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Electron-electron interactions in nano-patterned
Lao.3Sro.7MnQO; thin films

Laurie E. Calvet?, Guillaume Agnus, Philippe Lecoeur

Centre de Nanosciences et Nanotechnologies- CNRS UMR 9001, 10 Avenue Gobert,
Université Paris-Sud, Université Paris-Saclay, Palaiseau, 91120 France,

2) Electronic mail: laurie.calvet@c2n.upsaclay.fr

Understanding the transport in ultra-thin epitaxial Lao.3Sro.7MnO3 (LSMO) is a topic wide-
spread current interest. Here we explore electron-electron interactions in low temperature
magneto-transport in straight and zig-zag nanowires fabricated from ultra-thin epitaxial
LSMO films grown to different thicknesses on STO(100) substrates. We find that three-
dimensional electron-electron interactions can explain the resistivity upturn, including

many of the changes observed with film thickness, nano-patterning, and magnetic field.

. INTRODUCTION

At low temperatures quantum mechanical corrections to the resistivity of metals
and doped semiconductors can lead to a minimum and a subsequent increase of the

resistance. Such effects are often attributed to one or a combination of two mechanisms:'



weak localization (WL), due to the backscattering of phase coherent electrons interfering
constructively, and/or electron-electron interactions (EEI), which occur when the
screening of diffusive electrons is enhanced compared to the conventional Fermi liquid
model. These phenomena have been broadly investigated in nonmagnetic materials of all
dimensions!~. They are typically disentangled by exploring magnetoresistance because
changes from WL typically occur at very low magnetic fields (< 1 T), while changes
from EEI will appear at much larger fields. Magnetic materials have been considered
recently and a large amount of research has shown that the interplay between these
quantum phenomena and the magnetism can be difficult to disentangle. *>~'®

In manganite materials the interplay between electronic, magnetic and structural
degrees of freedom can further complicate the interpretation of the data. !>’ Even at low
temperatures the magnetoresistance due to the ferromagnetism can be larger than typical
quantum corrections and can vary greatly both in materials with different constituents and
in the same material with different thicknesses, growth parameters and substrates.
Variations in the transport properties can also be attributed to changes in strain of the
manganite!”. In addition, in polycrystalline materials a resistivity minimum may also be
due to antiferromagnetically aligned grains'® 2. Previous reports concerning the
resistivity minimum in magnetic oxides have shown that electron-electron interactions

are by the far the most commonly observed phenomena?®2°

, although weak localization
has also been demonstrated®®#, as well as anti-localization in very high purity films®.
Here we investigate low temperature transport behavior in manganite devices

patterned by electron beam lithography and ion beam etching. In the 50-300K

temperature range, we have shown that the electronic transport of such devices are



electronically representative of the thin film behavior’’. By examining structures with
different thicknesses, nanofabrication patterning here we explore the dimensionality of

the samples and the competition between electron-electron interactions and other effects.

Il. EXPERIMENTAL DETAILS
Epitaxial LSMO thin films were deposited on (100) oriented SrTiO3 (STO) substrates by

pulsed laser deposition at 685°C and an Oz pressure of 120 x 107 Torr. Film thicknesses
0f 9.6 £ 0.2 nm, 20.8 + 0.4 nm and 27 + 0.4 nm were determined from X-ray diffraction
using reflectivity for the thinnest film and thickness fringes around the diffraction peak for
the thicker two. Devices were patterned in a 3-step process via optical and electron beam
lithography and ion beam etching, as described previously.’! The different device
characteristics are summarized in Table 1, and SEMs of two devices are shown in the insets
of Fig. 1. SEMs for the other devices are included in Fig. S1 of the supplementary material

at [URL will be inserted by AIP Publishing].
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FIG. 1. (a) Resistivity versus temperature at 0 T and 4 T for a) PLD 608 dev 8 and b) PLD
683, dev 17. The curves are normalized so that the minimum of the 4 T curve overlaps that
of the O T curve. The insets show SEMs of the devices. SEMs and curves for all devices

are shown in Fig. S1 and Fig. S3 respectively.

TABLE 1. Key characteristics of the different devices. The shape column indicates the
geometry of the device. ‘V’ and ‘W’ indicate a V and W type nano-patterning, as shown
in the supplementary material, in which the transport is along the (100) direction. ‘NW’

indicates a straight nanowire with the transport along the (110) easy axis. The ‘W’



nanowires in PLD683 dev 22 had widths of 119 nm, comparable to the NW in PLD683

dev 6. Note that the magnetic field data for PLD608 dev 8 was done at 4 T.

_ Tmin upturn ) upturn
Dev ref t / w Shape Prmin oT) 0T Tmin (5T) (5T)
nm pm um mQ-cm K % K %
PLD664 27
2 0.13 v 0.231 10.3 0.3 10.4 0.21
dev 16 +0.4
PLD664 27
2 0.11 \% 0.265 11.7 0.29 11.7 0.21
dev 30 +04
PLD608 20.8
30 0.8 NW 0.277 11.6 0.39 11.93 0.43
dev 8 +04
PLD608 20.8
30 035 NW 0.254 10.7 0.50 12.5 0.61
dev 9 +0.4
PLD683 9.6
1.67 0.4 NW 0.955 14.3 1.7 12.2 1.1
devl7 +0.2
PLD683 9.6
1.8 0.138 NW 0.593 14.5 1.9 15.3 1.05
devo +0.2
PLD683 9.6 1,
— w 0.479 13.94 4 14.57 2.2
dev22 +0.2 ‘w, = 423

Four point measurements were first performed to verify that the contacts did not
add a series resistance to the devices and tunnel junction behavior was not observed at
any temperature. [-V measurements showing ohmic behavior are included in Fig. S2 of
the supplementary material. More detailed two terminal measurements were performed
in a split coil magnet with a cryostat insert with temperatures varied from 1-300 K. All
magnetic fields in this paper were oriented perpendicular to the surface of the thin film.
Standard lock-in techniques were used, with the AC voltage Vac from the lock-in biased
across a 100 kQ or 1 MQ resistor and a measurement of the voltage across the device.
The AC current source could be varied between 250 nA and 1 mA. Other than Joule
heating at large AC currents, the changes in the AC current source had no noticeable

effect on the measurements. This measurement set-up allowed an extremely fine



resolution of ~0.01% of the resistivity minimum in order to determine the resistivity
upturn shown in the results.
To obtain the % upturn, pmin, Tmin in Table 1, we first fit the data at higher

130,32

temperatures to a single magnon with a localized impurity band mode with form:

p = po + bT?* (1)
We then fit the data at lower temperatures to the three-dimensional electron-electron
interactions, discussed in greater detail below, of form:

p = po+ KT )
where K is a constant. We find the intersection of these two curves, and denote it by pmi» and
T'min and take the % upturn from pmi» and and p at T =2 K. An example of this is given in Fig.
2. The fitting parameters and standard deviations are provided in Table S1 of the

supplementary material.
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Fig. 2 Resistivity upturn at 0T and 5T for PLD 683 Device 6
showing the data (markers) and fits to Eqs (1) and (2) above
where the intersection was used to determine % upturn, pmin,
Tmin for Table 1.

Note that we have not carried out measurements of straight nanowires in the (100)

direction and thus cannot tell if differences in the magnitude of omi» in the zigzag versus



straight nanowires are due to patterning or to transport direction. Nevertheless they do permit
us to understand some of the different aspects of nano-patterning on electro-electron

interactions as discussed below.

lll. MODELING

In conventional solid state theory electron-electron interactions are accounted for by Fermi
liquid theory, where an electron is viewed as a quasiparticle with a screening cloud
surrounding an electronic charge. In the late 1970s, Altshuler and Aronov showed that the
disordered Fermi liquid could give rise to additional effects resulting in singularities that
can become important at low temperatures'. They showed that in 3 dimensions (3D)

corrections to the conductivity take the form:

_ ¢ 13(4 3% ”‘LT
AJ_MmZ\/E(s zF") 2hD 3)

where Ao is the change in conductance from its low temperature maximum, e is

electronic charge, 7 is Planck’s constant, ks is Boltzmann’s constant, 7 is temperature,
and D is the diffusion coefficient. To connect eq (3) with eq (2), we note Ap = p — py =
péAc. The constant F3P is related to the relative contributions of the exchange (first

term) and Hartree (second term) terms and is a measure of screening. It is given by:

3
=3p _ 32 12 _q1_3
Br=2 [(1 + 2F) 1 4Fl (4)

where F can be approximated by:

F= (Z"T)Z In(1 + ((Zkﬁ)z) )



eN(Ef)

From the Thomas-Fermi screened potential we recall that k, = is the inverse

€o

screening length where N(Er) is the density of states, assumed to be ~ 2.4 x 10*? /eV/cm?

33 and o is the electric constant. In 2 dimensions (2D) the conductivity corrections are:

s = (22887 i (22) 0
where

2P =2(14F)In(1+2F) - 4. 7)

8

F
E. is a measure of screening, with values close to 0 implying low screening and close to
one high screening. Note that Tyin is the temperature corresponding to pPmin.

A previous theoretical report of the screening factor found F2P= 0.46 was based
on an estimation of &r using the free electron approximation with periodic boundary
conditions and an effective mass equal to the electron mass®; however, Angle Resolved
Photoemission Spectroscopy ARPES measurements have shown that kf = 0.49 n/a =
4.051 x 10°/m where a = 3.8 A, is the lattice constant of LSMO.** Others have
theoretically reported F,2°=0.87 (ref 20), and a ks~ =7 x 10™ /m (ref 30). Both 1/kr and
1/ko are smaller than any dimension in the device and thus we use only the 3D versions of

these two parameters and obtain F = 0.93, corresponding to £3°=0.87 and £2P=0.81.

For electron-electron interactions, the dimensionality of the system is based on the
1

thermal diffusion length, which is the electron-electron correlation length: [, = (:—DT)E
B

where D is the diffusion coefficient for the material, # is Planck’s constant, kB is

Boltzman’s constant and 7 is temperature. To calculate the diffusion coefficient from the

conductivity, the Einstein relation for degenerate conductors (D = 1 /

pminezn(E) ) is used



where pmin is the resistivity minimum. Without ambiguity we use the 3D diffusion
coefficient because the mean free path /e = vste (~ 0.6 nm) in this material is smaller than
the thicknesses used here. A magnetic field will affect only the Hartree term and will
increase the correction from electron-electron interactions. Nevertheless, the short
scattering times found in metals renders the magnetoresistance from EEI (<< 0.01 % at 5
T) negligible here.

Weak localization results from the quantum interference associated with the
enhanced probability that an electron’s trajectory will return to its initial position. In 3D
the conductivity correction due is given by a power law in temperature that depends on
the dominant collision mechanism'. In 2D, it follows a natural logarithmic dependence.
The system changes dimensionality when one of its dimensions becomes smaller than the

phase coherence length: L, = ,/D7,,. In traditional metals, weak localization is

investigated as a function of small magnetic fields to obtain the electron dephasing time
T¢ and its temperature dependence. In magnetic materials, such experiments are difficult
because the magnetic moment can change the resistivity and obscure WL. Typically,

small magnetic fields have a large effect on quantum interference.

IV.RESULTS AND DISCUSSION

A. Results

Fig. 1 shows an example of the resistivity versus temperature in the <110> for
two nano-patterned devices with different thicknesses and similar graphs of all devices
are given in S3 of the supplementary material. The basic results for the 7 devices are

summarized in Table 1. We can distinguish the devices by comparing the thickness, the



width and the shape of the nanowires. First, we note that pmin is on average slightly
increased from for the 21 nm thickness versus the 27 nm devices but a significantly larger
increase is observed in the 9.6 nm thick devices of PLD683. The general trend for larger
pmin With decreasing thickness is also observed in the width dependence of the two
devices in PLD664. However, it is the opposite from what is observed in the width
dependence of the devices in PLD608 and PLD683, which exhibit larger pmin with larger
width. Table S1 shows that pmin always decreases with field, a well-established effect in
manganites.

Tmin follows the same dependence as pmin for thickness in devices PLD608 and
PLD 664. However, for PLD683 Tminis smaller for the wider device. In a magnetic field
Tmin does not exhibit a specific trend and is discussed in more detail in the section IV.B.

The resistivity upturn is what allows us to connect the results with the quantum
corrections, either electron-electron or weak localization. The general trend for the
thickness dependence is that the upturn is larger for larger pmin, however the dependence
on nano-patterning is not as clear-cut. In PLD683 the largest pmin has the smallest upturn.
In PLD608 the upturn increases with magnetic field whereas as pmin decreases. Finally, a
comparison of the change in the upturn at 0T and 5T in the ‘V’ and the ‘W’ structures
with the straight nanowires clearly indicates a larger decrease in the zigzag devices.

In Table 2 we determine some of the basic parameters of the electron-electron
interactions for the different devices. First we compute the thermal lengths L: (at 10K)
and find them to be of order ~ 6-10 nm. While devices from PLD 608 and 664 should
therefore be considered three-dimensional for electron-electron interactions because their

thicknesses are sufficiently large, PLD 683, falls at the border between the two.

10



TABLE II. Key characteristics related to electron-electron interactions for the

different devices. The value of F.  where x =2D or 3D is given at 5 T (4T for PLD608

dev 8).
Devref ¢t Shape D L, Dim FX Stddev
nm cm> nm
sec’!

PLD664 270 V 1.13 10 3 0.865 0.008
devle +04

PLD664 270 V 098 87 3 0.871 0.004
dev30 +04

PLD608 20.8 NW 0.92 83 3 0.865 0.018
dev8 +04

PLD608 20.8 NW 1.03 9.7 3 0.889 0.007
dev9 +04

PLD683 9.6 NW 044 51 2 0.746 0.008
devl7 +0.2 3 0.876 0.001

PLD683 9.6 NW 0.27 57 2 0.394 0.003
dev6 0.2 3 0.861 0.002

PLD683 9.6 W 0.54 64 2 -0.645 -
dev22 +0.2 3 0.812 0.01

Figure 3 shows sample fits to the 2D and 3D form of the electron-electron

interactions at 5 T. These fits are done by transforming the resistivity (2D for devices

from PLD 683 and 3D for devices from the other films) into conductivity and taking the

appropriate functional dependence of the temperature. Table 2 also shows the fitting

parameter FX, where x = 2D or 3D, obtained for each of the devices We found that the

devices from PLD 683 could be suitably fit using both Eq (6) and Eq (3), but that the

values obtained for the three-dimensional fit are more consistent with those expected

theoretically.

11
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F1G.3. Fits of device PLD 664, Dev 30 from 2.2K to 6.3 K in a 5 T perpendicular field
and PLD 683, Dev 17 from 9.5 Kto 2.2 K in a 6 T perpendicular field to (a) the 3D EE
interactions (Eq 3) and (b) 2D EE interactions (Eq 6). Note that the different units in the
graphs correspond to three-dimensonal (a) and two-dimensional (b) conductivities. In (a)
the fits to PLD 664 Dev 30 yield FP = 0.87, and for PLD683, Dev 17 E3P = 0.876. In

(b) the fits to PLD 664 Dev 30 result in £2° = 0.916, PLD683, Dev 17 E2P = 0.746.

B. Discussion

1. Electron-electron interactions explain the majority of the resistivity upturn

12



The basic result observed in Table II is that the data is consistent with three dimensional
electron-electron interactions being the dominant cause of the resistivity upturn in all of
the devices. Even though the thinnest films have a much larger upturn, suggesting the
presence of another physical effect such as weak localization, this can also be interpreted
in the context of EEI as a result of the larger pmin. To see this, we combine the equations
(1), (3) and the definition of the diffusion coefficient to obtain the functional form of the

fitting constant K:

K = K'ep3°\/N(E) (8)

where K’ includes the prefactors and the screening constant in eq (3), found
experimentally to be mostly constant across the different devices and fields. Thus
changes in pmin, such as those observed with thickness, nano-patterning and magnetic
field should naturally impact Ap. Specifically, the increase in pmin with thickness
correlates with the increase in Ap and the decrease in pmin With magnetic field correlates
with the decrease in Ap.

To understand the changes with magnetic field, Fig. 4 shows FXas function
of magnetic field for the different devices. We note that the values obtained in
two-dimensions are far from the expected values. In three dimensions, only PLD
683 Dev 22 significantly varies from the 0 T value. To understand the change
with field, we reconsider equation (1). We note that with £ = 0.87 the Hartree

and Exchange terms are very similar so that changes in £ have a very small

impact on the dependence, which is instead dominated by the ’% dependence.

These observations suggests a reinterpretation of some results suggesting weak

13



localization at relatively high fields®>, but not those observed at very low fields?®.

0.8 -
0.6 2D ~
—5— PLD683 Dev 6
%= PLD683 Dev 17 L
5 0.4 — -
3D
02 =¥~ PLD664 Dev 16 | _
PLD608 Dev 8
== PLD609 Dev 9
0.0 —X— PLD683 Dev 17| _
—A— PLD683 Dev 22
—- PLD682 Dev 6
0.2 I I I | I
0 1 2 3 4 5 6

Field (T)

FIG.3.  Plot of the electron-electron interaction constant F " as a function of

magnetic field for the different devices.

Another physical effect that can occur at these temperatures and that resembles
the In(T) dependence of weak localization and two-dimensional electron-electron
interactions is the Kondo effect. Here the resistivity upturn is due to an interaction
between localized magnetic impurities and conduction electrions®®. A wide variety of
materials have been shown to exhibit the Kondo effect including dilute magnetic alloys®’,
magnetic semiconductors®®, quantum dots** and most recently even non-magnetic
materials without magnetic impurities®’. In the devices considered here, however it
seems unlikely that the Kondo effect could play a role because LSMO does not a priori
contain localized magnetic impurities. One might consider that defects induced from the

nanofabrication could interfere with the spin polarized conduction electrons, however this

14



does not appear to be likely either because film thickness is known to decrease the

t*! and this is where the resistivity upturn is seen to be

effectiveness of the Kondo effec
the largest.

Some previous reports of resistivity upturn have been attributed to tunneling
between nanoscale magnetic domains'®2°. The fabrication process involved here, using
electron beam lithography and ion beam etching, may damage the underlying crystallinity
of the LSMO film and/or result in non-uniformities. Such effects could promote the
formation of nanoscale magnetic domains, which can result in additional disorder and or
change the resistivity. The most important evidence that the transport is not dominated by
non-crystallinities is that all devices were ohmic down to the lowest temperatures, as shown

in Figure S2. Nevertheless, the variations observed in pmin hint that nanoscale magnetic

domains and disorder do arise in nano-patterned samples, as we now explore.

2. Impact of nano-patterning on the low temperature magneto-transport

We first consider the impact of the difference between the effective transport
thickness and the physical device thickness, a distinction that is more likely to be more
important for thinner films. Specifically, an interfacial layer of ~ 3 nm between LSMO
and STO (100) arises and is insulating so that its contribution to the transport is minimal.
For the 9.6 nm thin film, pmi» would therefore be significantly larger, however, the
effective pmin, which accounts for a true transport thickness, would be 70% smaller and
could not alone account for the larger pmin. It is therefore more likely that the increased

resistivities in thinner films are due to enhanced scattering at the surface*?.

15



Similarly, we expect enhanced surface roughness scattering to increase pmi» in the
smaller width devices. It is likely that the increase in pmin observed in the two devices in
PLD664 corresponds to this mechanism. In Table 1, however, we observed instead that
pmin decreases with nano-patterned width in the devices in PLD608 and PLD683. We
believe that in these larger width devices scattering at magnetic domains accounts for
these differences in pmin. Magnetic domains may play an important role in device widths
down to 350-400 nm, which are approximately the size of a single out of plane domain®.

Changes in the resistivity upturn will be dominated by the constant K given in eq
(8), which has a very large pmin dependence and a smaller dependence on N(E). Thus the
changes at 0 T of 4p closely resemble the changes in pmin, for instance the larger pmin in
the wider devices of PLD608 exhibits a larger Ap. This is not the case, however in
PLD683. Specifically, in dev 17 pmin 1s larger than in dev 6 but exhibits a smaller upturn.
This ‘lack’ of a larger Ap is likely due to important magnetic domains because pmin
decreases significantly more in field than dev 6. These non-uniformities are found to
affect both the high T, through the fitting parameter b, and the low T. We thus see that
even with ohmic behavior, the magnetic domains can play an important role in nano-
patterned devices.

The impact of changes in the high temperature transport are most notable in

varations in Tmin. Tmin 0ccurs at the intersection of egs. (1) and (2) and is found to be:

K'e,/N(E)
Tin = pé.ZSW’eT( ©)

In Table S1 we observe the change in pmi» with width correlates with a higher Tmin in PLD
664 and PLD 608, but not in PLD683. From eq (9) through we see that decreases in the

constant b in the devices in PLD683 compensate for the decreases in pmin. As a result,

16



values for Tmin that do not vary as much as expected given the changes in pmin.
Interpretations of changes in Tmi» can thus be complex involving several different
physical phenomena.

The changes in 4p, pmin, and Tmin With magnetic field vary quite a bit among the
samples. For the ‘V’ and ‘W’ nanowires in PLD664 and PLD683, the devices exhibit the
largest changes in pmin with magnetic field and the correspondingly largest decreases in
Ap. Such changes are attributed to the domains that arise and impede transport in the
different arms of these zigzag devices. By comparison the changes in pmin of the PLD608
devices with field are very small and 4p increases. We attribute this to an increase in
N(E) with magnetic field, as one might expect from band structure calcaluations®*. This
effect can also explain the observed increases in Tmin.

Finally, the devices in PLD664 are patterned in a different crystallographic
direction than PLD608 and one might therefore wonder if this might change the
interaction parameter. Using34 k; = 0.4 n/a, we find that and EX3P = 0.89, which for
the devices observed here is so close to the value obtained for k= 0.49 m/a, that we
would not be able to distinguish them in our experiments. It should be noted that the

similarity in the Hartree and Exchange terms in equation (1) supports this conclusion.

V. SUMMARY AND CONCLUSIONS

We have investigated the magneto-transport through epitaxial nano-patterned LSMO thin
films with thicknesses smaller than 30 nm at low temperatures. We observe a resistivity
minimum in all of these devices and find that electron-electron interactions can explain

the data with a very good correspondence between the fitted and theoretical value of

17



F3P = 0.87. We find that this effect can also explain small decreases in the resistivity
minimum at large magnetic fields. We find that narrower width devices down to 350 nm
exhibit smaller pmin, which are attributed to a reduction in magnetic domain scattering.
We also find that ‘V’ and ‘W’ shape wires exhibit a greater decrease in the resistivity
upturn with magnetic field, which is attributed to the alignment of the domains as the

field increases.
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_ Tmin upturn i upturn
Dev ref t l w Shape Prmin oT) oOT) Tmin (5T) 5T)
nm pm pm mQ-cm K % K %
PLD664 27
2 0.13 v 0.231 10.3 0.3 10.4 0.21
dev 16 +04
PLD664 27
2 0.11 v 0.265 11.7 0.29 11.7 0.21
dev 30 +0.4
PLD608 20.8
30 0.8 NW 0.277 11.6 0.39 11.93 0.43
dev 8 +04
PLD608 20.8
30 035 NW 0.254 10.7 0.50 12.5 0.61
dev 9 +0.4
PLD683 9.6
1.67 0.4 NW 0.955 14.3 1.7 12.2 1.1
devl7 +0.2
PLD683 9.6
1.8 0.138 NW 0.593 14.5 1.9 15.3 1.05
dev6 +0.2
PLD683 9.6 I,
— W 0.479 13.94 4 14.57 2.2
dev22 +0.2 ‘w, = 423

TABLE 1. Key characteristics of the different devices. The shape column indicates the

geometry of the device. ‘V’ and ‘W’ indicate a V and W type nano-patterning, as shown

in the supplementary material, in which the transport is along the (100) direction. ‘NW’

indicates a straight nanowire with the transport along the (110) easy axis. The ‘W’

nanowires in PLD683 dev 22 had widths of 119 nm, comparable to the NW in PLD683

dev 6. Note that the magnetic field data in PLD608 dev 8 was done at 4 T.
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Devref ¢t Shape D L, Dim FX Stddev
nm cm’> nm
sec’!

PLD664 270 V 113 10 3 0.865 0.008

devie +04

PLD664 270 V 098 87 3 0.871 0.004
dev30 +04

PLD608 20.8 NW 0.92 83 3 0.865 0.018
dev8 +04

PLD608 20.8 NW 1.03 9.7 3 0.889 0.007
dev9 +04

PLD683 9.6 NW 0.44 5.1 2 0.746 0.008
devl? £0.2 3 0.876 0.001
PLD683 9.6 NW 0.27 5.7 2 0.394 0.003
dev6 +0.2 3 0.861 0.002
PLD683 9.6 W 054 64 2 -0.645 -
dev22 +£0.2 3 0812 0.01

TABLE II. Key characteristics related to electron-electron interactions for the different
devices. The value of F  where x =2D or 3D is given at 5 T (4T for PLD608 dev
8.)
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Figure Captions
FIG. 1. (a) Resistivity versus temperature at 0 T and 4 T for a) PLD 608 dev 8 and b) PLD
683, dev 17. The curves are normalized so that the minimum of the 4 T curve overlaps that
of the 0 T curve. The insets show SEMs of the devices. SEMs and curves for all devices

are shown in Fig. S1 and Fig. S3 respectively.

Fig. 2. Resistivity upturn at 0T and 5T for PLD 683 Device 6 showing the data (markers)
and fits to Eqs (1) and (2) above where the intersection was used to determine % upturn,

Ppmin, Tmin for Table 1.

FI1G.3. Fits of device PLD 664, Dev 30 from 2.2K to 6.3 K in a 5 T perpendicular field
and PLD 683, Dev 17 from 9.5 Kto 2.2 K in a 6 T perpendicular field to (a) the 3D EE
interactions (Eq 3) and (b) 2D EE interactions (Eq 6). Note that the different units in the
graphs correspond to three-dimensonal (a) and two-dimensional (b) conductivities. In (a)
the fits to PLD 664 Dev 30 yield £ = 0.87, and for PLD683, Dev 17 F2P = 0.876. In

(b) the fits to PLD 664 Dev 30 result in 522 = 0.916, PLD683, Dev 17 F20 = 0.746.

FIG.4. Plot of the electron-electron interaction constant F* as a function of

magnetic field for the different devices.
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