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The two-dimensional electron gas (2DEG) formed at n-type (LaO)+1/(TiO2)0 interface in polar/nonpolar LaAlO3/SrTiO3

(LAO/STO) heterostructure (HS) has emerged as a prominent research area because of its great potential for nanoelectronic

applications. For its practical implementation in devices, desired physical properties such as high charge carrier density and

mobility are vital. In this respect, 4d and 5d transition metal atom doping near the interfacial region is expected to tailor

electronic properties of the LAO/STO HS system effectively. Herein, we studied Nb and Ta-doping effects on the energetics,

electronic structure, interfacial charge carrier density and magnetic moment, and the charge confinements of the 2DEG at n-

type (LaO)+1/(TiO2)0 interface in LAO/STO HS using first-principles density functional theory calculations. We found that the

substitutional doping of Nb (Ta) at Ti [Nb(Ta)@Ti] and Al [Nb(Ta)@Al] sites is energetically more favorable than that at La

[Nb(Ta)@La] and Sr [Nb(Ta)@Sr] sites, and at appropriate thermodynamic conditions, the changes of the interfacial energy of

HS systems upon Nb(Ta)@Ti and Nb(Ta)@Al doping are negative, implying that the formation of these structures is energeti-

cally favored. Our calculations also showed that Nb(Ta)@Ti and Nb(Ta)@Al doping significantly improve the interfacial charge

carrier density with respect to that of the undoped system, which is because Nb (Ta) dopant introduces excess free electrons

into the system, and these free electrons reside mainly on the Nb (Ta) ions and interfacial Ti ions. Hence, along with the Ti 3d

orbitals, the Nb 4d and Ta 5d orbitals also contribute to the interfacial metallic states; accordingly, the magnetic moments on

the interfacial Ti ions increase significantly. As expected, the Nb@Al and Ta@Al doped LAO/STO HS systems show higher

interfacial charge carrier density than the undoped and other doped systems. In contrast, Nb@Ti and Ta@Ti doped systems may

show higher charge carrier mobility because of the lower electron effective mass.

1 INTRODUCTION

In recent years, perovskite oxide heterostructures (HS) have

been paid much attention due to the emergence of unexpected

physical properties at their interfaces, which were absent in

their individual parent compounds. For example, a consider-

able high charge carrier density (∼ 1013 cm−2) and highly-

mobile (∼ 104 cm2 V−1 s−1) two-dimensional electron gas

(2DEG) is observed at the n-type (LaO)+1/(TiO2)0 interface

between two insulating non-magnetic perovskite oxides, polar

LaAlO3 (LAO) and non-polar SrTiO3 (STO).1 The LAO/STO

HS system also exhibits other material properties such as in-

terfacial ferromagnetism and superconductivity,2–6, colossal

magnetoresistance7,8 and electric-field controlled insulator-

to-metal transition.9,10 One of the widely accepted physical

mechanisms behind the formation of metallic interfacial states

in the STO-based HS systems is the “polar catastrophe” the-

ory, in which charge transfers from the polar (LaO)+1 layer of

LAO to the non-polar (TiO2)0 layers of the STO substrate.11

In addition, surface/interface defects such as oxygen vacan-

cies12–15 and cation-intermixing16,17 were also proposed to be

able to produce 2DEG.

Despite the diversified mechanisms on the formation of

the 2DEG, recent concerted research efforts have been made

to further tailor the electronic properties of 2DEG in the

LAO/STO HS.18–21 For example, applying an external elec-

tric field was found to be capable of tuning both carrier

concentration and the required critical thickness of LAO to

form a 2DEG at the interface.10,22–25 Along with this, strain

also shows prominent effects on the interfacial charge carrier

density, electron confinement effects, and the LAO critical

thickness for forming the 2DEG.18,19,21,26,27 Another effec-

tive way to tune the electron transport properties of 2DEG in

the LAO/STO HS is through transition-metal and rare-earth

metal doping, which can significantly tune the electron trans-

port properties.28–32 For example, it has been experimentally

and theoretically observed by Choi et al.30 that fractional

δ -doping of La at Sr site in STO/STO (LaxSr1−xTiO3/STO)

HS system near the interfacial region could produce a high-

mobility 2DEG. This is because one La3+ ion at a Sr2+ site
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releases one an extra electron into the system, and the addi-

tional electron occupies the Ti 3d orbitals, leading to the for-

mation of 2DEG. Blamire et al.33 also found that inserting

one unit cell of ATiO3 (A = Ca, Sr, Sn, and Ba) at the inter-

face between LAO and STO could significantly modulate the

sheet carrier density of 2DEG. Their experimental measure-

ments show that the Sn doping at La sites in the LAO/STO HS

has the maximum carrier density. This conclusion is consis-

tent with the recent first-principles electronic structure calcu-

lations that reveals the Sn doping near the interfacial region

can significantly enhance the charge carrier density of 2DEG

in LAO/STO HS system.34 The main reason is that the Sn4+

doping at Al3+ sites introduces one additional electron into

the HS system, which leads to the higher charge carrier den-

sity and even large magnetic moments on Ti ions. Hwang et

al.20 also found that inserting LaTiO3(LTO) layers between

LAO and STO can improve the charge carrier density in the

LAO/STO HS, which is in agreement with first-principles cal-

culations.35 Very recently, Chen et al. found that a layer dop-

ing using La1−xSrxMnO3 (x=0, 1/8, and 1/3) at the interface

(corresponds to the Mn doping at Al sites) between the disor-

dered LaAlO3 and crystalline SrTiO3 could enhance the elec-

tron mobility by more than two orders of magnitude.36 This

experimental finding is very surprising, because the electron

doping often plays a bigger role in improving the electron car-

rier density than in improving the electron mobility. Never-

theless, one possible underlying reason for the high electron

mobility is that the Mn doping introduces Mn 3d-orbital re-

lated conducting states, which has a lower effective mass that

Ti 3d orbitals related ones.37 In spite of this intriguing exper-

imental finding, one may speculate accordingly that the layer

doping using 4d or 5d-based elements would be more effec-

tive in enhancing the electron transport property of the 2DEG

in LAO/STO system since these less localized nature of 4d-

and 5d orbitals will result in a smaller electron effective mass

and thus potentially lead to a higher mobility. Consequently, it

turns out that Nb and Ta doping at either Ti sites38 in the STO

substrate or Al sites in the LAO film would be a promising way

to enhance the electron transport property of the LAO/STO HS

system based on the two following considerations: i) Nb5+

(Ta5+) doping at either Ti4+ sites or Al3+ doping would in-

crease the interfacial charge carrier density; ii) Nb 4d- and Ta

5d-related conducting states may have high electron mobility.

Hence, from the above viewpoints, it is necessary to study the

Nb (Ta) doping influence on the materials properties of the

LAO/STO HS system.

In this paper, thermodynamic stability, electronic, and

magnetic properties of n-type (LaO)+1/(TiO2)0 interfaces in

LAO/STO HS systems were studied with respect to Nb(Ta)-

doping at the Ti (Nb@Ti)/(Ta@Ti) and Al (Nb@Al)/(Ta@Al)

sites near the interfacial region using first-principles electronic

structure calculations. Our results indicate that Ta-doping at

the Ti site (Ta@Ti) is more energetically favourable compared

to the undoped and other doped LAO/STO HS systems. We

predict that partial occupation of DOS effectively increases

near the Fermi energy for Nb(Ta)@Ti doped LAO/STO HS

systems, resulting in higher electron carrier density at the TiO2

terminated (LaO)+1/(TiO2)0 n-type interfaces. Furthermore,

our calculations demonstrate that the mobile charges of 2DEG

is confined within two TiO2 atomic layers of the STO sub-

strate for Nb@Al and Ta@Al doped LAO/STO HS systems,

which improves the quantum confinement effects. Finally,

the changes in calculated magnetic moments in undoped and

Nb(Ta)-doped systems also show a similar pattern to that of

exhibited by the partial occupation of DOS.

2 CALCULATION METHODS AND STRUC-

TURAL DETAILS

Our electronic structure calculations were performed in the

framework of density functional theory using the Vienna Ab-

Initio Simulation Package.39 The spin-polarized generalized

gradient approximation (GGA) parameterized by Perdew-

Burke-Ernzerhof (PBE)40 plus on-site Coulomb interaction

approach (GGA+U) was applied for the exchange-correlation

functional with U = 5.8 eV and 7.5 eV for Ti 3d and La 4f

orbitals, respectively. The U value for Ti 3d states calculated

from the constrained density functional theory41 was proven

accurate enough to provide a realistic description of the Ti 3d

states.18,38,42 The applied U value on La 4f electrons in this

study is also suitable as discussed in prior work.43,44 It is well-

known that the on-site Coulomb repulsion energy U is much

smaller for 4d and 5d electrons than for 3d electrons because

the 4d and 5d orbitals are less localized.45 The prior work

shows that for the system with the co-existence of the Ti 3d

and Nb 4d (Ta 5d) electrons, in which the electronic properties

of the material system are mainly determined by Ti 3d orbitals,

the U values for the 4d/5d orbitals can be neglected.38Hence,

in this work, no U values are applied for Nb 4d and Ta 5d or-

bitals. The cut-off kinetic energy of 450 eV was used for the

electronic wave function expansion. A 10× 10× 1 k-space

grid with 21 points in the irreducible wedge of the Brillöuin

zone was found to converge appropriately. All crystal struc-

tures were optimized by minimizing the atomic forces upto

0.02 eV/Å, and self-consistency was assumed for a total en-

ergy convergence of less than 10−5 eV. A Gaussian smearing

of 0.05 eV was used for density of states (DOS) calculations.

The parent compounds LAO and STO crystallize in cubic

structures with space group no. 221 (Pm3̄m). The experimen-

tal lattice parameters and energy gaps of these compounds are

3.789 Å/3.905 Å and 5.6 eV/3.2 eV for LAO and STO, respec-

tively.1 The calculated band gaps within the GGA+U scheme

were 3.12 and 2.29 eV for LAO and STO, respectively. These
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Table 1 Calculated Ti−O, Nb−O, Ta−O bond length (Å) along the

c-axis, La−O bond length (Å) along the ac-plane and O−Ti−O,

O−Nb−O, and O−Ta−O bond angles in the ab-plane near the

interfacial region for undoped and Nb(Ta)-doped LAO/STO HS

systems.

Bond Undoped Nb@Ti Ta@Ti Nb@Al Ta@Al

Ti−O 2.04 - - 2.16 2.19

Nb−O - 2.11 - - -

Ta−O - - 2.14 - -

La−O 2.72 2.86 2.83 2.59 2.53

O−Ti−O 172.4o - - 169.4o 167.9o

O−Nb−O - 175.2o - - -

O−Ta−O - - 174.3o - -

values are underestimated compared to the experimental val-

ues and can be correctly predicted using hybrid functional cal-

culations.46–49 However, the underestimation of the band gap

has no influence on our conclusions regarding the interfacial

metallic states because the Ti 3d electronic states forming the

metallic states can be well reproduced from the GGA+U cal-

culations.18,38,42 Moreover, previously it was confirmed that

both the GGA+U 26 and HSE0650 methods produced similar

electronic properties regarding 2DEG in LAO/STO HS sys-

tem. This indicates that the GGA+U approach is acceptable

in estimating the Ti 3d-orbitals related electronic states. A

supercell approach is used to model the (LAO)6.5/(STO)11.5

HS, where the subscripts 6.5 and 11.5 denote the number of

unit cells of LAO and STO, respectively. The supercell is a

single unit cell wide in the a- and b-directions, and contains

two periodic n-type (TiO2)0/(LaO)+1 symmetric interfaces.

The experimental lattice constant of STO, 3.905 Å, is fixed

in the ab-plane to construct all the HS systems, which lead

to a lattice mismatch of 2.97% between the LAO film and the

STO substrate. The Nb (Ta)-doped LAO/STO HS are modeled

by replacing Ti (Nb@Ti)/(Ta@Ti) and Al (Nb@Al)/(Ta@Al)

cations with Nb (Ta) near the interfacial region. Given that

two symmetric interfaces are present in the periodic model,

two such doped layers were introduced. This amounts to an

intra-layer doping concentration of 100%, corresponding to

the layer-doping model.20,34–36,51 In fact, recent experimen-

tal work shows that the layer doping can be experimentally

feasible via atomic layer control, which can be one effective

approach to tune electronic properties for new functionalists

in the designed HS.20,36,51

3 RESULTS AND DISCUSSION

3.1 Structural Relaxation and Thermodynamic Stability

It was already known that there is a significant octahedral dis-

tortion near the interfacial region of the LAO/STO HS, which

substantially influence the interface electronic states.43,52–54

To properly investigate this distortion, it is necessary to relax

the undoped and doped HS systems. We accomplished this by

fixing the ab-plane lattice parameters to that of the STO sub-

strate (3.905 Å), while relaxing the atomic positions along the

z-direction until the atomic forces were below 0.02 eV/Å. This

approach has been used successfully on undoped LAO/STO

systems in the past, mirroring experimental electronic prop-

erties quite well.18,26,27 The calculated Ti−O, Nb−O, Ta−O

bond distances along the c-axis, La−O bond distances in the

ac-plane, and O−Ti−O, O−Nb−O, and O−Ti−O bond an-

gles in the ab-plane near the interfacial regions are listed in Ta-

ble 1 for undoped and Nb(Ta)-doped LAO/STO HS systems.

In the Nb@Ti, Ta@Ti, Nb@Al, and Ta@Al doped systems,

interfacial Nb−O, Ta−O, and Ti−O bond distances increased

by 0.07, 0.10, 0.12, and 0.15 Å, respectively, compared to Ti-

O bond in the undoped system. In contrast, the interfacial

O−Nb−O and O−Ta−O bond angles decreased by 2.8o and

1.9o for the Nb@Ti and Ta@Ti doped systems, respectively,

compared to O−Ti−O bond angle in undoped LAO/STO sys-

tem. Similarly, O−Ti−O bond angles decreased by 3.0o and

4.5o for Nb@Al and Ta@Al doped systems. This means that

TiO6 octahedra is more distorted near the interfacial region

when Ta is doped at the Al site (Ta@Al) than that of all the

other doped and undoped LAO/STO HS systems. On the other

hand, interfacial La−O bond distance along the ac-plane in the

Nb@Al and Ta@Al doped systems substantially decreases by

0.13 and 0.19 Å, respectively, with respect to that of the un-

doped system, suggesting that the interfacial La−O bond be-

comes stronger if Nb or Ta substitutes on Al sites. In contrast,

substitution of Nb or Ta on Ti sites appears to weaken the La-O

bonds as interfacial La−O bond length increases by 0.14 and

0.11 Å in the case of Nb@Ti and Ta@Ti doped HS systems,

respectively.

Next we evaluated the change of interfacial energetics be-

tween the undoped and Nb(Ta)-doped LAO/STO systems un-

der various thermodynamic conditions using the following

formula:

∆γ = γNb@X − γundoped (1)

where ∆γ is the interfacial energy difference between the

Nb-doped (γNb@X ) and undoped (γundoped) LAO/STO systems

(at 0 K) and X is the host ions that Nb replaces (X = Sr, Ti, La,

and Al). If ∆γ is less than zero, it means the doped LAO/STO

system is energetically more favorable than the undoped sys-
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Fig. 1 Calculated change of the interfacial energy between Nb@X

(X=Ti and Al) doped and undoped LAO/STO HS systems. The

Nb@Ti doping (top row) was considered under TiO2 and SrO-rich

conditions, respectively. The Nb@Al doping (bottom row) was

considered under Al2O3 and La2O3-rich conditions, respectively.

The translucent red plane delineates ∆γ = 0, the value below that

means that doping is energetically favorable.

tem, that is, the doped system can be formed spontaneously.

If ∆γ is larger than zero, it indicates that the doped LAO/STO

system is energetically less favorable than the undoped sys-

tem, that is, the doped system cannot be formed. As seen in

the following equation, ∆γ depends on two variable chemical

potentials (that of the dopant and host ions) which themselves

depend on the thermodynamic condition.55,56

∆γ = (ENb@X
HS −E

undoped
HS +2µX −2µNb)/2A (2)

ENb@X
HS and E

undoped
HS represent the total energies of the

doped and undoped HS systems, respectively. It is noted here

that, to , all energies used to determine the thermodynamic

stability were derived from standard DFT calculations (with-

out applying U parameters). µX (X = Sr, Ti, La, or Al) is the

chemical potential of the host ion, while µNb is the chemical

potential of the Nb dopant. A is the interfacial area, while the

factor of 2 preceding is due to the presence of two symmetri-

cal interfaces in our model. Similarly, the factor of 2 preceding

the chemical potentials indicates that two interfacial host ions

are replaced by Nb.

Let us begin by considering the case of substitutional dop-

ing within the STO portion of the interface. As mentioned

above, ∆γ is not fixed but depends on the chemical potentials

of the dopant and host ions. In fact, the chemical potentials of

the relevant elements are determined by the syntheses process

in the experiment. In the STO portion, the chemical potentials

of various elements are linked by its thermodynamic equilib-

rium condition:

µSr +µTi +3µO = ESTO (3)

where µSr, µTi, and µO represent the chemical potentials of

Sr, Ti, and O, while ESTO refers to the total energy of STO for-

mula unit. It is important to note that for any particular dopant

substitution, only the chemical potential of the displaced host

ion is used in Equation 2. Determining this chemical poten-

tial at specific thermodynamic conditions, however, often re-

quires consideration of the other linked chemical potentials as

well. To avoid confusion regarding the chemical potential ref-

erences, we have included the following definitions:

∆µSr = µSr −ESr (4)

∆µTi = µTi −ETi (5)

∆µO = µO −
1

2
EO2

(6)

ESr and ETi are the per-atom energy of the most stable low-

temperature phases of elemental Sr and Ti, while EO2
is the

total energy of the isolated ground state O2 molecule, both at

0 K. The formation enthalpy of STO is defined as:

∆H f (STO) = ESTO −ESr −ETi −
3

2
EO2

(7)

which can be further rewritten as below using above defini-

tions:

∆H f (STO) = ∆µSr +∆µTi +3∆µO (8)

In fact, this equation must be satisfied to guarantee the stability

of STO. Similar equations can be developed for LAO, which

are relevant when considering substitutional doping within the

LAO portion of the interface.

Returning to the interfacial energy difference (Equation

2), it is important to note that, experimentally, µX and µNb

strongly depend on the material growth conditions. Therefore,

we considered a series of thermodynamic conditions and de-

termined the relevant chemical potential ranges within those

conditions. The specific conditions considered are: SrO-rich,

TiO2-rich, Al2O3-rich, and La2O3-rich. The former two con-

ditions are relevant when considering doping on the STO side,

while the latter two are used for doping at the LAO side. By

using the definitions (4)-(6), the Equation 2 can be further

rewritten as below:

∆γ = [ENb@X
HS −E

undoped
HS +2(∆µX −∆µNb)+2(EX −ENb)]/2A

(9)

As an example let us consider Nb@Ti doping in the SrO-

rich case. Under SrO-rich conditions, the following equation

is always satisfied:

∆H f (SrO) = ∆µSr +∆µO (10)
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Fig. 2 Calculated change of the interfacial energy between Ta@X

(X=Ti and Al) doped and undoped LAO/STO HS systems.

By splitting the SrO-rich condition into sub-conditions (O-

rich, i.e., ∆µO=0 and Sr-rich, i.e., ∆µSr=0) using thermody-

namic laws, we were able to determine that the theoretical

value of ∆µTi in the range of −10.3 eV ≤ ∆µTi ≤ 0 eV.

The range for ∆µNb can be determined more simply. To

avoid the competitive formation of secondary dopant oxide

Nb2O5, ∆µNb and ∆µO must satisfy the following condition:

2∆µNb + 5∆µO < ∆H f (Nb2O5), from which a useful ∆µNb

range can be derived. Together, the ranges for ∆µTi and ∆µNb

can be used to determine boundary values of ∆γ(Nb@Ti) un-

der SrO-rich conditions. We used a similar procedure to calcu-

late ∆γ for substitutional doping of Nb/Ta at interfacial Ti, Al,

Sr, or La atoms under two thermodynamic conditions each.

Our results for Nb and Ta doping at Sr/La sites are shown in

Fig. 1S and 2S of the Supporting Information, respectively,

indicate that these substitutions are extremely unfavorable,

hence they are not considered further in our work. The results

for Nb@Ti and Nb@Al doping are plotted in Fig. 1, while

the results for Ta@Ti and Ta@Al doping are plotted in Fig. 2.

Several important conclusions can be drawn:

(i) There is very little difference in the energetic favorabil-

ity of Nb- and Ta-doped interfaces, and either dopant can be

stably doped at the LAO/STO interface.

(ii) Of the two viable interfacial doping sites considered,

substitutional doping by Nb/Ta is more favorable at the Ti site

than that at Al site. In other words, substitution at Ti yields a

more stable interface under a wider range of chemical poten-

tials than substitution at Al. However, doping at either site un-

der appropriate thermodynamic conditions can create a more

stable interface than in the undoped system.

(iii) Doping at Ti is more favorable under SrO-rich than that

under TiO2-rich conditions, while doping at Al is (slightly)

more favorable under La2O3-rich than Al2O3-rich conditions.

In addition, we also carried out a group of test calculations

to evaluate the relative stability of the dopant at a layer dif-

ferent to the interface. Our results show that the Nb@Al and

Ta@Al doping at the interface is energetically more favorable

than the layer doping far away from the interface, while for the

Nb@Ti and Ta@Ti doping, the two layer doping models, i.e.,

one at the interfacial layer and the other one at the layer far

away from the interface have the comparable stability. This

indicates the interfacial Nb and Ta layer doping is experimen-

tally feasible.

3.2 Electronic Structure

Here, we investigated the effects of Nb and Ta-doping on the

electronic properties of n-type LAO/STO HS systems. First,

we will provide some insight on the electronic properties of

undoped LAO/STO system for comparison, then study the

doped systems. It is well-established that 2DEG is primarily

derived from the Ti 3d orbitals of the first (IF-I) TiO2 layer of

the STO substrate for undoped LAO/STO HS system, along

with a small contribution from the third (IF-III) TiO2 layer

near the Fermi level.18,27,35 The fifth (IF-V) TiO2 layer has

almost no contribution and the other layers away from the

interface show an insulating behavior, which shows the typ-

ical two-dimensional character of the 2DEG. The width of the

metallic region in this abrupt LAO/STO HS system is only

∼9.6 Å along the c-axis (∼3 unit cells of the STO). The inter-

facial (IF-I) TiO2 layer exhibits a nearly half-metallic nature

with a magnetic moment of 0.38 µB on the Ti atom. The cal-

culated magnetic moment of the Ti atom in the IF-III TiO2

layer is 0.08 µB and all other layers further away from the in-

terface exhibit no spin-polarization.18,27,35 For reference, the

DOS and layer-resolved DOS of the undoped LAO/STO su-

perlattice system are provided in Fig. 3S the Supporting In-

formation.

To illustrate the effects of Nb and Ta-doping on the elec-

tronic properties of the 2DEG in LAO/STO HS, we calculated

total and partial DOS projected on Ti 3d, Nb 4d, and Ta 5d or-

bitals near the interfacial region for Nb@Ti and Ta@Ti doped

LAO/STO HS systems in Fig. 3. Total DOS for Nb@Ta (Fig.

3a) and Ta@Ti (Fig. 3b) doped HS systems exhibit typical

n-type conductivity as found in the case of the abrupt inter-

face and more occupied states near the Fermi energy are found

compared to that of the undoped system.18,27,35 This phenom-

ena can be understood by analyzing the valence states of the

dopant. The Nb and Ta atoms typically adopt a +5 valence

state, which can be inferred from their respective electron con-

figurations of 4d45s1 and 5d36s2 fillings. When these atoms

replace an interfacial Ti4+ atom (3d24s2) in the STO substrate,

one free electron will be injected into the system. Our results,

however, indicate that Nb and Ta atoms are not in perfect +5
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Fig. 3 Calculated spin-polarized total and partial DOS projected on

Ti 3d, Nb 4d, and Ta 5d orbitals near the interfacial region of the

STO substrate for (a) Nb@Ti and (b) Ta@Ti doped LAO/STO HS

systems. The IF-I, IF-III, and IF-V represent the first, third and fifth

BO2 (B = Ti, Nb, and Ta) layers in the STO substrate, respectively.

The Fermi level is indicated by the vertical dashed line at 0 eV.
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Fig. 4 Calculated spin-polarized total and partial DOS projected on

Ti 3d, Nb 4d, and Ta 5d orbitals near the interfacial region of the

STO substrate for (a) Nb@Al and (b) Ta@Al doped LAO/STO HS

systems.

states after doping since some Nb 4d and Ta 5d orbitals are

occupied, and therefore only a small fraction of free electrons

are actually added to the system. Nevertheless, these free elec-

trons still increase the orbital occupation number near Fermi

energy, and lead to higher charge carrier density in the doped

HS systems compared to the undoped LAO/STO system, as

shown below. Moreover, it is found that when Ta is doped at

the Ti site (Fig. 3b), the orbital occupation of the total DOS is

higher than that of the Nb@Ti (Fig. 3a) doped system, because

5d orbital is more de-localized than 4d orbital. Therefore, the

Ta atom releases more free electrons to the system than the

Nb atom. From the partial DOS, one can also see that Nb 4d

and Ta 5d orbitals are also crossing the Fermi level and signif-

icantly contributing to the interfacial conductivity. The 2DEG

spans only 2 unit cells of the STO substrate, while Ti atoms

from the third (IF-III) TiO2 layers showing a very small or-

bital occupation. Surprisingly, our results further indicate that

when Nb is doped at the Ti site (Fig. 3a), the system shows

no spin-polarization, as spin-up and spin-down channels have

the identical DOS compared to Ta@Ti (Fig. 3b) doped and

undoped LAO/STO HS systems.18,27,35

Fig. 4a and 4b represent the total and partial Ti 3d, Nb

4d, and Ta 5d DOS for Nb@Al and Ta@Al doped LAO/STO

HS systems, respectively. Our results exhibit that when Nb

and Ta atoms substitute for Al, more electrons are added to

the system than in the case of Nb@Ti (Fig. 3a) or Ta@Ti

(Fig. 3b) doping. This is due to the different valence states

of the substituted atoms: Al3+ versus Ti4+. That is to say, the

Nb@Al (Ta@Al) doping can release one more electron into

the LAO/STO HS system than the Nb@Ti (Ta@Ti) doping.

Thus substitution at Al substantially enhances the 2DEG or-

bital occupation near the Fermi energy, charge carrier density,

and magnetism of the system. The extra free electrons pro-

vided by the Nb and Ta atoms reside almost entirely at the

interfacial Ti atoms, see Fig. 4a and 4b. Fig. 4b (Ta@Al)

shows that partial occupation of the total and interfacial Ti

atoms (IF-I) are higher than that of the Nb@Al doped system

(Fig. 4a). This means that the Ta atoms release more free elec-

trons to the system than the Nb dopant, as found in the previ-

ous doped systems (discussed in Fig. 3). The Nb 4d and Ta

5d states cross the Fermi level and contribute to the interfacial

conductivity, similar to Nb@Ti and Ta@Ti LAO/STO doped

systems. In both doped systems, the partial DOS also indi-

cates that electrons are confined almost within 1.5 unit cells

of the STO substrate along the c-direction, which is almost

half the width of metallic region in the undoped LAO/STO

system.18,27,35 This means that electron transfer from the po-

lar (LaO)+1 layer and the Nb/Ta atoms extends only as deep as

the nonpolar (TiO2)0 IF-III layer of the substrate, with transfer

to all deeper layers strongly restricted. Therefore, in the doped

systems, mobile electrons reside in the first two unit cells of

the STO substrate. Finally, one can notice that the shape of
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Fig. 5 Calculated band structure for undoped and Nb(Ta)-doped LAO/STO HS systems. The red highlighted lines indicate the specific band

used for each of our effective mass calculations.

the DOS in these doped system is very different from that of

the undoped LAO/STO HS system.18,26,27,35 This is because,

besides the dxy orbital, dyz orbital of Ti ions also contribute to

the formation of the 2DEG, which lead to the different shape

of the DOS. More detail behind this phenomenon will be dis-

cussed later.

Fig. 5 shows the band structure along the Brillouin Zone

path M-Γ-X for all the doped and undoped HS systems.

It clearly shows that Nb(Ta)@Ti doping leads to addi-

tional occupied bands relative to the undoped system, while

Nb(Ta)@Al doping causes more occupied bands. As dis-

cussed above, this can be easily understood when con-

sidering the valence states of the dopant and host atoms:

Nb(Ta)+5@Ti+4 doping leads to approximately one free elec-

tron per dopant atom, whereas Nb(Ta)+5@Al+3 leads to

roughly two free electrons per dopant atom. To partially eval-

uate the Nb(Ta) doping influence on the charge carrier mobil-

ity, we then calculated the relative electron effective masses

(m∗
e/m0) using parabolic effective-mass approximation for the

minimum conduction bands from M to Γ, i.e, the highlighted

bands in the Fig. 5. m0 refers to the free electron rest mass. For

comparison, we also calculated the relative effective mass for

the undoped LAO/STO system. The calculated value for the

undoped system is 0.59, which is in a good agreement with the

previous reported value.57–59 Note that the calculated effective

mass value cannot be directed related to the the absolute elec-

tron mobility in the experiment. Rather, it is included as a

baseline to which the doped results may be compared, which

can provide us a qualitative evaluation whether the Nb and Ta

doping can change the electron effective mass and the result-

ing electron mobility. The calculated relative effective masses

for Nb@Ti, Ta@Ti, Nb@Al, and Ta@Al doped systems are

0.36, 0.41, 0.56, and 0.58, respectively. These results indicate

that Nb@Ti and Ta@Ti doping can reduce the electron effec-

tive mass with respect to that of the undoped system and thus

potentially improve the electron mobility, while Nb@Al and

Ta@Al doping yield comparable effective mass with that of

the undoped system and thus is not beneficial for improving

the electron mobility.

3.3 Electron Carrier Density and Interfacial Magnetic

Moment

For a qualitative comparison of the various Nb and Ta-doped

systems, we determined their total charge carrier density (a)

and magnetic moments on Ti atoms near the interfacial region

(b) in Fig. 6. To do this, we computed the partial occupation

by integrating the conducting states of the total DOS below

the Fermi level and then continued to calculate the charge car-

rier density in each case. The estimated values of occupation

numbers and their corresponding charge carrier densities are

plotted in Fig. 6a for undoped and Nb(Ta)-doped LAO/STO

HS systems. Our calculations show that the highest orbital oc-

cupation numbers and charge carrier densities are achieved in

Ta@Al doped LAO/STO HS system. As we mentioned above,

this happens because when Ta replaces Al, it donates more ex-

tra electrons to the system compared to Nb@Al doping, which

extensively increases the orbital occupation number of DOS

near the Fermi energy (Figure 4b) and hence, raises the charge

carrier density. Similarly, the estimated occupation number of

Ti atom from interfacial TiO2 layers in the STO substrate for

Nb@Al and Ta@Al doped LAO/STO HS systems are 0.57

and 0.74, respectively, and the corresponding electron carrier

densities are 3.7 × 1014 cm−2 and 4.9 × 1014 cm−2, larger

than that in the undoped superlattice model of about 1.9 ×

1014 cm−2.18 These results also confirm that Ta atoms release

more electrons into the system compared to Nb and that these

electrons primarily reside at the interfacial Ti atoms, as shown

in Fig. 4.

Next, we study the effects of Nb and Ta-doping on the mag-

netic moments of interfacial Ti atoms in the above mentioned

doped HS systems. It is very well known that magnetic mo-

ments on interfacial Ti atoms are caused by the partially oc-

cupied Ti 3d orbitals.18,27,35,60,61 Therefore, we plotted local

magnetic moments on Ti atoms from the IF-I and IF-III TiO2

layers for undoped and Nb(Ta)-doped LAO/STO HS systems
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in Fig. 6b. The system with Ta-doping at the Al site (Ta@Al)

has the largest interfacial (IF-I) Ti magnetic moments com-

pared to undoped and other doped LAO/ST HS systems. For

the Nb@Al and Ta@Al doped LAO/STO HS systems, the Ti

atoms in IF-III TiO2 layers show very small spin-polarization

with magnetic moments of 0.12 µB and 0.10 µB, respectively.

This is because less electrons transfer to the IF-III layers than

that to the IF-I from the LaO layer and also from Nb/Ta doped

atoms. The TiO2 layers further away from the interface in

the STO substrate show no spin-polarization. For the Ta@Ti

doped system, a significant magnetic moment of 0.25 µB is

also found in the third (IF-III) TiO2 layer, while Nb@Ti doped

system exhibits no spin-polarization as reflected in the DOS of

Fig. 3a.

3.4 Three-Dimensional Charge Density

To gain deep insight into the interfacial metallic states and

to visualize the charge transfer effects in the Nb (Ta)-doped

LAO/STO systems, we plotted the three-dimensional charge

density projected on the bands forming the 2DEG for undoped

(a), Nb@Ti (b), Ta@Ti (c), Nb@Al (d), and Ta@Al (e) doped

LAO/STO HS systems in Fig. 7. Our results clearly demon-

strate that in the undoped LAO/STO HS system, electrons

from the polar (LaO)+1 layer are mainly transferred to IF-I and

IF-III (TiO2)0 layers of the STO substrate, along with a minor

distribution on the IF-V layer (see Fig. 7a), which means that

the 2DEG extends within 3 unit cells of the STO substrate

along the c-axis, indicating a typical two-dimensional charac-

ter of conducting states.

In the case of Nb@Ti (Fig. 7b) and Ta@Ti (Fig. 7c) doped

systems, 2DEG primarily comes from interfacial Nb and Ta

atoms, along with a substantial contribution from the IF-III

TiO2 layers. Interestingly, it is noted that the density of Ti

atoms in the second TiO2 layer (IF-III) is higher in Ta@Ti

doped system than in the Nb@Ti system. The third TiO2 layer

(IF-V) in the Nb@Ti doped system has almost no contribution

to the interface conductivity, yet in the Ta@Ti doped system

it contributes significantly. This difference implies that a few

electrons transfer to the deeper STO substrate, consistent with

the calculated partial DOS in Fig. 3. One reason is proba-

bly because that Ta 5d orbitals are less localized than Nb 4d

and thus the Ta 5d orbitals hold less electrons, and the remain-

ing electrons are further transferred to deep TiO2 layers. As

discussed below, another reason is because the structural dis-

tortion of the TiO6 octahedra near the interface in the Ta@Ti

system is stronger than that in the Nb@Ti system. For the

Nb@Al (Fig. 7d) and Ta@Al (Fig. 7e) doped LAO/STO, the

conducting metallic states are mainly contributed by the Nb

and Ta atoms, and the interfacial TiO2 layer (IF-I) in each sys-

tem.

Table 2 Calculated O-Ti-O bond angles in the ab-plane at IF-III and

IF-V TiO2 layers for undoped, Nb@Ti, Ta@Ti, Nb@Al, and Ta@Al

doped LAO/STO HS systems.

Undoped Nb@Ti Ta@Ti Nb@Al Ta@Al

IF-III 177.6o 177.5o 175.5o 178.8o 179.3o

IF-V 178.7o 178.8o 177.9o 179.3o 179.5o

The spatial extension of the 2DEG along the c-direction

strongly depends on TiO6 octahedral distortion in the STO

substrate. To elucidate this distortion in our systems, we cal-

culated the O−Ti−O bond angles in the ab-plane at the IF-III

and IF-V TiO2 layers for undoped, Nb@Ti, Ta@Ti, Nb@Al,

and Ta@Ti doped LAO/STO HS systems in Table 2. One

can clearly see that the TiO6 octahedra are distorted up to the

3rd TiO2 layer (IF-V) in the case of the undoped and Nb@Ti

doped LAO/STO HS systems. Therefore, charge transfer from

the polar (LaO)+ layer to nonpolar (TiO2)0 layers extends to

3 unit cells of the STO substrate as shown in our charge den-

sity plot (Fig. 7a). Similarly, TiO6 octahedra are distorted up

to 3 unit cells of the STO substrate in the Ta@Ti doped sys-

tem (Fig. 6c), but in the fifth (IF-V) TiO2 layer the degree

of distortion is higher than in the undoped and Nb@Ti doped

systems (Fig. 7a and 7b). Therefore, more charge is trans-

ferred to the IF-V TiO2 layer in this case, consistent with the
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Fig. 7 Charge density projected on the bands forming the metallic states near the interfacial region for undoped (a), Nb@Ti (b), Ta@Ti (c),

Nb@Al (d), and Ta@Al (e) doped LAO/STO HS systems.

DOS in Fig. 3. On the other hand, for the Nb@Al and Ta@Al

doped HS systems, very small TiO6 octahedral distortions are

found at the IF-III TiO2 layer, with almost negligible distor-

tions at the IF-V TiO2 layers. Hence, less charge migrates to

deeper TiO2 layers and a highly confined 2DEG is obtained.

Moreover, the density on the Ti atoms in the interfacial TiO2

layer (IF-I) is larger in the Ta@Al doped system than in the

Nb@Al system, which means higher orbital occupation and

higher charge carrier density. This is because TiO6 octahe-

dra is more distorted at the interfacial (IF-I) TiO2 layer for the

Ta@Al doped system than in the undoped and Nb@Al doped

LAO/STO HS systems. In short, the Nb and Ta doping at Al

sites can significantly modify the electron transport properties

of the LAO/STO HS system.

In addition, from the Fig. 6 (charge density), one can see

that the occupied Ti 3d orbitals in the STO substrate differ

in shape compared to the undoped HS system.18,27,35 This

means that the 3d bands, which form the 2DEG in doped

LAO/STO HS systems, have different orbital occupations. To

verify this difference, we plotted the orbital-resolved DOS of

Ti 3d, Nb 4d, and Ta 5d states for the Nb@Al (a) and Ta@Al

(b) doped LAO/STO HS systems in Fig. 8. As previous re-

sults18,27,35,62,63 indicate, 2DEG resides in the ab-plane in the

undoped LAO(LTO)/STO HS systems and only the dxy or-

bitals of interfacial Ti atoms cross the Fermi level, while the

dyz/dxz orbitals remain unoccupied. This can be explained in

the context of crystal field theory. It is well known that in

a regular octahedral crystal field, Ti 3d states are split into

triply t2g (dxy, dxz, and dyz) and doubly eg (d3z2−r2 and dx2−y2 )

degenerate states. After structural relaxation, the TiO6 octa-

hedral distortion results in a degraded symmetry. Therefore,

-1

0

1
d

xy

d
yz

d
xz

-2 -1 0 1 2

E-E
F
 (eV)

-1

0
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O

S
 (
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/e

V
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Fig. 8 Orbital-resolved interfacial (IF-I) Ti 3d, Nb 4d, and Ta 5d

DOS in Nb@Al (a) and Ta@Al (b) doped LAO/STO HS systems.

the triply degenerate t2g states are split into non-degenerate

dxy, dyz, and dxz orbitals, and the transferred electron eventu-

ally occupies the low-energy dxy orbitals. For comparison, the

orbital-resolved DOS of interfacial (IF-I) Ti atoms for Nb@Al

(a) and Ta@Al (b) doped LAO/STO HS systems is shown in

Fig. 7. For Nb@Al (Fig. 7a) and Ta@Al (Fig. 7b), one

can clearly see that the metallicity results from the admixture

of dyz and dxz instead of dxy orbitals, while dxy orbitals re-

main unoccupied and stay at higher energies in the conduction

band (far away from the Fermi level). Therefore, the 2DEG

resides in the yz and zx, rather than xy, plane, the reverse

of what is usually observed in undoped STO-based HS sys-

tems.18,27,35,62,63 In contrast, both the dxy, dxz, and dyz orbitals
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of Nb 4d and Ta 5d contribute to the interfacial conductivity.

4 CONCLUSION

In summary, first-principles density functional theory calcu-

lations were performed to investigate the Nb (Ta) doping ef-

fects on the interface energetics and electronic properties of

2DEG in LAO/STO HS system. Our calculations reveal that

LAO/STO HS systems with Nb@Ti and Ta@Ti doping is en-

ergetically more favorable than the undoped and other doped

ones. We found that Nb(Ta)@Ti and Nb(Ta)@Al doping sig-

nificantly improve the orbital occupation near the Fermi level,

and produce a high interfacial charge carrier density. This is

mostly attributed to the additional free electrons provided by

Nb(Ta) dopant, and these free electrons reside mainly at the

Nb(Ta) dopant and the Ti atoms in the interfacial TiO2 layer

of the STO substrate. Our results indicate that the Nb(Ta)@Al

doped HS systems exhibit higher interfacial charge carrier

density and magnetic moments than the undoped and other

doped ones, while the Nb(Ta)@Ti doped HS systems may

show higher charge carrier mobility because of the lower elec-

tron effective mass. Our theoretical calculations demand an

experimental characterization of Nb and Ta-doped LAO/STO

systems to fully understand its thermodynamic stability and

electron transport property.
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