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1. Sample growth and characterization 

Double quantum well (QW) structures of (N-ML SrVO3)/(L-ML SrTiO3)/(M-ML SrVO3) 

(VNTLVM), were fabricated onto atomically flat TiO2-terminated 0.05 wt% Nb-doped SrTiO3 

(Nb:STO) (001) substrates in a laser molecular-beam epitaxy chamber that is connected under 

ultrahigh vacuum to an angle-resolved photoemission spectroscopy (ARPES) system at BL-2A 

MUSASHI of Photon Factory, KEK.  The details of growth conditions and characterization for 

constituent SrVO3 (SVO) and SrTiO3 (STO) layers are described elsewhere1–5.  Each layer of 

the double QW structures was grown under the same conditions as those of the previously 

reported QW structures, wherein coherent growth on the substrate and the formation of a 

chemically abrupt interface SrVO3/ SrTiO3 has been achieved1–5.  During the growth of each 

layer, the thickness was precisely controlled on the atomic scale by monitoring the intensity 

oscillation of reflection high-energy electron diffraction (RHEED) spots.  As a typical example, 

the RHEED intensity oscillations during growth of a V6T2V2 heterostructure are shown in Fig. 

S1.  The clear RHEED oscillations during the growth of SrVO3 and SrTiO3 layers indicate a 

layer-by-layer growth.  The period of oscillation corresponds to the deposition of one 

monolayer (ML) of SrVO3 and SrTiO3, which was also confirmed using the deposition rate 

estimated from grazing-incidence X-ray reflectivity measurements.  The high surface quality, 

surface flatness, and epitaxial growth of each layer are confirmed by the RHEED patterns which 

show the sharp streak patterns and Kikuchi lines at all growth stages.  Furthermore, the almost 

identical RHEED pattern after SrVO3 layer deposition indicates that the top and bottom SrVO3 

layers are grown with almost the same crystallinity. 

 

The surface morphology of the prepared QW structures was analyzed by atomic force 

microscopy (AFM).  Atomically flat surfaces with step-and-terrace structures, which reflected 

the morphology of the Nb:STO substrate, were clearly observed for all samples, indicating that 

not only the surface but also the buried interfaces were atomically flat.  As a typical example, 

the AFM image for a double QW structure after fabrication is presented in Fig. S2.  The clear 

step-and-terrace structure is observed even after fabricating VNTLVM double QW structure.  

The surface structures and cleanness of the measured double QW structures were also 

confirmed via low-energy electron-diffraction (LEED) and core-level photoemission 

measurements, respectively.  LEED patterns showed sharp 1×1 spots with some superstructure 

spots of √2×√2-R45° for all samples.  The prepared films were transferred under an 
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ultrahigh vacuum of 10-10 Torr to the photoemission (PES) chamber.  The in-vacuum transfer 

was necessary to avoid degradation of the SrVO3 surfaces upon exposure to air.  The surface 

cleanness and stoichiometry of the samples were carefully characterized by analyzing the 

relative intensity of relevant core levels. 

 

 

 

 

FIG. S1: The RHEED intensity oscillations during the growth of the V6T2V2 double 

quantum-well structures.  The start and end of the deposition for each constituent layer are 

indicated by blue triangles.  RHEED patterns taken at each growth stage in this fabrication 

procedure are shown on the top of the graph.  The inset shows schematic side views of the 

structures at each fabrication stage. 
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FIG. S2: Typical AFM image of VNTLVM quantum-well structures taken after the growth.  

Scan area is 1 × 1 µm2.  An atomically flat surface with step-and-terrace structures, which 

reflects the morphology of the Nb:STO substrate, is clearly observed, indicating that not only 

the surface but also the buried interfaces are atomically flat. 
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2. Experimental geometry in the present ARPES measurement 

Figure S3a shows the sketch of our experimental geometry for in situ ARPES measurements.  

The incident synchrotron radiation beam and the outgoing photoelectrons entering the analyzer 

slit define the emission plane, which is horizontal in this case.  Light polarization (horizontal 

or vertical) is referred to this emission plane.  Reciprocal space along the X- and Y-axis 

direction is explored by varying the angles of q and j, respectively. 

 
Figures S3b and S3d show the ARPES intensity maps along the G-X direction for a SrVO3 film 

with 8-ML thickness with linear horizontal (LH) and linear vertical (LV) polarizations, 

respectively, compared with the corresponding results of the tight-binding calculation in the 

mass renormalization scheme for each 3d t2g orbital2 (Fig. S3c).  Significant polarization 

dependence is clearly observed.  Owing to the dipole selection rules for the present 

experimental setup, ARPES intensities of dzx- derived subbands are dominant in the LH mode 

(Fig. S3b), whereas dxy- and dyz- derived subbands in the LV mode (Fig. S3d).  In other words, 

the polarization-dependent ARPES enables the determination of the subbands of dzx states and 

dxy/dyz-states separately. 
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FIG. S3: a, Sketch of our experimental geometry at the beamline BL-2A MUSASHI of Photon 

Factory, KEK.  LH and LV are linear-horizontal and linear-vertical polarizations, respectively. 

In this geometry, the incoming photon momentum is coplanar to the entrance slit (photoelectron 

detection) direction of the photoelectron analyzer.  b,d, ARPES intensity maps taken at the 

photon energy of 88 eV along the G-X direction for an 8-ML SrVO3 film with LH (b) and LV 

(d) lights.  c, Tight-binding calculation result for the SrVO3 8 ML2.  The blue, green, and red 

curves represent the dxy, dyz, and dzx bands, respectively.  It is evident that ARPES intensity of 

the dzx- (dyz/ dxy-) derived subbands becomes dominant in the LH (LV) mode. 
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3. Analysis of ARPES spectra 
3.1 ARPES images 

Figure S4 shows the ARPES intensity plots in the energy–momentum (E–k) space of V6T2V2 

and V2T2V6 double QW structures, together with their curvature intensity plots6.  The intensity 

modulation of ARPES images between the left and right sides with respect to the centerline (kx 

= 0) is due to pronounced matrix-element effects.  In order to show the band structure more 

clearly, we display the images circled by the dotted squares in the main text (Fig. 3).  Note that 

we carefully checked that the band dispersion itself is almost the same between ARPES 

intensity plots and the curvature plots by picking up the peak position from raw data (Fig. S5). 

 

  
 

FIG. S4: Intensity plots of the ARPES spectra taken along the G-X direction for V6T2V2 (a) and 

V2T2V6 (b) double QW structures (upper panel) and their curvature intensity plots (lower panel).  

The intensity modulation is due to pronounced matrix-element effects in the ARPES 

measurements.  The images surrounded by the dotted squares are displayed in the main text 

(Fig. 3).  The momentum distribution curves (MDCs) at the Fermi level (EF) integrated over an 

energy window of 20 meV are also shown in the respective ARPES images.   
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FIG. S5:  Plots of peak positions (data markers) determined from ARPES data along the G-X 

direction (the upper panels of Fig. S4) for V6T2V2 (a) and V2T2V6 (b) double QW structures in 

comparison with the corresponding DFT results (solid lines).  The peak positions solidly 

determined from MDCs and energy distribution curves (EDCs) are shown by the open circles 

and open squares, respectively.  Question marks represent the energy positions of weak 

structures.  The solid lines present the DFT results for the dzx quantization states (Fig. 3 and 

Fig. S11). 
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3.2 Momentum distribution curves for a series of V2TLV6 double QW structures 

Figure S6 shows the ARPES images for a series of V2TLV6 double QW structures.  The data 

are the same as those in Fig. 2, but displayed in the expanded energy scale up to 0.8 eV.  The 

momentum distribution curves (MDCs) at the Fermi level (EF) integrated over an energy 

window of 20 meV are shown in the respective ARPES images.  It is evident that the Fermi 

surface emerges for V2T2V6 double QW structures.  The emergence of the Fermi surface is 

further confirmed by the fact that the MDC is well fitted by two Lorentzian functions, as shown 

in Fig. S7. 

 

FIG. S6:  ARPES intensity plots along the G-X direction for a series of V2TLV6 double QW 

structures (the data are the same as those in Fig. 2).  The MDCs at EF integrated over an energy 

window of 20 meV are overlaid in the respective images. 

 

  
FIG. S7: MDC at EF integrated over an energy window of 20 meV taken from the ARPES 

image for the V2T2V6 double QW structure.  The MDC is well fitted to two Lorentzian 

functions (green curves). 
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3.3 Momentum distribution curves for band crossing EF 

Figure S8 shows the MDCs in the energy range from 0.1 eV to -0.04 eV for a series of V2TLV6 

double QW structures to confirm the emergence of the subband crossing over EF.  For V2T2V6, 

it is clearly observed that MDC peaks, which correspond to the band dispersion in the rightmost 

panel of Fig. 2 (also Figs. S4b, S5b, and in the rightmost panel of Fig. S6), evidently cross EF, 

indicating the metallization of the SrVO3 top-QW layer.  Since MDCs and EDCs (see Fig. 2b) 

present essentially the same band dispersions, the MDC analysis provides further support for the 

emergence of the metallic band that crosses EF.  Note that we separately determine the band 

dispersion by picking up the peak positions of MDCs and EDCs to confirm the identification of 

the dispersion between the two different types of curves. 

 

 

   

FIG. S8: MDCs for the V2TLV6 double QW structures with L = 10, 4, and 2 (from left).  The 

intensities of the MDCs are normalized to the incident photon flux.  Red thick lines indicate 

the MDCs at EF. 
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4. Spectral weight transfer from the lower Hubbard band to the coherent band 

near EF 

Figure S9 shows the valence band spectra for the V2TLV6 double QW structures with varying L 

from ∞ to 2.  These spectra exhibit remarkable and systematic changes.  The valence band 

mainly consists of three structures1: two prominent O 2p derived structures exist at binding 

energies of 3.0–9.0 eV, whereas a characteristic structure emerges near EF.  The structure near 

EF was assigned to the V 3d states on the basis of V 2p-3d resonant photoemission spectra.  

According to the previous results on SrVO3 QW structures1, a peak located precisely at EF 

corresponds to the coherent part (quasiparticle peak), while a relatively broad peak centered at 

about 1.5 eV the incoherent part (the remnant of the lower Hubbard band).  With decreasing 

the barrier layer thickness, the leading edge of the V 3d states clearly shifts to EF, and the 

spectral weight at EF seems to increase from V2T4V6.  Eventually, the sharp peak evolves at EF 

for the V2T2V6 double QW structure, indicating the metallization of the SrVO3 top-QW layer. 

 

 

 
 

FIG. S9: Angle-integrated PES spectra for valence-band (a) and near-EF (b) region for the 

V2TLV6 double QW structures with varying L from ∞ to 2.  These spectra were taken at a 

photon energy hν = 600 eV and a temperature of 20 K.  
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5. Structure plot of dzx states for SrVO3 QW structures for designing resonant 

tunneling in double QW structures 

To design the double QW structures for resonant tunneling, we utilized the structure plot (the 

plot of quantization energies as a function of SrVO3 layer thickness) of dzx states for SrVO3 QW 

structures as shown in Fig. S10.  Results with quantum numbers n = 1–4 are shown in red, 

orange, green, and blue, respectively (refs 2–5).  The solid lines are predictions for the QW 

states from the tight-binding (TB) calculation in the renormalized scheme7.  The TB results 

reproduce the experimental results, although there are discrepancies between the experiment 

and the calculation.  The discrepancies seem to become larger by approaching the quantization 

energies to EF, probably reflecting the unusual band renormalization of the subbands near EF 

(refs 2–5). 

 

By extrapolating the data, the original quantized energy of n = 1 states for a 2-ML SrVO3 QW 

structure is expected to be in the range of 200–300 meV (hatched by green color), although the 

2-ML SrVO3 QW is a Mott insulator and its original QW state is localized as lower Hubbard 

band (see Fig. 2).  Judging from the structure plot, we concluded a 6-ML QW structure was the 

best candidate for a counterpart of the double QW structure to induce the RT effect between two 

energetically close QW states: The quantization energy of n = 2 states for the 6-ML SrVO3 layer 

is close to the original quantized energy of n = 1 states for a 2-ML SrVO3 QW structure.  The 

existence of the energetically close QW states in both the top and bottom QW structures 

suggests the hybridized nature of the envelope wavefunctions of the two subbands, leading to 

the RT effect between the two QWs.  Based on the structure plot, we employed the V2TLV6 

double QW structures in the present study. 
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FIG. S10:  Structure plots showing the energy positions of respective QW states of dzx states 

(data markers) versus the layer thickness of SrVO3.  The data are taken from refs 2–5.  The 

solid lines are the predictions for the QW states from the TB calculation in the renormalized 

scheme7.  Note the TB results are in good agreement with the results of DFT calculation with a 

normalization factor Z = 0.55 (ref. 7).  A dotted line circle indicates the expected original 

quantized energy of n = 1 states for a 2-ML SrVO3 QW structure. 
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6. Details of band structure calculations 

Figure S11 shows the results of band structure calculations for the double QW structure (left 

side) in comparison with the ARPES images taken with LH polarization (right side).  In the 

band structure calculation, the result for all dxy, dyz, and dzx-derived subbands are presented.  

Note that the dzx-derived subbands, as well as the ARPES images, are exactly the same as those 

in Fig. 3.  As described above, dzx-derived subbands are dominant in the ARPES images owing 

to the dipole selection rules for the present experimental setup.  In fact, the flat dyz-derived 

subbands that degenerate at the Γ point (the kx = 0 point in Fig. S11) to the dzx-derived ones are 

not detected.  Thus, the comparison between the calculation and experiment highlights the 

validity of comparing only dzx-derived subbands with the present ARPES results as presented in 

Fig. 3. 

 

 

FIG. S11: DFT calculations for all t2g subbands in double QW structures.  Comparison of 

ARPES images taken along the Γ-X direction with the DFT calculations for V6T2V2 (a) and 

V2T2V6 (b) double QW structures.  Raw ARPES intensity plots are shown on the right half side 

and the DFT calculations on the left side.  Triangles, squares, and circles represent the dxy-, dyz-, 

and dzx-derived bands, respectively.  The probability of the electron being detected by ARPES 

is represented by the size of the markers.  Since only dzx-derived subbands are detected in the 

present experimental configuration (Fig. S3), the corresponding subbands with predominant dzx 

character are highlighted in the calculation as filled circles for comparison.  Note that the 

dzx-derived subbands and the ARPES images are exactly the same as those in Fig. 3. 
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