figure 1: structural and electronic properties of the STO/ETO/LAO interface. a) atomic structure; color code is 

O (orange), Ti (magenta), Sr (black), Eu (green), Al (blue), La (gray).  b) layer-resolved DOS for energies 

around the band gap; zero energy is fixed at F; positive and negative values correspond to spin-majority and 

spin-minority channel, respectively. Only the most important orbitals are shown: O p (filled orange), Ti 3d dxy 

(filled magenta), Ti 3d dxz, dyz (blue), Eu f (filled green); right panels are DOS enlargements around F. c) orbital-

resolved DOS of Eu and Ti states in the interface layer only, put on a different scale in order to appreciate the Eu 

contribution. For Eu: 4f (filled green), 5d dxy (filled magenta), 5d dxz, dyz (blue); for Ti the color code is the same 

as in b). d) band structure; black and red-dashed bands correspond to spin-majority and spin-minority states, 

respectively.  

  

Experimentally, the 2DEG in STO/ETO/LAO is only observed for heterostructures including 

1 or 2 ETO layers; for larger thickness a sharp transition to insulating behavior occurs.28 In 

the following we focus on the one ETO layer case, while the 2-ETO layer case is described in 



    

 

the S.I. In Figure 1 we display atomic structure and electronic properties of the 

(STO)10.5/(ETO)1/(LAO)4/VACUUM heterostructure, calculated by GGA+U. The supercell is 

symmetrized with respect to the central TiO2 layer to avoid spurious electric fields across the 

STO substrate and through the vacuum. Indeed, from the orbital-resolved density of states 

(DOS) profile in Fig.1b we can see that an electric field is present only across the polar LAO 

side. The layer-resolved DOS shows the presence of a tightly confined 2DEG at the interface: 

as a consequence of the Zener breakdown, a portion of the electron charge moves from the O 

p surface states to the Ti 3d interface states. As in STO/LAO, the metal-insulating transition 

occurs for LAO thickness of at least 4 unit cells, and the 2DEG is substantially confined 

within the first 4-5 STO layers from the interface. A peculiar feature which sets apart this 

interface from the STO/LAO prototype is the evident 2DEG magnetization: the ETO layer 

displays a bold DOS peak of fully magnetized Eu 4f states centered at ~2 eV bonding energy, 

in agreement with photoemission measurements.31 By exchange coupling with the Ti 3d states, 

these huge ( ~7 B ) magnetic moments convey a spin-polarization on the 2DEG as well. The 

2DEG in the single ETO layer appears fully magnetized; the magnetization is marginally 

injected into the adjacent STO layer as well, while carriers in the inner STO layers are weakly 

or non-magnetic. 

The mechanism of exchange coupling is better appreciated in the DOS enlargement around 

the Fermi energy ( F ) for the ETO interface layer (Fig.1c): a tiny fraction of spin-split 4f 

states overlaps in both energy and space with the Ti 3d states of the ETO layer. Interestingly, 

a small spin-polarized DOS contribution to the 2DEG even comes from Eu 5d t2g states: as 

observed in bulk ETO,17,20,21 virtual 4f to 5d excitations furnish an additional coupling 

channel with the Ti 3d states, owed to the large spatial overlap of Ti 3d t2g and Eu 5d t2g 

orbitals. 

Our calculations are in qualitative agreement with previous ab-initio results31 for the same 

system, albeit we obtain a 2DEG magnetization more tightly confined to the interface. The 



    

 

2EG band structure is detailed in Figures 2a and 2b: two spin-polarized bands, associated with 

the Ti 3d dxy orbitals (hereafter dxy1 and dxy2 ) respectively located on ETO and first STO layer, 

collect most of the 2DEG charge. In the majority manifold, the dxy1 and dxy2 band bottom lies 

247 meV and 65 meV below F, respectively, and their effective mass along the [100] 

direction is ~0.50 me. We can evaluate the electron charges qi hosted in these bands by the 

Luttinger’s relation ( )
22/ / 2i i BZ iq A A a A = = , where Ai is the cross-sectional Fermi surface 

area of band i ; we obtain nxy1 = 2.71013 cm-2, nxy2 = 0.671013 cm-2. In the minority manifold, 

on the other hand, only the former is populated, with nxy1 = 0.421013 cm-2; these occupancies 

result in spin-polarization fractions ( ) /i i i iM n n n = −  ~ 74% and 100% for the two bands, 

respectively.     

 

Figure 2: band structure of STO/ETO/LAO in a narrow energy window around F (fixed at zero energy) within a 

k  [±0.2,0,0]2/a range. a), b): spin-majority and spin-minority bands of the STO/ETO/LAO interface with an 

estimated 2DEG charge density n = 8.51013 cm-2. c), d): same as a) and b) but in charge depletion condition 

with n = 4.41013 cm-2. e), f): same as above for a more depleted 2DEG with  n = 1.41013 cm-2. 

 



    

 

Above in energy, we have other two occupied bands, associated to the lowest ( dxz, dyz) orbital 

doublet, with masses 0.52 me and 5.43 me along [100], respectively. These states are less 

spatially localized than the dxy states at the interface, spreading for several layers across the 

STO substrate; their population amounts to n = 4.71013 cm-2; also, they are little spin-

polarized (Mxz = Myz = 14%) with respect to the former two. Overall, the 2DEG charge 

amounts to n = 8.51013 cm-2, of which n = 3.81013 cm-2 located on the energy lowest dxy1 

and dxy2 states; the 2DEG band-averaged magnetization ( ) /M n n n = −  ~ 40%. 

One of the most valuable attributes of the 2DEG in oxide heterostructures is the outstanding 

responsivity to field effect; as well known, this allows to navigate across the phase diagram 

and operate the fine tuning of transport properties, such as superconductivity,29,42  

magnetoresistance,43  Rashba effect;44  here we are specifically interested to explore the effect 

of charge modulation on magnetic and thermoelectric properties. To the aim, in Figure 2 we 

recalculate the bands for two moderately charge-depleted states, corresponding to n = 

4.41013 cm-2 (Figs. 2c and 2d) and n = 1.41013 cm-2 (Figs. 2e and 2f). These calculations are 

done by a supercell approach extensively used in literature,20,45–47 which allows to overcome 

the limit of rigid band approximation. In depletion conditions, the more extended and less 

magnetized (dxz, dyz) bands are the first to be depopulated, so that the 2DEG becomes 

simultaneously more confined at the interface and more spin polarized. Indeed, M increases to 

78% and 88% for the two depleted states, respectively. In particular, for the latter, dxy1 is the 

only populated band, i.e. the 2DEG is substantially confined to the single ETO layer, and 

almost fully spin-polarized (i.e. half-metallic). 

In Figure 3 we report electric and thermoelectric transport properties of the 2DEG as a 

function of temperature for several charge density values; for these calculations we adopt a 

Bloch-Boltzmann approach within relaxation time approximation,48,49 where the bands are 

described by an effective mass model, and carrier scattering is set by numerical modeling 



    

 

based on ab-initio calculated parameters,50-52 as described in the SI. We obtain mobility values 

similar to those typically reported for 2DEG’s in oxides: as in STO/LAO, the 2DEG mobility 

at room-T is ruled by electron scattering with polar optical phonons, and at low-T by 

scattering with impurities, for which we assume a low concentration value Nimp = 1014 cm-3 

typical of highly pure heterostructures. 

 

Figure 3: calculated transport properties of the STO/ETO/LaO interface vs T, for several 2D electron density 

values, indicated by the color legend in Figure 3a. a): mobility. b) 2D resistivity. c) (minus) the Seebeck 

coefficient (notice that S is negative for electrons); solid lines: total (diffusive plus phonon drag) thermopower; 

dotted lines: diffusive only term. 

 

For what concerns the Seebeck (which is negative for electron carriers), at room T we obtain 

values ~102 V/K, in line with what is reported for other oxide heterostructures.37–41 The most 

remarkable aspect concerns the low-T range: if only the diffusive term is considered (as it is 

usually the case in calculations), the Seebeck coefficient decreases with temperature, up to 

vanishing at T=0. However, in response to a temperature gradient, phonons diffuse from the 

hot to the cold end as well; due to electron-phonon coupling, they drag the carriers, furnishing 

a further burst to the thermoelectric build up, the so-called phonon-drag term. The phonon 

drag amplitude is typically small or discardable in 3D bulk semiconductors, but it can be huge 



    

 

and dominant in 2D systems, as observed in AlxGa1−xAs/GaAs,53 MgZnO/ZnO,54 and 

STO/LAO;37–41 in the latter, spectacular Seebeck oscillations in extreme depletion conditions 

were observed and attributed to phonon-drag.40 The typical phonon-drag signature is a bold 

and deep peak located at T ~ D/10, where D is the Debye temperature. We calculated the 

phonon-drag contribution using the theory first developed by Bailyn,55 and then adapted by 

Cantrell and Butcher to 2DEG,56 based on the Boltzmann transport equation for a system of 

coupled electrons and phonons (details are reported in the SI). We obtain deep phonon-drag 

peaks centered at T ~ 10 K; the phonon-drag progressively decreases with T, up to vanishing 

for T ~150 K; at higher T, other heat dissipation mechanisms (phonon-phonon, phonon-

boundary, and phonon-impurity scattering) take place over electron-phonon scattering, thus 

phonon-drag becomes quenched. 

The Seebeck amplitude reaches giant peak values (S ~mV/K for n = 1013 cm-2, and ~10 mV/K 

for n = 1012 cm-2) similar to those observed in STO/LAO (e.g. S = -1.18 mV/K in a STO/LAO 

sample with n =1.71012 cm-2).41 Just like in STO/LAO, the phonon-drag is dramatically 

enhanced by charge depletion, due to the progressive increase of 2DEG localization (a 

detailed analysis of localization effects of phonon-drag in STO/LAO is reported in Ref. 41). 

On the other hand, the peak position is substantially unaffected by the charge density. At the 

fundament of the 2D phonon-drag enhancement is the electron-acoustic phonon coupling: the 

loss of momentum conservation in the orthogonal direction allows carriers to interact with a 

much larger number of phonons than in the 3D analog.  In fact, it can be shown that the 

coupling amplitude depends on the Fourier transform of the 2D-localized electron 

charges:41,56 

( ) ( )
2

2 (1)ziq z

n z n
t

F q dz z e=   

where qz is the phonon momentum component in the orthogonal direction z, ( )2

n z  the 

planar-averaged wavefunction, and t the 2DEG thickness. Only phonon wavelengths much 



    

 

longer than the wavefunction length-scale give non-vanishing contributions to the integral; 

thus in the delocalized limit ( t →  ) only the qz = 0 term survives, while in the localized limit 

( 0t → ) 1nF  for each qz up to the Debye wavelength (more details are reported in the SI 

and in Ref. 41). 

It emerges from our analysis that the 2D charge localization produces the simultaneous 

enhancement of both spin-polarization and thermopower of 2DEG; since charge localization 

can be efficiently controlled by field effect, the exploitation of this interface for spin-

caloritronic means can be envisioned. The mechanism is schematically described in Figure 4: 

a substantial difference in up-spin and down-spin population reverberates in markedly 

different conductivity and thermopower for the two spin channels, which in turn result in 

large spin currents and spin voltages. In closed circuit condition (Fig.4a) the thermally 

generated currents for the two channels are  cJ S T  = −  , and the associated spin 

current ( ) s c cJ J J S S T      = − = −  , where   and S  are conductivity and Seebeck 

of individual spin channels, respectively, ad T the applied temperature gradient. In open-

circuit condition (Fig.4b) the current is blocked and a potential bias is generated at the sample 

ends on which T is applied; by definition, the bias generated by the accumulation of spin-

majority and spin-minority carriers is  V S T  = −  , corresponding to an effective field 

 E V S T  = − =  ; from the latter we see that the Seebeck coefficient corresponds to the 

electromotive force generated at the two ends by a unitary temperature gradient.  The key 

point is that, while both up-spin and down-spin electrons migrate from the hot to the cold end, 

if the spin relaxation length is longer than the crossed channel, the respective bias and the 

corresponding field can be largely different, owed to the different spin-channel populations. 

Notice that, while the spin-majority carriers generate most of the current, V is larger for 

spin-minority carriers (see Fig. 4b), since at low doping ( ), , /
CBBFS eT    − . It follows that 



    

 

an unbalance of up-spin  and down-spin  chemical potentials is generated at the two ends 

of the thermal gradient. If H C     = − is the chemical potential disalignment between 

hot (H) and cold (C) end, the chemical potential spin-splitting at the two ends is:     

( )
1

   (2)
2

H H C C          − = − =  −   

Since  e V e S T   = −  =  , we have: 

( )  (3)
2

H H C C s

T
e S S eV         

− = − = − =  

where Vs is defined as spin voltage; thus:  

( )
1

(4)
2

sV
S S

T

 = −


 

That is, (half) the Seebeck difference of the two spin channels corresponds to the spin voltage 

generated at the two ends by a temperature difference of 1 K. 

The thermal-to-spin voltage conversion occurring in magnetic conductors is usually referred 

to as spin-polarized Seebeck effect, to be distinguished from the spin-Seebeck effect observed 

in insulators, which instead originates from magnons. After the seminal work by Uchida ed 

al.57 which started the spin-caloritronic rush by revealing the spin-Seebeck effect in 

ferromagnetic Ni81Fe19 films, similar observations have been reported for FM/non magnetic 

junctions,58 magnetic semiconducting GaMnAs,59,60 magnetic insulating LaY2Fe5O12,
61–63 

FM/Si magnetic tunnel junctions,64 FM/NM/FM spin valves;65,66 unexpectedly, the effect was 

even observed in non-magnetic InSb, owed to the interplay of phonon-drag and spin-orbit 

coupling.67 In practice, these observations are always carried out in devices where the 

thermoelectric material is interfaced with another material with spin-current conversion 

capability; in this way, Vs gives rise to a spin current across the junction which is eventually 

converted to charge current by Edelstein or spin-Hall effect; in Fig.4c this spin-caloritronic 

architecture is adapted to our 2DEG case. 



    

 

In Figure 4d we display results for spin-polarization vs charge density, obtained using an 

effective mass model of the 2DEG band structure. The spin-polarization values are rather 

close to those extracted by the calculated FS areas, attesting the substantial soundness of our 

predictions. For T < 50 K, the spin-polarization is barely dependent on T, and remains close to 

100% up to a maximum density n ~ 21013 cm-2, i.e. at low T the system is half-metallic. 

Above this threshold density, the minority channel starts to be significantly populated since F 

rises above the minority band bottom, and the spin polarization progressively fades. At room 

T, the spin-polarization is still quite large (~95%) for densities lower than n ~1013 cm-2; as n 

rises further, thermal excitations redistribute the carriers to higher energies, thus re-

equilibrating the spin channel occupancies. For n =8.51013 cm-2, that is the charge density of 

the unperturbed 2DEG for the 4 LAO layer interface, we obtain 40% and 36% spin-

polarization at low T and room-T, respectively.   



    

 

 

Figure 4: a): sketch of the 2DEG behavior in STO/ETO/LAO in closed-circuit condition: under an applied 

temperature gradient, up-spin and down-spin electrons flow from the hot side (right) to the cold side (left); the 

conventional currents Jc
↑↓ flow to the opposite verse. b): same sketch in open-circuit condition: an excess of 

positive and negative charge is accumulated at the hot and cold end, respectively; a potential bias V↑↓, and an 

effective field E↑↓ different for up-spin and down-spin carriers, are generated across the bar. The bias is larger for 

the less populated channel (down-spin in our convention). c): the 2DEG is put in contact with a material having 

spin-charge conversion (SCC) capabilities, e.g. by Rashba-Edelstein or spin-Hall effect. The chemical potential 

disalignment ↑ - ↓ on each of the two ends generate spin currents Js through the SCC materials and in turn 

charge currents Jc in the orthogonal direction. d) spin-polarization fraction vs n for different T, indicated by the 

color legend. e) spin-voltage Vs to T ratio (Eq.4). Notice that S↑↓ are negative for both spin channels but S↓ is 

larger in magnitude, thus Vs is positive at any T and charge density. f) spin voltage vs T for different n values, 

indicated in the legend. 

 

In the high density limit (n > 1014 cm-2) the T-dependence vanishes, as both channels are 

substantially occupied, and thermal excitations do not alter anymore their relative population.  

For n ~ 31014 cm-2, corresponding to half-electron charge per (1x1) unit interface, the spin-

polarization is reduced to 16%, and for the highly degenerate n ~ 1015 cm-2 limit, the 

magnetization is almost wiped out. 



    

 

In Figures 4e we report the spin voltage to T ratio (Eq. 4) vs T; since ,S  are both negative 

and S is larger in magnitude, Vs /T is positive at any T and n. In the low-density regime (n ~ 

1012 -1013 cm-2) Vs /T is huge (~1-10 mV/K) in correspondence of the phonon-drag peak, and 

quite large (~0.2-0.4 mV/K) even at room T. In fact, for these low densities the spin-

polarization is large at any temperature, but we should consider that the FM order in 

STO/ETO/LAO is only observed at low T. In Figure 4f we display Vs /T vs n, for several 

fixed T; it is interesting noticing that at low T the spin voltage shows a sawtooth-like behavior, 

due to the abrupt change in population associated to the F crossing of an increasing number 

of bands. This behavior is progressively smoothened for increasing T, and disappears at room 

T. At T=5 K the values of Vs /T are remarkably large across the entire charge density range, 

e.g. for the unbiased density n = 81013 cm-2 we obtain Vs /T ~0.8 mV/K. For the 2-ETO 

case (discussed in the S.I.) we find a qualitatively similar behavior. As expected, the spin-

polarization is further enhanced, since spin-splitting involves two layers. However, the 

difference is only marked for densities n ~ 1014 cm-2 or higher, while in the low-density 

regime, where the thermal-spin conversion process is mostly effective, spin-polarization 

reaches 100% for both the structures; this leads to similar spin voltages in this charge density 

range and in turn similar thermal-spin conversion capabilities. 

We notice that our spin voltage values are significantly larger than those reported in literature 

for prototypical spin-caloritronic materials, ranging from nV/K to V/K.57–67 However, a 

direct comparison of our results with the experiments is complicated by the presence of some 

additional ingredients: the voltages measured in devices include conversion factors such as 

the spin-Hall angle and the spin injection efficiency across the interface which can downscale 

the genuine spin voltage proper of the thermoelectric material; furthermore, measurements are 

typically done over samples longer than the spin diffusion length, which is not considered in 



    

 

our treatment. Thus, it is safe to take our estimate as an ideal upper limit of the actual material 

performance in devices. 

In summary, in this work we propose the ultra-thin 2DEG spontaneously formed at the 

STO/ETO/LAO interface as a system with thermal-spin conversion capability. We gave 

evidence that the uneven population of the two spin channels, associated to the good electron 

mobility and the giant, phonon-drag derived Seebeck coefficient of the 2DEG, determines a 

strong spin-polarized Seebeck effect. A crucial role to the aim is played by the 2D space 

confinement, which can be controlled by field effect in order to consistently enhances both 

spin-polarization and phonon-drag contribution to thermopower. The combination of these 

two ingredients is instrumental to produce spin voltages which, in the ideal condition of 

discardable spin-flip rate, can be as large as ~1-10 mV/K at low T. Our findings configure the 

possibility to exploit this interface for the implementation of spin-caloritronic devices 

operated by field effect.  

 

COMPUTATIONAL METHODS 

Ab-initio Density Functional Theory (DFT) band structure calculations are done using the 

VASP code,68 within projected augmented wave (PAW) basis set69 and 550 eV cut-off energy. 

We used the GGA+U energy functional,70,71 with U= 7.5 eV and 4.0 eV for Eu 4f and Ti 3d 

states, respectively, consistently with previous works where these values were shown to give 

substantial agreement with photoemission measurements.21,27 For BZ averages, large 20201 

Monkhorst-Pack meshes were used; the atomic positions were fully relaxed up to a force 

threshold of 1 meV/Å. For the calculation of transport and thermoelectric, we carried out 

Bloch-Boltzmann calculations48,49 based on relaxation-time approximation and parabolic band 

modelling, implemented in home-made codes. Carrier scattering includes electron-impurity 

scattering according to Brooks-Herring formula, the electron-acoustic phonon scattering in the 

deformation potential approximation, and the electron-optical phonon scattering as described 



    

 

by the Fletcher-Butcher formulation.50,72 Finally, the phonon drag term is implemented 

according to the Bailey formalism.55,56 
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