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Quasistatic antiferromagnetism in the quantum wells of
SmT105/SrT105 heterostructures

Ryan F. Need @', Patrick B. Marshall’, Eric Kenney @7, Andreas Suter®, Thomas Prokscha® Zaher Salman?, Brian J. Kirby*,

Susanne Stemmer', Michael J. Graf®? and Stephen D. Wilson'

High carrier density quantum wells embedded within a Mott insulating matrix present a rich arena for exploring unconventional
electronic phase behavior ranging from non-Fermi-liquid transport and signatures of quantum criticality to pseudogap formation.
Probing the proposed connection between unconventional magnetotransport and incipient electronic order within these quantum
wells has however remained an enduring challenge due to the ultra-thin layer thicknesses required. Here we address this challenge
by exploring the magnetic properties of high-density SrTiOs quantum wells embedded within the antiferromagnetic Mott insulator
SmTiO5 via muon spin relaxation and polarized neutron reflectometry measurements. The one electron per planar unit cell acquired
by the nominal d° band insulator SrTiO; when embedded within a d' Mott SmTiO5 matrix exhibits slow magnetic fluctuations that
begin to freeze into a quasistatic spin state below a critical temperature T". The appearance of this quasistatic well magnetism
coincides with the previously reported opening of a pseudogap in the tunneling spectra of high carrier density wells inside this film
architecture. Our data suggest a common origin of the pseudogap phase behavior in this quantum critical oxide heterostructure
with those observed in bulk Mott materials close to an antiferromagnetic instability.
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INTRODUCTION

The origin of pseudogaps near electronic instabilities and their
relationship to emergent phase behaviors in numerous transition
metal oxides remains an enduring topic of research."? Though the
underlying mechanisms of pseudogap formation remain debated
in many compounds, canonical examples of pseudogaps in
strongly correlated oxide systems often appear coincident with
the partial suppression of the Mott state and the disappearance of
long-range antiferromagnetism.>* Pseudogaps in these systems
develop below a characteristic temperature T, leading to the
conjecture that they are the consequence of an unresolved order
parameter or crossover;”® however, the myriad of competing
states (e.g., superconductivity,” charge density wave order,®° spin
stripe order') that also arise in close proximity to the Mott phase
render this connection difficult. Furthermore, the ubiquitous
transition into nanoscale electronically phase separated states
upon doping Mott states further blurs the unique resolution of an
order parameter accompanying the pseudogap’s formation.®'"'?

While the majority of studies begin with the Mott state and
introduce carriers to access the pseudogap regime,'*'® an
alternative approach to exploring pseudogap formation is to step
toward the insulating state from a weakly correlated Fermi liquid
ground state. This is challenging to do under fixed disorder in bulk
transition metal oxides; however thin film heterostructures with
two-dimensional quantum wells provide a means of accomplish-
ing this alternative approach. For instance, carriers can be induced
within the conduction band of a d° layer such as SrTiOs via the
creation of polar discontinuities at its bounding interfaces.'” The
induced carriers form two-dimensional electron liquids (2DELs) at

each interface and the total carrier density delocalized into the
SITiO; well can be controlled by tuning the well’s thickness.
Correlation effects can be activated as the electron density in the
well diverges,'® and heterostructures built from R**TiO3/SrTiO; (R
=rare earth) interfaces have demonstrated that metal-insulator
transitions can be driven near the thin well limit of a single SrO
layer."?

Recent studies exploring heterostructures built from SrTiO3
quantum wells embedded within a SmTiO3 Mott insulating matrix
have shown that, as the thin well limit is neared, SmTiO3/SrTiO3
architectures manifest an unconventional non-Fermi liquid
metallic state with anomalous magnetotransport properties.”®*'
Chief among these is the appearance of a low temperature
pseudogap state whose onset temperature T  is enhanced with
increasing carrier density (thinner wells).??> The proximity of
antiferromagnetism in the Mott insulating SmTiO5; host matrix of
this heterostructure is hypothesized to be endemic to this
behavior and suggests parallels to the pseudogap states observed
near the antiferromagnetic Mott states of bulk transition metal
oxides.

In this paper, we report the results of a combined muon spin
relaxation (USR) and polarized neutron reflectometry (PNR) study
exploring the origins of the pseudogap state in high carrier
density SmTiO3/SrTiOs quantum well heterostructures. Low
energy MSR measurements capable of implanting a substantial
fraction of muons within the quantum wells of this structure
reveal the onset of an additional channel of muon spin damping
within the T pseudogap phase. Precessional damping consistent
with the onset of magnetic correlations within the unbound
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electron liquid residing within quantum well of this structure is
observed, and polarized neutron reflectometry (PNR) measure-
ments preclude ferromagnetic correlations as the origin of this
damping. Our data demonstrate the onset of quasistatic
antiferromagnetic correlations coincident with the T state inside
the SrTiO; quantum wells and suggest that incipient antiferro-
magnetic order drives the formation of the pseudogap state in
this oxide heterostructure.?? More broadly, our results suggest that
high density quantum wells driven towards a metal-insulator
transition emulate the essential physics underlying bulk anti-
ferromagnetic Mott states as they are destabilized via carrier
substitution.

RESULTS

Low energy SR data were collected from three thin film samples
in both a weak transverse field (WTF) and under zero applied field
(ZF). One sample was a 20nm SmTiO; (SmTO) film used to
observe muon depolarization arising from SmTO in the absence of
proximate SrTiO; (STO). The other two samples were trilayer
heterostructures containing 10 nm SmTO barrier layers bounding
a SITiOs (STO) quantum well with thicknesses of 2 and 4 nm. A 2
nm (4 nm) STO quantum well is composed of 5 SrO (10 SrO)
planes alternating with 6 (11) planes of TiO,, and all quantum well
thicknesses are hereafter referenced by their number of SrO
planes. Previous tunneling spectra show that in a 5 SrO quantum

well a pseudogap opens at ~20K, while a 10 SrO well does not
display a gap opening above 2 K.*

Excellent sample quality consistent with previous reports,
including uniform layer thicknesses and sharp interfaces, was
verified by measuring a reference 5 SrO quantum well hetero-
structure embedded between thick SmTiO3 spacer layers via x-ray
reflectometry measurements (Fig. 1a). Simulated muon implanta-
tion profiles for the samples above were calculated for various
implantation energies with the TRIMSP Monte Carlo code.®
Figure 1b and c show the simulated implantation profile for 1.5
keV incident muons for the 5 SrO and SmTO control samples,
respectively. This energy was found to maximize the percentage
of muons landing within the STO quantum wells, resulting in
nearly a quarter of all incident muons landing within the SrTiO3
layer for the case of the 5 SrO thick well.

WTF uSR measurements are shown in Fig. 2 where the average
time-dependent muon polarization P(t) was fit to the form P(t) =
exp(-At)cos(y,Bt + ¢) and where B is the local field at the muon
stopping site, y, =851.6 Mrad s 'T" is the muon gyromagnetic
ratio, and ¢ is a phase constant which is determined by the
detector positions relative to the initial muon spin polarization.
Here the depolarization rate A represents an average response of
the muons throughout the sample volume. In wTF measurements,
A is typically dominated by dephasing between individual muon
decay events due to slight variations in the static local field at the
muon location.?”?® However, A will also increase when moment

23-25

10 SrO

5SrO

(2]

SMmMTO

4 nm STO

2 nm STO

LSAT

LSAT

T T ]
T0uc SMTO/[5SrO/ 10 uc SmTO] x 4 / LSAT |£|

10 [
b — —
s 2k i
g 10 SmTO A
= ~ s10 ;264
g sl 185024 |7 %

SmTO
107 : ! ' '
0.0 0.1 - 0.2 03
qlA ]

'@‘ T T T T T '@ T T T T
S 10F 15keV S 10f 15keV

5 5SrO | LSAT S Sn%TO LSSTt .
> trilayer | sub. =] m | substrate
S 8 <_y —_—] IS 8 — | —
ks ©

() (]

> 6 1 g sf .
- -

c c

g g 4

2 41 - o - 4
(] [}

77% a

= £
82 1 2 7 I
: : =

£ 4] €,

o 0 . o
Z 0 50 100 150 200 250 Z 0 50 100 150 200 250

Depth from surface [A]
Fig. 1

Depth from surface [A]

X-ray reflectometry and muon implantation profiles for SmTiO5/SrTiO3 and SmTiO;3 films. a Schematic of the three samples studied via

USR. b X-ray reflectometry data and fit of a reference SmTiO3-SrTiO3 superlattice with 5 SrO thick quantum wells used to check for interface
quality. Schematic inset shows the superlattice layer stack with interfacial rms (root mean square) roughness values for the top interface of
each type of layer. Simulated muon implantation profiles are shown for (c) the 5 SrO quantum well and (d) the SmTiOs film, calculated using

the TRIM.SP Monte Carlo code. Error bars are one standard deviation
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Fig. 2 Weak transverse field pSR relaxation rates and asymmetry.
Temperature-dependence of the muon transverse depolarization
rates (a) for the trilayer 5 SrO film (orange triangles), 10 SrO film
(purple squares), and SmTiOs control film (gray circles) extracted
from fitting weak transverse field data, as shown in (b) for the 5 SrO
and SmTO samples at 5 K. Note that initial asymmetry values at low
temperature are small due to limited t, resolution and a large
fraction of muons depolarizing rapidly inside the magnetically
ordered SmTO. Both plots use the key shown in (a). Error bars are
one standard deviation

fluctuations slow down into the experimental range and become
observable (i.e, THz — GHz). Therefore, an increase in A for a
system containing local magnetic moments can be interpreted as
the slowing down of the magnetic moment fluctuation rate, which
may or may not result in quasistatic order.

Figure 2a shows the temperature evolution of the transverse
depolarization rate, A, for the 5 SrO film. As the film is cooled, an
initial increase in A is observed followed by a partial saturation
near the expected Neel temperature Ty, =60K for the Ti*"
sublattice in bulk SmTO. Upon further cooling, a second increase
in A followed by a partial saturation is observed at Ty, =40K,
consistent with the expected Sm>" sublattice bulk ordering
temperature.?*3° Surprisingly however, as the 5 SrO film is cooled
below Ty;, a third, nonsaturating upturn in A appears below 20 K.

Instead, this anomalous low temperature increase in the wTF A
suggests a third set of moments freezing, distinct from the two
ordered sublattices in the SmTO layers. Further illustrating this
distinction, low temperature wTF pSR measurements collected on
the 10 SrO trilayer and SmTO control film are overplotted with the
5 SrO data in Fig. 2a. Importantly, no comparable low temperature
upturn in A below 20K is observed in either sample. This
demonstrates that the enhanced depolarization rate observed in
the 5 SrO architecture is not inherent to SmTO, nor is it due simply
to the introduction of an STO layer or STO/SmTO interfaces. Raw
data demonstrating the difference in the decay envelope of
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Fig. 3 Zero field pSR asymmetry. Zero field muon spin relaxation
measurements of the 5 SrO film (orange triangles), 10 SrO film
(purple squares), and SmTiO3 control film (gray circles) at 5 K. Error
bars are one standard deviation

asymmetry values P(t), from which A is extracted, of the 5 SrO and
SmTO films at 5K are plotted Fig. 2b.

We stress that the formation of muonium, a bound state
between a positive muon and an electron (u*e™), cannot be the
origin for this additional upturn in A the 5 SrO data for a number of
reasons. First, no upturn is observed in the 10 SrO sample, where
approximately 50% of the well width is outside the extent of the
interface induced 2DEL (i.e. insulating regions).?' Second, in the
case of an undoped STO film, muonium formation was previously
shown to occur at 70 K,*? far from the 20 K upturn in the trilayer
wTF data. Finally, muonium formation is often suppressed in
metallic materials such as STO quantum wells that contain highly
confined 2DELs."*’

Zero field puSR data were collected to provide further insight
into the different low temperature magnetic states observed in
wTF. Shown in Fig. 3 are zero field cooled, ZF uSR data collected at
5K that have been fit to a model composed of a linear
combination of two exponential functions, Pz(t) = f*exp{-Asas; t}
+ (1-f)*exp{-Asiow t}. This type of function is commonly used to
capture disordered magnetic systems in which oscillations from
long-range magnetic order have been overdamped.>** The fast
relaxation term Ag,s; conventionally reflects muons depolarized via
an inhomogeneous, static local field while the Ay, term is
reflective of muons depolarized via slower fluctuations.>> The lack
of ZF oscillations in the ordered state of SmTO may be attributed
to these layers possessing two magnetic sublattices with similar
ordered moments®> and four-fold symmetric domains ~50-100
nm in diameter when grown on cubic LSAT substrates.>>¢ In
addition, the large energy spread (~0.5 keV) of the incident muons
reduces the t, resolution of the spectrometer.?® Together these
features make the observation of ZF oscillations unlikely, and
instead A, is determined by the nonuniformity of the internal
field seen by the muons.

Relaxation rates for the fast and slow depolarization processes
in the STO portion of the quantum well structures were extracted
using rates measured independently from the SmTO control film
to represent the 78% (70%) of the 5 (10) SrO film muon stopping
sites outside of the STO well. The best fit to the SmTO data was
achieved with a fast fraction of muons, fg=0.73+£0.003,
decaying at 44.5+1.05us™ ' while the slowly decaying fraction
of muons decayed at 0.26 + 0.005 ps~'. The remaining 22% (30%)
of the 5 (10) SrO film volume is described by using the same form
of fast and slow relaxation terms, representing the quasistatic
ordered and slow spin fluctuation contributions to the muon
decay in the STO well, respectively.

The STO in the 5 SrO film had a similar fraction of fast decaying
muons, fr,e = 0.79 £ 0.006, as the pure SmTO film. This similarity
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suggests two corollaries: (1) the 5 SrO film is magnetized to a
similar degree as the SmTO film, a known antiferromagnet well
below its Neel temperature, and (2) the entirety of the 5 SrO
sample, including the entire STO quantum well, possesses these
magnetic correlations, as was previously shown to be the case for
STO quantum wells embedded within a GdTiO; matrix.>* In a
homogeneous or nearly ordered picture of the STO layer, this
corresponds to the onset of quasistatic magnetic order with
c0s%0 = 0.21 with © being the angle between the muon’s incident
spin and the local magnetic field. In an inhomogeneous picture,
the reduction in the slowly fluctuating volume fraction corre-
sponds to slow fluctuations freezing into a distinct volume
possessing quasistatic spin correlations. Both scenarios are
consistent with the wTF results showing a low temperature onset
of magnetic correlations in the STO layer, and ZF data suggest the
lack of saturation in wTF data below 20K as due to robust
fluctuations persisting in the STO layer at 5K.

By comparison, the fraction of fast decaying muons in the 10
SrO film was found to be only 0.57 £ 0.005. This lower fraction of
fast decaying muons in the STO of the 10 SrO film explains why, at
short time scales (t< 1 ps) in Fig. 3, the 10 SrO film has notably
higher asymmetry values than either the 5 SrO or control SmTO
samples. This offset arises from implanted muons that localize
within a non-magnetic portion of the 10 SrO well and therefore do
not undergo fast depolarization. Over longer time scales, the
trends in Fig. 3 are controlled by the slowly decaying muons and
their relaxation rates. The decay rates for the STO portion of the 10
and 5 SrO films both refine to be slower than the slowly decaying
muons in the SmTO, 0.15+0.007 and 0.08+0.014pus ',
respectively.

The low temperature enhancement of A in the wTF measure-
ment below T* = 20 K and the strong fast depolarization under ZF
are suggestive of magnetic moments associated with the free
electrons near quantum well interfaces of the 5 SrO film. In order
to probe whether these correlations carry a net magnetization and
whether a field-induced response appears similar to the case of
GdTiOs/SrTiO; quantum well heterostructures, PNR measurements
were performed (See Supplemental Material for additional
information) on a SmTiO3/SrTiO3 superlattice film with 2 SrO thick
quantum wells and 4 nm thick SmTO spacing layers. The switch
from a 5 SrO to a 2 SrO thick quantum well structure was
motivated by previous measurements showing a stronger
magnetic response in more highly confined well structures,®
and a field of 0.7 T (70 times larger than that utilized in wTF puSR
measurements) was utilized to further maximize any potential
field-induced magnetic polarization in the plane of the film.

Figure 4a shows that the PNR data collected at 4 K from the two
non-spin flip channels (R*™ and R™") lie directly on top of one
another, revealing no net magnetization in the plane of the film.
To highlight the lack of a net magnetization, the spin asymmetry is
plotted in Fig. 4b, and the nonmagnetic model fit to the data is
plotted in Fig. 4c. As the antiferromagnetic structure of the SmTO
layers in this superlattice has no net magnetization, this
measurement is very sensitive to any potential magnetism in
the STO layers. The sensitivity in this experiment is estimated to be
better than 7.25 kA/m (9 mT) or roughly 0.05 pg per Ti ion, a value
significantly smaller than the reported ordered moments for both
Sm>" (0.72 pg) and Ti** (0.43 pg) in SMTiO;>° This bound is also
much smaller than the value of 1 pg /Ti for a fully polarized state of
S =1 Ti*™ moments naively associated with free electrons in the
quantum well.® These data preclude a picture of a low
temperature, field-driven polarized state in the 5 SrO trilayer film
and instead suggest that the magnetic correlations probed in SR
data are antiferromagnetic in nature.
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Fig. 4 Polarized neutron reflectometry data and structural model of
a SmTiO3/SITiOs superlattice film with 2 SrO quantum wells. Panel
(a) displays polarized neutron reflectometry data in both the R*™
(open circles) and R™~ (closed circles) channels. Inset shows layer
structure with interfacial rms roughness given for the top of each
layer type. The spin asymmetry (b) is calculated from PNR data in (a).
In both (a) and (b), the best fit to the data is overlaid on the data
(lines). Inset in (b) is a close up of the spin asymmetry over the
critical edge and has the same axis units as the larger panel. The
refined layer model of the superlattice (c) includes the real nuclear
(solid black), imaginary nuclear (dashed black), and magnetic (solid
orange) components of the scattering profile. Error bars are one
standard deviation

DISCUSSION

Quasistatic magnetic correlations associated with the introduction
of free electrons into the 5 SrO quantum well film could have a
number of origins; however, data from the 10 SrO sample rule
many of them out. For example, Sm*" or Ti** moments localized
near the well interfaces, which have not frozen/ordered due to
interactions with the free electrons in the STO layers, could in
theory contribute to correlations within the well electrons
themselves. Alternatively, oxygen defects in STO or at the
SmTO/STO interface could produce a magnetic response (See
Supplemental Material for additional information). However, if
either of these mechanisms were active, their signatures should
have been observed in the 10 SrO sample. Furthermore, the
magnetic response of trivial oxygen defects in STO is quite distinct
from that observed here (See Supplemental Material for additional
information). Instead, the remaining scenario consistent with our
data is that the moments of the polarity-induced electrons
localized within the wells themselves may undergo quasistatic
freezing. In this scenario, the onset of magnetic freezing is
coupled to the free carriers in the quantum wells and can naively
bias the resulting charge transport through the well.

Earlier measurements of SmTiO3/SrTiO3 heterostructures have
shown that at the critical well thickness of 5 SrO layers, non-Fermi
liquid transport manifests and the inverse Hall coefficient
(apparent carrier density) diverges, suggestive of the influence
of a nearby quantum critical point.'® The underlying order
parameter driving this anomalous well transport is likely coupled
to the appearance of a low temperature pseudogap in the
tunneling spectra of thin well SmTiO3/SrTiO3 heterostructures. For
5 SrO thick wells, a pseudogap appears below ~20 K consistent
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with the T" freezing transition resolved in our wTF SR data.?? This
connects the quasistatic spin freezing to the free carriers in the
wells as the origin for pseudogap formation. Furthermore, the
proximity of the antiferromagnetic SmTiO; host is key to
stabilizing this behavior. Identical quantum well structures inside
a ferrimagnetic GdTiO3 host do not produce a similar pseudogap
state, but rather induce ferromagnetism within the quantum wells
and Fermi liquid transport.?'?%%

The opening of a pseudogap in high carrier density SmTiOs/
SrTiO3 quantum well heterostructures is reminiscent of pseudogap
formation in bulk transition metal oxides close to destabilized
antiferromagnetic Mott states. In systems as diverse as cuprates,’
manganites,'* and iridates,'® pseudogaps emerge as the Mott
charge gap is quenched, yet robust short-range/fluctuating
antiferromagnetic correlations remain.>’° Our combined uSR
and PNR data point toward a model of quasistatic antiferromag-
netism induced by neighboring antiferromagnetic SmTiO; layers
within high carrier density SrTiO; quantum wells. The coinciding
onset temperatures of antiferromagnetic fluctuations in wTF uSR
measurements and pseudogap formation from earlier tunneling
measurements strongly suggest that magnetic correlations in the
SrTiOs quantum well constitute the origin of the pseudogap
formation in this system. Our results support the notion that the
essential physics for pseudogap formation in an array of doped
transition metal oxides with parent antiferromagnetic Mott states
is captured in high density quantum wells embedded within an
antiferromagnetic Mott matrix.

METHODS

Thin film growth

SmTiO3/SrTiOs/SmTiO3 quantum well structures and SmTiOz thin films
were grown on (001) (Lag3Sr7)(AlgssTaoss)Os (LSAT) substrates by hybrid
molecular beam epitaxy (MBE), as described in detail elsewhere>**° Both
materials were co-deposited in ultra-high vacuum (i.e.,, ~1078Pa) on a
heated substrate using elemental solid sources for Sm and Sr and a metal-
organic precursor to supply Ti and O atoms. SmTiO5 barrier thicknesses
were nominally 10 nm thick on either side of the SrTiO; quantum well. The
average quantum well thickness, which we specify by the numbers of SrO
planes they contain, was controlled with single-layer precision using in-situ
reflection high-energy electron diffraction (RHEED). All samples were
below the critical thickness for strain relaxation as evidenced by x-ray
diffraction and electron microscopy measurements on similar structures.
The polar discontinuity of the SrTiOs/SmTiO; interface electrostatically
introduces a constant sheet carrier density of =3.4x 10'*cm 2 carriers, or
6.8x 10" cm™2 carriers per quantum well into the SrTiO5 71825

X-ray reflectivity

X-ray reflectivity data were collected at the NIST Center for Neutron
Research on a Cu Ka lab source reflectometer at room temperature and in
ambient conditions with a fixed divergence slit.

Muon spin rotation/relaxation (uSR)

USR data were collected at the Low Energy Muon (LEM) spectrometer on
the PE4 beamline at the Paul Scherrer Institute.*’ At LEM, high-energy spin-
polarized muons are passed through a moderator of condensed inert gas
turning a small fraction of the incident beam into epithermal muons (15
eV) while retaining the beam'’s initial polarization. The moderated muons
are then reaccelerated to keV implantation energies. For all measurements
in this study, an implantation energy of 1.5 keV was used as discussed in
the main text (c.f. Fig. 1). At these low velocities the muon beam spot size
is ~10-15mm in diameter,?® and in order to capture the majority of
incident muons, each sample was comprised of four separate 1cm x 1cm
films placed in a 2 x 2 grid. The samples were mounted in a flow cryostat
and measured over the temperature range 5 to 150 K. The initial muon
polarization was in the plane of the sample. Data were collected both
under a 10T magnetic field applied transverse to the initial muon
polarization (weak transverse field, wTF) and in zero field (ZF). Note that
the current time resolution on the LEM instrument is insufficient to resolve
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atomic muonium frequencies at the applied wTF field. All uSR data were
analyzed and fit via Musrfit.*?

Polarized neutron reflectometry

Polarized neutron reflectometry measurements were performed on the
PBR reflectometer at the NIST Center for Neutron Research with an incident
wavelength of 4.75 A. Spin polarization was selected using the critical edge
of Fe/Si supermirrors in combination with Mezei spin flippers before and
after the sample. Measurements were collected in a specular geometry for
both non-spin flip channels. The average flipping ratio between non-spin
flip and spin flip channels was 54.9. The sample chosen for the PNR
measurement was field cooled in a closed-cycle He cryostat and measured
under a poH = 0.7 T field. Analysis was performed using the Refl1D code to
that implements an optical matrix formalism to refine an input structural
model of the sample.**

Data availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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