
 

 

 

 

 

 

 

 

 

 

 

 

 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

134.94.122.86 On: Wed, 06 Jan 2016 07:21:58



Observation by resonant angle-resolved photoemission of a critical
thickness for 2-dimensional electron gas formation in SrTiO3 embedded
in GdTiO3

S. Nem�s�ak,1,2,3 G. Conti,1,2 G. K. Palsson,1,2,a) C. Conlon,1,2 S. Cho,4 J. E. Rault,4 J. Avila,4

M.-C. Asensio,4 C. A. Jackson,5,b) P. Moetakef,5,c) A. Janotti,5 L. Bjaalie,5 B. Himmetoglu,5

C. G. Van de Walle,5 L. Balents,6 C. M. Schneider,3 S. Stemmer,5 and C. S. Fadley1,2
1Department of Physics, University of California, 1 Shields Ave, Davis, California 95616, USA
2Materials Sciences Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Rd., Berkeley,
California 94720, USA
3Peter-Gr€unberg-Institut PGI-6, Forschungszentrum J€ulich, 52425 J€ulich, Germany
4Synchrotron SOLEIL, L’Orme des Merisiers, Saint-Aubin, 91192 Gif sur Yvette Cedex, France
5Materials Department, University of California, Santa Barbara, California 93106-5050, USA
6Department of Physics, University of California, Santa Barbara, California 93106-9530, USA

(Received 13 September 2015; accepted 20 November 2015; published online 8 December 2015)

For certain conditions of layer thickness, the interface between GdTiO3 (GTO) and SrTiO3 (STO)

in multilayer samples has been found to form a two-dimensional electron gas (2DEG) with very

interesting properties including high mobilities and ferromagnetism. We have here studied two

trilayer samples of the form [2 nm GTO/1.0 or 1.5 unit cells STO/10 nm GTO] as grown on (001)

(LaAlO3)0.3(Sr2AlTaO6)0.7, with the STO layer thicknesses being at what has been suggested is the

critical thickness for 2DEG formation. We have studied these with Ti-resonant angle-resolved and

angle-integrated photoemission and find that the spectral feature in the spectra associated with the

2DEG is present in the 1.5 unit cell sample, but not in the 1.0 unit cell sample. We also observe

through core-level spectra additional states in Ti and Sr, with the strength of a low-binding-energy

state for Sr being associated with the appearance of the 2DEG, and we suggest it to have an origin

in final-state core-hole screening.VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4936936]

There is presently high interest in bilayer and multilayer

structures involving metal oxides, due to the novel electronic

states that can develop at the interfaces between the different

constituents, which can often be markedly different from the

states in the native materials.1–3 We focus on the detailed

energy-, momentum-, and depth-resolved nature of such a

two-dimensional electron gas (2DEG) at a buried interface

between the band insulator SrTiO3 (STO) and the ferromag-

netic Mott insulator GdTiO3 (GTO).

The STO/GTO system has been studied extensively by

Stemmer and co-workers,4–13 and the 2DEG here has been

found to exhibit extremely high carrier densities and ferro-

magnetic effects, with both electrostatic and doping modula-

tion being observed to change the carrier properties. An

accepted explanation for the 2DEG creation can be found in

the different oxidation state of Ti atoms in SrTiO3 (4þ) and

GdTiO3 (3þ).5 The terminating layer of TiO2 located at the

interface of GTO and STO hence contains a mixed valence

of Ti atoms, and strictly speaking from the terminating STO

unit cell point of view, half of an electron per unit cell is

donated from GTO. These donated d-electrons of titanium

occupy in-gap states in STO and act as free electrons.

Neither polar catastrophe nor oxygen vacancies are needed

for the explanation of this electron donation, by contrast with

the well-known case of STO/LAO, where vacancies are

thought to be dominant.14,15 However, beyond this, the

strong role of structural distortions and symmetry breaking

near the interface have been pointed out,11 theory has sug-

gested the possibility of dimer Mott insulator (DMI) forma-

tion for the case of a single monolayer of SrO embedded in

GTO16 that could play a role for thicker STO layers as well,

and conductivity has also been suggested to be due to small-

polaron formation.17

As essential background for the current study, we will

refer throughout this paper to the results of a recent extensive

photoemission investigation of an STO/GTO multilayer,

consisting of 20 bi-layers, each comprising 6 unit cells (u.c.)

of STO (nominally 23.7 Å) and 3 u.c. of GTO (nominally

11.8 Å) deposited on a (001) (LaAlO3)0.3(Sr2AlTaO6)0.7
(LSAT) substrate and capped by a final STO layer (5 u.c. or

19.8 Å thick).18 An array of photoemission techniques was

used to directly observe the 2DEG, including its energy

and depth distributions and its momentum (k) dispersions.

Core-level spectra were also studied and found to exhibit

energy shifts associated with the 2DEG. Theoretical calcula-

tions based on local-density (LDA) theory with hybrid func-

tionals were also carried out. From this study, it has been

determined that there are two sets of valence states observ-

able in the multilayer in the STO energy gap: a lower

Hubbard band (LHB) associated with GTO centered at a

Fermi-referenced binding energy (BE) of about 1.0 eV and

a)Present address: Department of Physics, Uppsala University, Uppsala

SE-751 20, Sweden
b)Present address: HRL Laboratories, LLC, Malibu, California 90265, USA
c)Present address: Department of Chemistry, University of Maryland,

College Park, Maryland 20742, USA

0003-6951/2015/107(23)/231602/5/$30.00 VC 2015 AIP Publishing LLC107, 231602-1

APPLIED PHYSICS LETTERS 107, 231602 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

134.94.122.86 On: Wed, 06 Jan 2016 07:21:58



the 2DEG centered at about 0.5 eV. Both states are also

found through resonant photoemission to involve a strong

component of Ti 3d. Further details of this study, including

theoretical calculations that confirm the above conclusions,

appear elsewhere.18

In the present investigation, we have further explored

the formation of the 2DEG in STO at the STO/GTO interface

for the case of trilayer samples consisting of two different

thicknesses of STO near what has been found to be a critical

minimum thickness for forming the 2DEG.8 The two sam-

ples are illustrated in Figs. 1(a) and 1(b), and they consisted

of a top layer of GTO of 2 nm (ca. 5 u.c.), a layer of STO ei-

ther 1 u.c. or 1.5 u.c in thickness, or more precisely contain-

ing 2 or 3 layers of composition SrO, respectively, and a

bottom thick layer of GTO 10 nm thick, all grown as in the

multilayer study18 on an LSAT (001) substrate using a

hybrid molecular beam epitaxy approach.4,9 Transmission

electron microscopy (TEM) high-angular-aperture dark-field

(HAADF) measurements confirmed the high quality of the

interfaces between these layers, and images from a very sim-

ilar sample are shown elsewhere.8 The two samples are

found to have vastly different transport properties, as illus-

trated in Fig. 2. Over the temperature range of 25–300K, the

sheet resistance is between 30 and 50 kX for the 1.5 u.c. sam-

ple, but over 300 kX for the 1.0 u.c. sample (Fig. 2(a)). The

carrier mobility in the 1.5 u.c. sample is also very nearly con-

stant over this range, at 0.76 0.1 cm2/V s (Fig. 2(b)), and

the carrier density is also constant at �2.5 � 1014/cm2

(Fig. 2(c)).

The photoemission measurements were carried out at

the Antares beamline of the Soleil Synchrotron,19 which is

equipped with a Scienta R4000 spectrometer permitting the

measurement of an angular window of �25� along the ky
direction (Fig. 1(c)). No cleaning of the sample surfaces was

done, so a thin layer of CþO containing contaminants was

present; we estimate this from quantitative analysis of core-

level spectra using the SESSA program20 to be ca. 2–3 Å

thick. As in the previously mentioned multilayer study,18 we

have investigated these samples with Ti-resonant angle-

resolved photoemission (ARPES) at photon energy of

465 eV (just above the Ti 2p1/2 absorption peak), in order to

enhance the emission from the states represented by the

LHB and the 2DEG, which have a high degree of Ti 3d char-

acter. We have also used a higher non-resonant energy of

815 eV that permitted penetrating more deeply into the sam-

ples. For reference, the inelastic mean free paths of the va-

lence photoelectrons in STO and GTO, which approximately

represent the mean depths of emission from the samples, are

estimated to be 10 Å for 465 eV, and 15 Å for 815 eV.20

Thus, we expect to be able to see through the top GTO layer

of 20 Å thickness (with approximate attenuation factors of

e�2
� 1/7 and e�1.33

� 1/4), but also find that using resonant

Ti excitation is crucial in exploring the STO/GTO interface

properties, as also discussed in the multilayer study.18 The

core-level spectra from all elements present have also been

studied to monitor differences in initial-state charge, local

ground state potential and/or final-state core-hole screening

state, between the two samples.

In Fig. 3, we illustrate the effects of tuning through the

Ti 2p resonances on the valence-band intensities. Fig. 3(a)

shows the Ti 2p x-ray absorption spectrum, which, unlike the

one measured in the multilayer study mentioned above,18 is

dominated by Ti3þ contributions. For the 1.5 u.c. sample

FIG. 1. The sample configurations (a)–(b), together with the experimental

geometry (c). In (a), the layer-by-layer configuration is shown for the 1.0

u.c. (2 SrO layer) sample, together with previously hypothesized charge

transfers from TiO2 layers to GdO layers (black arrows), and possible inter-

face charge transfer to explain the Ti 2p and Sr 3d spectra (blue arrows). In

(b), the layer-by-layer configuration is shown for the 1.5 u.c. sample. In (c),

the experimental geometry is presented, with various key angles and the

photon energies defined.

FIG. 2. Transport properties of the two

trilayer samples. (a) Conductivity ver-

sus temperature for both samples. (b)

Mobility for the sample with 1.5 u.c.

STO (3 layers of SrO). (c) Carrier den-

sity for the sample with 1.5 u.c. STO.
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expected to show the 2DEG, a similar resonant behavior at

the energies 459 eV just above the 2p3/2 peak and 465 eV just

above the 2p1/2 can be found in Figs. 3(b) and 3(c), leading

to a dramatic enhancement of the states in the BE region

where we expect to find the LHB and the 2DEG. Both

Figs. 3(b) and 3(c) have been normalized to the strong Gd

4f- dominated peak at �10 eV BE, so as to emphasize the

resonant effects on the Ti-3d dominated features at the low-

est BEs. Note also in Fig. 3(b) the clear distinction of a

strongly resonant feature centered at about 1.0 eV BE and

extending over ca. 0.5–1.5 eV, and a weaker feature extend-

ing from the Fermi level down to about 0.3 eV. This weaker

feature also resonates at a slightly higher photon energy, by

about 0.5 eV, suggesting a qualitatively different Ti 3d char-

acter. The fact that the feature at 1.0 eV is much stronger

than that near EF, as well as its energy range, is consistent

with its being the LHB, coming predominantly from the top

GTO layer. This thus strongly suggests that the feature near

EF is the 2DEG residing in the STO, and this assignment has

been confirmed in the multilayer study.18 In Fig. 3(d), we

compare angle-integrated matrix-element density-of-states

(MEWDOS) spectra for both samples, and these clearly

exhibit a strong suppression of the 2DEG feature in the 1.0

u.c. spectrum, with only a hint of it remaining. This suggests

an extreme sensitivity of the formation of the 2DEG to the

thickness of the STO over the 1.0–1.5 u.c. range, as sug-

gested previously.8 Finally, in Fig. 3(e) we show k-resolved

ARPES results on resonance for the 1.5 u.c. sample, over the

BE region from EF to �4.0 eV and for a direction that is

analogous to that used in the multilayer study (Fig. 7 in

Ref. 18). There is a strong similarity in the energy- and

momentum-dispersions seen in these two figures, with the

LHB being much more smeared out in its dispersion and less

observable, as seen previously.18 The x-ray photoelectron

diffraction and density-of-states profiles that are present to

some degree because of phonon-induced non-direct transi-

tions were removed from the image using standard proce-

dures in order to enhance sharp dispersive features, such as

those of 2DEG.18 We thus conclude that the 2DEG forms in

the 1.5 u.c. STO layer but is strongly suppressed in the 1.0

u.c. STO layer, in complete agreement with the transport

measurements on these two samples mentioned above.8

We conclude with complementary core-level spectra of

Ti, Gd, and Sr. The Ti 2p spectra in Fig. 4(a) are similar for

both samples, and we expect these to be dominated by the

Ti3þ states due to the relatively thick GTO over- and under-

layers. However, for the 1.0 u.c. sample, there is a weak

lower-BE shoulder suggestive of a different local potential,

charge state, or core-hole screening state, but this is not in

the direction expected for the Ti4þ states in STO, which

should show a higher BE. Peak fitting shows that this feature

is shifted to lower BE by �1.46 eV, and this shift is thus also

different from the 2.00 eV between Ti3þ (lower BE) and

Ti4þ (higher BE) in the Ti 2p spectrum from the multi-

layer.18 The Gd 4d spectra for the two samples in Fig. 4(b)

are by contrast essentially identical, indicating no change in

charge, potential or screening environment for this species

between the two samples. However the Sr 3d spectra in both

Figs. 4(b) and 4(c) clearly indicate the presence of two com-

ponents, with a separation of about 0.85 eV between them

for both samples. In this case, the higher-BE component is

more intense in the 1.0 u.c. sample, by contrast with Ti 2p.

FIG. 3. Various illustrations of Ti-resonant effects in (a) x-ray absorption and (b)–(e) photoemission from the two samples. The relative photoemission inten-

sities have been normalized to a Gd 4f-derived peak at a binding energy of 10 eV in (b) and (c), and to the lower-Hubbard-band (LHB) peak in (d). (b)–(d) are

angle-integrated matrix-element-weighted density-of-states valence spectra and (e) is momentum-resolved ARPES data. (a) The Ti 2p x-ray absorption spec-

trum, with a pre-edge peak and the two most prominent absorption peaks due to Ti3þ indicated. (b) Intensity of the features over the region near EF as a func-

tion of binding energy and photon energy, with the features due to the LHB and the 2DEG indicated. (c) A three-dimensional representation of the valence

spectra as a function of photon energy and BE, over a broader energy range. (d) Comparison of valence spectra for the two samples on resonance. (e) A reso-

nant (465 eV) ARPES ky-Binding Energy plot from the 1.5 u.c. sample.
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Such Sr states, separated by ca. 0.8–1.0 eV, have in fact been

observed before on free STO surfaces that are not highly

ordered, nor TiO2 terminated,21 on partially reduced STO

surfaces treated with ion bombardment,22 and on STO surfa-

ces etched with HF.23 These results are significant in indicat-

ing a tendency of such a spectral feature of Sr to form in a

buried STO layer, concomitant with an oppositely shifted

feature of Ti.

We now briefly consider the possible origins of these

additional Ti and Sr core-level features. Charging due to

photoelectron emission can be ruled out, as it would cause

all peaks to shift in the same direction and to higher binding

energies (HBEs). Alternatively, these peak shifts could be

due to charge transfer between some of the interfacial Ti and

Sr atoms, with Ti becoming more negative and Sr more

positive in the 1.0 u.c. sample, as indicated by the blue

arrows in Fig. 1(a), but could also be due to a more complex

self-consistent potential that forms at the interface including

a band offset. Beyond these considerations, strong correla-

tion effects combined with the onset of octahedral tilts have

been shown theoretically to cause a d-d band gap to open,

through what has been termed a dimer Mott insulator that

involves molecular dimers across two TiO layers, with an

SrO layer in between,16 in analogy with the Mott-Hubbard

band gap in the rare earth titanates. However, it is not clear

how this would affect the Ti and Sr core levels, and the cal-

culations have in fact been done for a single SrO layer rather

than the two and three layers of our samples. Conduction in

the 2DEG via a small-polaron mechanism has also been sug-

gested in STO/GTO,17 again within a single SrO layer, but

with similar results found for 2 SrO layers, and it is possible

that some combination of the DMI and small polaron picture

could account for the effective charge transfers seen in our

core-level spectra. In the small polaron scheme, the carriers

are assumed to still exist with 1 or 2 SrO layers, but to be

self-localized so as to reduce mobility. This self-localization

could require the kind of local potential difference that might

explain our core-level spectra for Ti and Sr.

A further possible interpretation of these shifts, espe-

cially those of Sr 3d, is that the low-binding energy (LBE)

feature represents a more highly screened core hole—a final-

state effect in photoemission as opposed to the ground-state

effects discussed previously; and that this screening is

connected with the highly delocalized 2DEG electrons, in a

manner similar to the screening seen in transition metal

systems when looked at with bulk sensitive hard x-ray

photoemission.24 This interpretation is supported by the rela-

tive intensities of the LBE and HBE features of the 1.0 u.c.

and 1.5 u.c. samples, for which the LBE feature is weaker

for 1.0 u.c. when the 2DEG is suppressed. Further support

for this interpretation is given by the recent standing-wave

photoemission study of an STO/GTO multilayer,18 in which

the same two LBE and HBE components of Sr 3d are found

to have the same standing wave profile, and thus to both be

spatially distributed through the entire thickness of STO

layer, rather than localized at the interfaces of it. However,

the fact that the LBE Ti feature is stronger for the system in

which the 2DEG is suppressed does not permit assigning its

origin the same kind of delocalized screening effect in a sim-

ple way, unless the formation of a bandgap on the GTO side

of the 2DEG suppresses the facile screening by 2DEG elec-

trons in the STO. Further theoretical study of these shifts,

e.g., using fully self-consistent LDA calculations of the full

multilayer, and/or an Anderson impurity model for the

screening that includes a delocalized set of electrons,24 will

be necessary to better understand these intriguing core-level

data.

In conclusion, we have measured core- and valence-

level photoemission spectra from two trilayer structures of

GTO/STO-1.0 or 1.5 unit cell/GTO, corresponding to 2

layers of SrO or 3 layers of SrO in the STO layer, respec-

tively, including resonant and higher non-resonant excitation

relative to the Ti 2p edges. We have directly observed the

2DEG for the 1.5 u.c. sample, but not for the 1.0 u.c. sample.

These results are in complete agreement with transport meas-

urements on the same samples and further indicate the strong

sensitivity of such interface states to layer thickness.

Our core-level measurements further indicate binding-

energy shifts for Ti and Sr in opposite directions that may

suggest charge transfer between them, unusual potential

shifts near the interface, or special final-state screening

effects, which at least for Sr, appear to be directly related to

the presence or absence of the 2DEG. In particular, when the

low-binding-energy component of Sr is less intense, as in

the 1.0 u.c. sample, the 2DEG is suppressed. An important

aspect of this work is the layer configuration of the sample

studied: in both cases, the STO layers are buried, which natu-

rally excludes the possibility of widely discussed surface

2DEG in STO. The sample morphology also eliminates the

influence of oxygen vacancies (either in GTO or in STO) on

our conclusions, as they would be expected to be present

about equally in both samples, and thus, we would not

FIG. 4. Core-level spectra obtained

with a higher non-resonant excitation

energy of 815 eV for the two samples,

1.0 u.c. STO and 1.5 u.c. STO (a) Ti

2p, with peak fitting to assess the in-

tensity and position of the low-bind-

ing-energy shoulder on Ti 2p3/2. (b) Gd

4d and Sr 3d. (c) Higher-resolution Sr

3d from the two samples, with peak fit-

ting to resolve the high-binding-energy

(HBE) and low-binding-energy (LBE)

components in each.
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observe the STO thickness dependence. These results further

confirm the exciting prospects for controlled tuning of the

electronic properties in oxide multilayer structures, as well

as the utility of resonant photoemission, soft x-ray ARPES,

and core-level spectroscopy for studying such interface

phenomena.
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