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Published online: 04 September 2017 We report on angle-dependent measurements of the sheet resistances and Hall coefficients of electron

liquids in SmTiO;/SrTiO;/SmTiO; quantum well structures, which were grown by molecular beam
epitaxy on (001) DyScO;. We compare their transport properties with those of similar structures grown
on LSAT [(Lag 5Srg 7)(Alg ¢5Tag 35)03]. On DyScO;, planar defects normal to the quantum wells lead to a
strong in-plane anisotropy in the transport properties. This allows for quantifying the role of defects in
transport. In particular, we investigate differences in the longitudinal and Hall scattering rates, which
is a non-Fermi liquid phenomenon known as lifetime separation. The residuals in both the longitudinal
resistance and Hall angle were found to depend on the relative orientations of the transport direction
to the planar defects. The Hall angle exhibited a robust T? temperature dependence along all directions,
whereas no simple power law could describe the temperature dependence of the longitudinal
resistances. Remarkably, the degree of the carrier lifetime separation, as manifested in the distinctly
different temperature dependences and diverging residuals near a critical quantum well thickness, was
completely insensitive to disorder. The results allow for a clear distinction between disorder-induced
contributions to the transport and intrinsic, non-Fermi liquid phenomena, which includes the lifetime
separation.

Strongly correlated materials exhibit transport properties that often strongly differ from normal metallic behav-
ior'~>. Examples include poorly understood power laws in the temperature dependence of the resistance and a
phenomenon known as lifetime separation, which was first discovered in the high-temperature superconducting
cuprates®’. It refers to the observation that the longitudinal resistance and the Hall angle (the inverse of the
Hall mobility) exhibit different temperature dependencies and/or 0 K-limits, in stark contrast with the behavior
of a simple, isotropic metal, which has a single relaxation time. In bulk materials, lifetime separation has been
reported for cuprates®®?, heavy Fermion systems!® !, V,0;_'?, and ruthenates'>!*. A direct consequence of the
two distinct lifetimes is a temperature dependence of the Hall coeflicient that is not due to a change in carrier
density with temperature, i.e., a Fermi surface reconstruction; rather, it arises because it is the ratio of the two
scattering rates. The fact that the same quasiparticle appears to exhibit two different scattering rates poses, how-
ever, significant theoretical challenges. Many different possible explanations have been proposed, including a
two-dimensional Luttinger liquid (spin-charge separation), complex Fermi surfaces combined with strongly ani-
sotropic scattering rates, as may occur near an antiferromagnetic transition, and quantum critical points® 7322,

Recently, lifetime separation has also been found in an interface-based correlated electron system?. These
oxide heterostructures consist of electron liquids that are contained in thin SrTiO; quantum wells embedded
in insulating rare earth titanates, i.e., SmTiO;**. The mobile sheet carrier density in the SrTiO; quantum well
is fairly high (~7 x 10" cm™2). It is fixed by the polar discontinuity at the SrTiO,/SmTiO; interfaces® and thus
independent of the quantum well thickness. The electron system in these quantum wells shows a number of
correlation-induced phenomena, such as magnetism, pseudogaps, and transitions to an insulating state, as the
three-dimensional carrier density is increased by decreasing the quantum well thickness**26-%2,

The longitudinal resistance, R,,, as a function of quantum well thickness could be described by*:

Ryx = Ry + AT", 1)
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where R, is the 0-K residual due to the disorder, T is the temperature, A is the scattering amplitude, and # is the
power-law exponent. For thick quantum wells, n ~ 2, similar to single interfaces®. Below a critical quantum well
thickness, ¢, as the system approaches an itinerant antiferromagnetic transition, n < 22¢2%34 The Hall angle (6y)
is defined as:

H cotfy = R Rxx H(C + aT?),
Ryy Ry (2)

where H is the applied magnetic field, Ryy is the Hall resistance, Ry is the Hall coeflicient, C the residual (the
inverse of the Hall mobility extrapolated to zero temperature), and c is the Hall scattering amplitude. Like A, o
contains the effective mass, m*, and it can be expressed as aT? = m—*F( TZ), where I' is a temperature-dependent
scattering rate and e the elementary charge. In contrast to R, cot 0y remains ~T?, independent of the quantum
well thickness. The residuals (C and R,) increased with decreasing quantum well thickness, consistent with
increasing contribution from interface roughness scattering, as expected for thin quantum wells®. Furthermore,
it was found that the residual C, but not R, contained an additional contribution near t_. The two observations,
different temperature exponents and diverging residuals, define two separate transport scattering rates or life-
times, as expressed in Eqs (1) and (2), in close analogy to the other systems mentioned in the first paragraph
above.

Disorder also plays an important role in the physics of strongly correlated systems. In some cases the pres-
ence of disorder can enhance the effects of electron correlations®® and give rise to non-Fermi liquid behavior®.
Introducing controlled amounts of disorder can also assist in elucidating the transport physics in correlated mate-
rials. For example, in the cuprates, it was shown that Zn impurities affect the 0 K-limit of the Hall angle scattering
rate, implying that both lifetimes are associated with a real physical scattering process, i.e., not just an algebraic
manipulation®.

The goal of the study reported in this paper was to gain further understanding of the origins of lifetime sep-
aration by introducing defects into the SrTiO; quantum wells. We achieve this via planar growth defects nor-
mal to the quantum wells, which lead to strongly anisotropic transport properties. Using angle-dependent sheet
resistance and Hall measurements, we determine the contributions of the defects and those of intrinsic scattering
mechanisms to the transport properties and lifetime separation.

Results

SmTiO,/SrTiO;/SmTiO; quantum well structures were grown on (001) DyScO; single crystals by hybrid molec-
ular beam epitaxy (MBE)*®. Like SmTiO;, DyScOj; belongs to the orthorhombic Pbnm space group. We note that
our prior studies, the results of which were summarized above, were conducted on quantum wells grown on cubic
LSAT [(Lay3Sry,)(Aly¢5Tag35)O5]. As will be discussed below, the substrates determine the crystallographic ori-
entation of the SmTiO; barriers and impose epitaxial strains of different signs. The thicknesses of the bottom and
top SmTiO; barriers were 10nm. As in prior studies, we specify the SrTiO; quantum well thickness (tqy) by the
number of SrO layers it contains. Samples with SrTiO; quantum wells containing 2, 3, 4, 5, 6, and 10 SrO layers
were investigated.

Microstructure. High-angle annular dark-field (HAADF) scanning transmission electron microscopy
(STEM) images along two mutually perpendicular directions of a sample containing a 6 SrO layer thick quantum
well are shown in Fig. 1. The (001), planes of the SmTiO; barrier are parallel to the substrate surface (the sub-
script refers to the orthorhombic unit cell), in contrast to previously investigated films on cubic LSAT substrates,
for which SmTiO; grew in the (110) orientation®. The (pseudo)-cubic lattice parameter of DyScOs is 3.95 A%,
compared to the 3.87 A of LSAT. The room temperature (pseudo-)cubic lattice parameter of SmTiO; is 3.91 A%,
whereas that of SrTiO; is 3.905 A%, Therefore, the sign of the epitaxial coherence strains for both the SrTiO; quan-
tum well and the SmTiO; barrier differ on the two substrates (tensile on average for DyScO; and compressive for
LSAT). The layers were coherently strained to the DyScOj; substrate (see Supplementary Material). No extended
defects are visible in the image taken along [010], while along [100], planar growth defects are detectable. These
defects are normal to the growth plane and originate from the SmTiO;/DyScOj interface. Their average spacing is
~20nm. Similar defects and spacings were observed in the other samples (see Supplementary Material). A more
detailed analysis of their atomic structure can be found in the Supplementary Material.

One may therefore expect anisotropy in the transport properties, in particular in the residual resistance, per-
pendicular and parallel to these defects. The A-site (Dy and Sm, respectively) displacements in the orthorhombic
DyScO; and SmTiO; are clearly visible as a zigzag pattern normal to the surface along [100],. No such displace-
ments are visible in the SrTiO; quantum well, indicating that there is no distortion to an orthorhombic structure
that would be associated with oxygen octahedral tilts and A-site (Sr) displacements, at least not in the 6 SrO
quantum well.

Transport properties. The sheet resistances, Ry, of Hall bar structures made from samples with 3 and 6 SrO
layer thick quantum wells are shown in Fig. 2(a) and (b), respectively, along four in-plane directions, [100], [010],
[110](, and [110],,. They exhibit clear anisotropies in both the residuals and temperature dependences. Using TEM,
the direction with the highest resistance was identified as [010] . The higher resistance is consistent with increased
scattering from planar defects, which are perpendicular to this direction. The lowest resistance direction, [100], is
parallel to the defects. The resistance along [100], is similar to those of quantum wells on LSAT substrates®, which
show isotropic behavior and no planar defects in TEM. In contrast to the quantum wells on LSAT, the temperature
dependence of Ryx could not be described by a single power law, i.e. according to Eq. (1). This is particularly
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Figure 1. HAADF-STEM images of a sample with a 6 SrO thick quantum well along (a) [010], (Left) and

(b) [100], (Right). The SrTiO; quantum appears darker in these images, due to the lower atomic number of
Sr compared to Sm. Planar defects [see red arrows in (b)] are visible along [100], but not [010], and have a
relatively uniform spacing of approximately 20 nm. The schematics in (c,d) show the corresponding cross-
sectional views of the DyScO;. Note the pronounced zig-zag pattern of the A-site cations in (d), visible in the
STEM image along [100] for both DyScO; and SmTiO;, which has the same orthorhombic structure, but are
not seen in the SrTiO; quantum well.

obvious in a derivative plot, dRxx/dT vs. T, shown in Fig. 2(c). A power law should result in a straight line in such
a plot, which is clearly not the case.

The Hall angle is calculated from Ryy and Ry, see Eq. (2), and one can extract two quantities: HC, the Hall
angle residual (equivalent to the inverse of the Hall mobility extrapolated to zero temperature), and Ha, the
temperature-dependent part of the scattering rate. Figure 3(a) shows the residual sheet resistance, Ryx (2K) and
HC as a function of angle with respect to the low resistance direction (defined as 0°) for the 6 SrO layer quantum
well. Both Ry and HC vary with angle and are therefore, not unexpectedly, sensitive to the relative orientation
between the current and the planar defects. The two quantities scale almost identically, i.e. disorder scattering due
to the planar defects increases R, and HC by the same factor. The dependence of HC on disorder has previously
been reported in the cuprates, where HC was found to increase linearly with impurity dopant concentration®°.
Since it is also observed in the present study, this suggests that the linear relationship between HC and disorder
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Figure 2. Ry along four crystallographic directions measured as a function of temperature using a centipede
structure for (a) a 3 SrO layer thick quantum well and (b) a quantum well containing 6 SrO layers. (c) Derivative
plot, dRxx/dT vs. T, of the data shown in (b). The dashed line in (c) indicates the expected behavior for a T?
temperature dependence. The labels indicate the transport directions.
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Figure 3. (a) Low-temperature residuals of the Hall angle, HC (blue), and sheet resistance Ryx (2K) (orange)
for the 6 SrO layer thick quantum well measured with the centipede device. The data is plotted as a function of
the angle with respect to the low resistance direction, which is defined as 0°. (b) Hall angles of the 6 SrO layer
thick quantum well along four directions plotted as a function of T2 and for the low resistance direction of the
3 SrO layer thick quantum well (dashed line).

is quite general and independent with respect to the nature of the defects. Thus, as far as disorder scattering is
concerned, there is only a single lifetime.

In contrast, Ha is independent of disorder. This can be seen in Fig. 3(b), which shows Hcot(6y,) of the 6 SrO
quantum well as a function of T2. The slope is determined by Hev. Here, cot(6y) ~ T2, independent of the orienta-
tion and Ho shows almost no angular dependence, in contrast to HC, indicating that the anisotropy in transport
is largely caused by the defects rather than by intrinsic anisotropy or strain (which would enter Ho through the
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Figure 4. (a) Hall angle scattering amplitude Ho plotted as a function of ¢4 For comparison, data from ref. 23
for quantum wells grown on LSAT substrates is also shown. (b) Low temperature residual sheet resistance, Ryx
(2K) as a function of tqy.

effective mass). Furthermore, cot(6) ~ T* applies also for the low resistance direction of the 3 SrO quantum well,
which is also shown in Fig. 3(b) (the other directions for this sample were too resistive to obtain reliable measure-
ments). The disorder-independence of Ha has also been noted previously in the cuprates®®. Thus, for the scattering
mechanism that controls the temperature-dependent transport, there are two lifetimes, one that enters Ryy and that
does not have a simple power law T-dependence for these samples, and one that determines cot(0y) and that is ~ T

Figure 4(a) shows Hov as a function of fqy alongside previous results? from quantum wells on LSAT. Similar
trends are observed: a thickness-independent Ha followed by an abrupt increase below ¢.,. The average Ha in
thick wells is 50% higher on DyScOj; (1.5 X 107 Vs/cm?/K?) compared to LSAT (1 x 10~¢ Vs/cm?/K?). The crit-
ical thicknesses are 3 SrO layers on LSAT and 5 SrO layers on DyScO3, while the upturn in the residual Ryx(2K)
occurs at one SrO layer on LSAT and three SrO layers on DyScO:;.

Figure 5 shows (eRy) ! (in the absence of lifetime separation and for a single carrier type, it is equivalent
to the sheet carrier concentration) of the 3 and 6 SrO layer thick quantum wells. Values along the high (blue)
and low (orange) resistance directions are shown. At room temperature, (eRy)~! corresponds to the expected
~7 x 10™cm~2. For the 6 SrO layer quantum well the temperature dependence is non-trivial [Fig. 5(b)]. This is a
manifestation of carrier lifetime separation, because:

Ry =1
e

c+aﬁ]

R, + AT" (3)

A temperature-dependent (eRy) ! arises if the low-temperature residual ratio, C/R,, diverges and/or n = 2
in Ry and/or Ryy shows a more complicated (non-power law) behavior as a function of T. The latter is the case
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Figure 5. (eRy) ! as a function of T of the highest resistance (blue) and lowest resistance (orange) directions for
(a) the 3 SrO layer (b) the 6 SrO layer thick quantum well.

here, as discussed above. The effect of a divergent C/R, is most evident at lower temperatures. It is not present for
the 3 SrO layer quantum well, resulting in a nearly temperature-independent (eR;;) ~!. Remarkably, the carrier
lifetime separation is the same along the high and low resistance directions, as the curves fall on top of each other.
In other words, the contribution of the defects to the residuals Ry and C cancel each other [as was already evident
in Fig. 3(a)], and o and A are independent of disorder [as already seen in Fig. 3(b)].

Figure 6 shows the low temperature residuals (eRy) ™! (2K), corresponding to C/R,, of the quantum wells
grown on LSAT (from ref. 23) and DyScO; as a function of tyy. In both cases, a divergence of C/R, (C is the
diverging quantity, see ref. 23) is seen as a maximum in (eRy)~! (2K). It occurs at a slightly higher ¢., (~6 StO
layers) for the quantum wells on DyScO;.

Discussion
We first compare the transport of the quantum wells in this study with our previous data on LSAT substrates,
reported in ref. 23. We then discuss the implication of the results on the phenomenon of lifetime separation.

Effects of quantum well barrier orientation and epitaxial strain. The quantum wells on the two sub-
strates, DyScO; and LSAT, differ in the orientation of the SmTiO; barriers (they are 90° rotated relative to each
other) and the epitaxial strain. Comparing He in the quantum wells grown on DyScO; vs. those on LSAT (Fig. 4),
we see that the qualitative behavior is very similar. Ho is, however, larger in the quantum wells on DyScO,. A likely
origin is a larger in-plane effective mass (which enters Ha) associated with the tensile strain. The increase in Ha,
observed in both types of samples at low 4, occurs at a larger value of tqy on DyScO;. For very thin quantum wells,
the Ti-O-Ti bond angle distortions were previously found to appear also in the SrTiO; quantum well*>3*4>43, which
may increase the effective mass and Ha below t,.. Theoretical and experimental studies also show that the magnetic
order of the barrier couples into the itinerant electron system for sufficiently thin quantum wells*® 2% 23134 which
may also increase the effective mass**.
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Figure 6. Low temperature residual of (eRy) ' at 2K as a function of #4y: For comparison, data from ref. 23 for
quantum wells grown on LSAT substrates is also shown.

It remains an open question why Rxx does not follow a well-defined power law, as was the case for the
quantum wells on LSAT and single interfaces*> *. It is possible that these quantum wells are closer to a local-
ization transition, influenced by the defects and the aforementioned mass enhancement. The influence of the
defects on Rxx(T) seems to be particularly obvious in the high resistance directions of the 3 SrO layer quan-
tum well. Whatever the origin, it does not influence the temperature dependence of cot(6y), which robustly
remains ~T2.

Implications for lifetime separation. Disorder scattering appears in the residuals of the Hall angle and
the longitudinal resistance. However, disorder has no influence on the lifetime separation. It is present in diverg-
ing residuals near tqy ~6 SrO layers, causing the peak in the data in Fig. 6. Furthermore, the temperature depend-
ence of the two scattering rates remains different. The most striking observation is that cot(fy) remains robustly
~T?, even as the longitudinal resistance does not follow a simple power law.

Several of the models in the literature focus on the case where Ryyx ~ T and cot(f};) ~ T as observed in the
cuprates; the results presented suggest a more universal behavior of cot(6y) ~ T2 independent of any particu-
lar T-dependence of Ryx. Prior results in ref. 23 for very similar structures, but grown on LSAT, showed that
the power law exponent n in Ryx(T) correlated with different kinds of (incipient) magnetic order, whereas
here, the departure of Ryx(T) from a simple power law is not well understood but could reflect proximity
to localization. In both cases, however, cot(6y) ~ T2 It is thus tempting to attribute the T-dependence of
cot(dy) to that of a fundamental underlying intrinsic scattering mechanism that is active in a wide range of
correlated materials (see below), whereas the specific behavior of Rxx(T) is much more material specific. A
main conclusion is therefore that the ubiquitousness and robustness of the T* dependence of cot(8y) should be an
important consideration in developing models that describe correlated systems. A similar argument has recently
been made for the cuprates®®, but the present data indicates that the case can be made for a much wider class
of materials.

A T?-dependence of the resistance is often (but not always, see, e.g., ref. 46) ascribed to electron-electron scat-
tering in a Fermi liquid (in conjunction with an appropriate momentum relaxation mechanism). We have recently
argued that a carrier density independent scattering rate observed in these quantum wells is not consistent with
a Fermi liquid?’. The carrier density independent scattering rate is also apparent in the data presented here.
Figure 4(b) shows that Ho is independent of ¢y, for gy > £, even though narrowing the quantum well increases
the three-dimensional carrier density. In a Fermi liquid, the carrier density enters the scattering rate through a
(model dependent) interaction energy (see, e.g., Eq. (6) in ref. 1). For this reason we believe that cot(dy) ~ T
should not be taken as evidence that there is an underlying Fermi liquid (the contrary appears to be true). We note
that a carrier-density-independent scattering rate is found in many other correlated materials in the regimes where
transport shows a scattering rate that is ~T%!> 8-, In addition to electron-electron scattering, a T>-dependent
scattering rate can originate from magnetic fluctuations but also from orbiton excitations'> *2. Given that the
T?- scattering rate is also observed in non-degenerately doped bulk SrTiO;**#”%-%5, a non-magnetic origin seems
more likely.

The results provide at least two intriguing hints as to the microscopic parameters that determine the
Hall scattering rate. We have previously associated the diverging C/R, with a quantum critical point, i.e.,
zero-point fluctuations that appear in the residual C, but not in R, see ref. 23. Like the previous studies, the
present data show that the diverging C/R, is not due to disorder and also that it is likely not associated with
a sudden change in electronic structure. For example, mass enhancement and effects of disorder are all seen
in various transport parameters, as discussed above, but none show a peak at 6 SrO layers, in contrast to
C/R,. This seems to indicate that the Hall scattering rate, and thus perhaps also its temperature dependence,
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is fundamentally originating from strong electronic correlations. Secondly, as mentioned above, results may
indicate that cot(#y) is much less sensitive to carrier localization than Ryyx. While two carrier models (i.e. the
presence of two types of carriers, localized and non-localized)® cannot explain the data (see discussion in
ref. 23) it seems that the same carrier can appear more or less localized, depending on the transport coefficient
interrogated.

Conclusions

To summarize, lifetime separation has two origins, namely a robust T>-dependence of cot(f;;) and a divergence
in the 0-K Hall residual, which, in the system studied here, occurs near a critical quantum well thickness.
We showed that cot(fy) ~ T* persists independent of the degree of disorder and the specific temperature
dependence of the longitudinal resistance. We speculated that the robust T? behavior of cot(f},) reflects a
universal, underlying scattering rate that is fundamentally due to electron correlations but does not indicate
electron-electron scattering in a Fermi liquid. Modification of various materials parameters, such as epitaxial
strain, introduction of anisotropic defects, and proximity to different types of magnetism, affect the longitu-
dinal resistance but not the temperature dependence of the Hall angle scattering rate. The results, along with
other experimental studies presented in the literature, emphasize the importance of accounting for these par-
ticular characteristics in the lifetime separation in theoretical models of non-Fermi liquid behavior in strongly
correlated systems. They seem to describe an increasingly wide range of materials and thus indicate highly
universal behavior.

Methods

Details of the MBE growth approach were reported elsewhere. Electrical contacts to the as-grown samples
were made with electron-beam evaporated Ti/Au contacts in van der Pauw geometry, which have previously
been demonstrated to remain Ohmic down to 2K, the lowest temperature used in this study. After initial van
der Pauw sheet resistance (Ryx) and Hall measurements were completed, standard photolithographic and
etching processes were used to pattern Hall bar (“centipede”) devices on the 3 and 6-SrO layer thick quan-
tum well samples in a geometry which allowed transport measurements to be made along four crystallo-
graphic directions: [100], [010], [110], and [110]. The transport measurements were performed from 2 to
300K in a Quantum Design Physical Property Measurement System. The Hall resistance was measured with
magnetic field sweeps from —0.6 to 0.6 T. For STEM studies, cross-sectional specimens were prepared using
an FEI Helios dual beam focused ion beam microscope and imaged using a FEI Titan S/TEM operating at
300kV.
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