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ABSTRACT

Final Report: Room-Temperature Spin-Mediated Coupling in Hybrid Magnetic, Organic, and Oxide Structures and 
Devices

Report Title

During the full period of this project we have (1) demonstrated room-temperature effects of the remanent magnetization from electrically-
isolated magnetic films on the conductivity and electroluminescence of organic devices,  (2) developed and applied a percolation theory of 
magnetoresistance to describe magnetic field effects on spin transport in organic semiconductors, (3) discovered and theoretically explained 
the effects of traps and unpaired spins on room-temperature magnetoresistance, (4) developed a theory for spin diffusion in hopping 
transport due to hyperfine interaction and spin-orbit interaction, (5) predicted and measured spatial interference patterns from multiple 
coherent spin torque oscillators, (6) predicted spin-wave dispersion relations in magnonic crystals, (7) predicted electric-field control of spin-
wave propagation velocities and interferometers, (8) developed a theory for spin lifetimes and spin Hall conductivities for oxide two-
dimensional electron gases, (9) measured spin-orbit interactions in nanoscale wires in oxide semiconductor interfaces, (10) demonstrated 
electrical control of ferromagnetism in the LAO/STO system, (11) demonstrated hybrid organic/inorganic spin valves, (12) developed 
interfacial magnetic systems based on oxide superlattices, and (13) demonstrated GHz operation of sketched oxide transistors at the 
LAO/STO interface.
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Scientific Progress



During the final year, which was a no-cost extension, some final projects were brought to completion or further ahead, 
especially those associated with the oxide effort that had been delayed during Suzuki’s relocation to Stanford University.





Imaging spin-wave patterns with XMCD





Using XMCD the emission of spin-wave patterns from a spin torque nanocontact has been directly observed (slide #1 attached). 
This was one of the main goals of this project. Magnetic soliton propagation can be seen as well, and temporally resolved. This 
was work done at SLAC in collaboration with Dr. Hendrik Ohldag. We used his scanning x-ray transmission microscope (STXM) 
at beamline 13-1 to image the excitation patterns in STNO. We focused on the Co L-edge and were able to observe localized 
spin-waves at the electric contact to a NiCo multilayer film. We are presently analyzing the results and preparing an article on 
these results for publication. This work represents the first time x-rays have been used to observe spin-waves associated with 
the spin-transfer interaction. 





Organic Magnetoresistance via traps and radical spins





A theory of organic magnetoresistance via traps has been formulated and is in agreement with the experimental measurements 
previously reported for this MURI by the Wohlgenannt/Suzuki collaboration. The compared results are shown in slide #2, 
attached. Enhancing the organic magnetoresistance was one of the main goals of this project, and this has now been achieved 
and explained.





Controlled doping of an organic material using radical spins can suppress the organic magnetoresistance, due to the exchange 
coupling between the radical spins and the spin transport sites. A new regime, where the radical spin exchange couples 
strongly with one site of a bottleneck pair, has been demonstrated and the results published in PRB Rapid Communications.





Spin Hall effect in oxides





Collaborative work between Vignale and Flatté has shown that strain at the LaAlO3/SrTiO3 can suppress the spin Hall 
conductivity, as shown in slide #3 attached. A paper on these results is in preparation for submission, including strain along 
arbitrary axes.





Suzuki has made significant progress over the past year in understanding the role of disorder in the transport characteristics of 
LaAlO3/SrTiO3 interfaces through the study of mobility and carrier concentration in doped LaAlO3/SrTiO3 interfaces. 
Furthermore she has found unexpected long-range antiferromagnetic correlations and structural distortions in 
CaRuO3/CaMnO3 superlattices that may explain the modulation of the interfacial ferromagnetism with CaMnO3 thickness.  





Interfacial ferromagnetism in CaRuO3/CaMnO3 superlattices





Suzuki has performed studies of the structural distortions associated with these superlattices. Detailed analysis of half order 
peaks in the X-ray diffraction indicates the doubling of the unit cell for superlattices with particular combinations of even and odd 
CaMnO3 and CaRuO3 layers. The doubling of the unit cell may be correlated with the modulation of the interfacial 
ferromagnetism that we had observed previously. The interfacial moment alternates between 1µB/interface ion for even 
CaMnO3 layers and 0.5 µB /interface Mn ion for odd CaMnO3 layers. This modulation may be explained in terms of long-range 
antiferromagnetic correlation of the bulk of the antiferromagnetic CaMnO3 layers combined with the doubling of the unit cell 
observed by x-ray diffraction. 





Doped quasi-2DEG at the interface of LaAlO3/SrTiO3.





Through her study of rare earth doped LaAlO3 on SrTiO3 interface, Suzuki has discovered that the presence of dopants on the 
LaAlO3 side of the interface does not significantly affect the mobility, carrier concentration as well as magnetotransport 
compared to undoped LaAlO3 films. (This is shown on slide #4 attached) The motivation behind the rare earth doping is to 
insert additional spin-orbit coupling, in the case of Lu, and spin-orbit coupling as well as magnetic moment, in the case of Tm, 
on the LaAlO3 side of the LaAlO3/SrTiO3 interface. We had previously found that there is (i) an inverse relationship between 
mobility and carrier concentration that is not consistent with impurity scattering dominated transport and (ii) a steep dependence 
of the mobility with carrier concentration similar to undoped LaAlO3/SrTiO3. Detailed analysis suggests that mobility and carrier 
concentration values derived from Hall effect measurements are extremely sensitive to the assumptions associated with the 
types of carriers. More specifically many groups appear to extract carrier concentration and mobility values by fitting a linear 
dependence of Hall voltage on magnetic field. Non-linear Hall curves that appear at lower temperatures suggest that perhaps 
multiband transport is at work. However since there is no unique fit of mobility and carrier values, it is extremely difficult to 
accurately compare the trends in mobility and carrier concentration. This uncertainty combined with the similarity in doped and 
undoped samples indicate that transport in this system is dominated by disorder.     





Nanoscale control of the metal-insulator transition of the LaAlO3/SrTiO3 interface with a conductive-atomic force microscope (c-



AFM) technique by Levy has enabled a variety of electrical and photonic device concepts and provides a pathway for new types 
of reconfigurable, oxide-based nanoelectronics. The oxide heterostructure LaAlO3/SrTiO3 supports a two-dimensional electron 
liquid with a variety of competing phases, including magnetism, superconductivity, and weak antilocalization because of Rashba 
spin-orbit coupling. Further confinement of this two-dimensional electron liquid to the quasi-one-dimensional regime can provide 
insight into the underlying physics of this system and reveal new behavior.





Levy performed transport experiments with nanowire- based single-electron transistors at the interface between SrTiO3 and a 
thin layer of lanthanum aluminate, LaAlO3. These experiments demonstrate the existence of a robust electronic phase in which 
electrons pair without forming a superconducting state. Key experimental signatures are captured by a model involving an 
attractive Hubbard interaction that describes real-space electron pairing as a precursor to superconductivity. Examples of these 
recent results are shown in the attached slide #5.

Technology Transfer

Support has been received from the UI GAP Fund to commercialize the fringe-field magnetoresistive devices. This funding 
provides support for demonstration of a prototype using thermally-activated delayed fluorescence materials. A start-up company 
is contemplated to further develop the technology.
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imaging spin-wave patterns using XMCD

PRL 115, 127205 (2015)of the excitation is far less than that predicted [8], showing
that the spin dynamics is not described by existing models.
Our STNOs consist of Cu nanocontacts (150 nm in

nominal diameter) to a CoNi multilayer with perpendicular
anisotropy and an in-plane magnetized fixed layer (perm-
alloy), the same layer stack as those studied in Ref. [11].
The CoNi multilayer ð0.2 nm Coj0.6 nmNiÞ×6j0.2 nm Co
and permalloy are separated by 10 nm of Cu, which is
sufficiently thick to completely decouple the layers mag-
netically. The layer stack was grown on 100 nm thick SiN
membranes that are required as a transparent substrate
for the soft x-ray transmission experiments. The membrane
was coated with a 500 nm thick Al layer on the back side
to increase the thermal conductivity. Since the microscopy
experiments were conducted in a vacuum environment, the
Al layer was crucial for the thermal stability of the device,
as we will show later.
We first characterized our samples ex situ using ferro-

magnetic resonance spectroscopy, both directly after layer
deposition and after STNO and membrane fabrication.
The effective anisotropy field of the CoNi free layer was
μ0Heff¼μ0ðHK−MsÞ¼0.25T [16], with μ0HK¼0.99T
and μ0Ms ¼ 0.74 T, indicating a strong perpendicular
magnetic anisotropy. Measurements before and after fab-
rication showed no change in the material properties. To
further determine the current needed to excite magnetization
dynamics, we carried out electrical transport measurements.
The electrical resistance between twomagnetic layers across
a nonmagnetic layer depends on the relative orientation of
their magnetizations due to the giant magnetoresistance
effect. The onset of a magnetic excitation can, therefore, be
detected by the presence of a peak in the differential dV=dI
[11], since the average magnitude of a component of the
magnetization changes.We then repeated the measurements
in vacuum to corroborate that the Al layer serves as an
effective thermal sink to counteract the reduced thermal
conductivity in vacuum as designed. For this purpose, the
sample was mounted in the same configuration as used in
the microscopy experiments. The two curves are shown
in Fig. 1(a). A pronounced peak appeared at a current of
29 mA, and no significant differences were observed
between in situ and ex situ measurements.
To image the spin excitations, we then used the STXM

instrument at beam line 13-1 at the Stanford Synchrotron
Radiation Lightsource [15,17]. The incident photon energy
was tuned to the Co L3 edge (778.1 eV) to make use of
the element specificity and only probe changes in the
magnetization in the free layer, which is the only layer in
the STNO that contains Co. The x-ray beam was aligned
perpendicularly to the sample surface, as illustrated in
Fig. 1(b), and a static magnetic field of 0.7 T was applied
perpendicularly to the sample plane using a permanent
magnet. As the absorption is proportional to the dot product
of the magnetization M and the helicity P of the circularly
polarized light [12], the change of the perpendicular

component of magnetization (Mz) can be determined in
this geometry. The transmitted x-ray pulses were detected
and amplified via an avalanche photodiode and registered
using a software-defined photon-counting system [18] that
effectively acts as a lock-in amplifier operating at the x-ray
pulse repetition rate of the synchrotron at 476.2 MHz.
In addition, we modulated the applied current at 640 kHz
synchronized with the frequency corresponding to the
completion of one full electron orbit in the storage ring.
We then compared the transmitted x-ray intensity for the
current on and off cycles, i.e., excitation on and off, for each
image point. This double lock-in scheme allowed us to
detect tiny changes in the x-ray transmission (≃4 × 10−4)
induced by the current by eliminating long-term drifts and
provided a reliable normalization scheme.
Before we discuss the observed excitations, we establish

the effective magnetic thickness of the material by meas-
uring the static XMCD effect of the Co layers. This will be
important to evaluate the dynamic changes in magnetiza-
tion in a quantitative manner. We compared the trans-
mission for positive (“þ”) and negative x-ray helicities
(“−”) corresponding to parallel and antiparallel alignment
between the magnetization and the polarization (i.e., M
and P). The ratio of the intensities is given by

lnðI%þ=I%−Þ ¼ ðμþ − μ−Þt ¼ Δμt; ð1Þ

where I%& ¼ I&=I0;& is the normalized beam intensity after
transmission through the sample, I0;& the beam intensity,
μ& the spin-dependent absorption coefficient, and t the
layer thickness. We obtained an XMCD contrast that
corresponds to a Co thickness of ∼1.3 nm, very close to
the nominal Co thickness in the free layer of 1.4 nm.

FIG. 1 (color online). (a) STNO electrical characteristics:
differential resistance dV=dI versus current I in a perpendicular
applied field of 0.7 T. The peak at 29 mA marks the threshold
for current-induced excitations. It occurs at the same current both
in ambient conditions (filled squares) and high vacuum (open
squares). (b) Schematic of the STXM instrument and the STNO
sample. A Fresnel zone plate was used to focus the x-ray beam to
a 35 nm spot, which was scanned across the area around the
nanocontact, indicated as the yellow region contacting the CojNi
layer through the SiO2 dielectric, to acquire an image. The x-ray
detection was synchronized with the x-ray pulses from the
synchrotron (rf clock) at 476.2 MHz.
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We then recorded STXM images as a function of the
applied current. Figures 2(a) and 2(b) show XMCD images
with the nanocontact region outlined with a dashed line.
For currents less than 29 mA, we did not observe any
XMCD contrast in our STXM images [see Fig. 2(a)].
However, at a current of 29.9 mA, we detected a pro-
nounced excitation around the position of the nanocontact.
This suggests that the observed feature appears abruptly at
a current between 28.8 and 29.9 mA. The fact that the
observed contrast reverses its sign upon reversing the
polarization is the signature of an XMCD effect caused
by a change in Mz. Figure 2(b) shows images at three
different applied current values above the threshold current
for both x-ray helicities, whereas the þ helicity shows
an increase in the x-ray transmission (a red signal) and the
− helicity shows a decrease (a blue signal) in the x-ray
transmission. This observation is consistent with a decrease
of the average value of Mz. We observed magnetic
dichroism in all images obtained with currents between
29.9 and 34.3 mA, the largest current we applied. Although
the spatial extension of the observed excitations is mostly
symmetric, some cases exhibit an elliptical deformation.
We do not believe this represents a change in the vertical

extent of the excitation. Considering that it takes 60 to
90 minutes to acquire a single image, we attribute this
deformation to small vertical drifts of the incident x-ray
beam that cannot be compensated and lead to small changes
in the vertical scale [19].
We continue by quantitatively analyzing the image

contrast by constructing one-dimensional profiles through
the area of the nanocontact. This is shown in Fig. 3(a) for a
current of 31.0 mA in an image acquired with a negative
x-ray helicity. Each point (black squares) represents an
average of the raw (unfiltered) XMCD data over a half-
circle at a certain distance to the right (þx) and left (−x) of
the center of the nanocontact. We observe that the absorp-
tion signal decays rapidly outside of the nanocontact,
having a full width at half maximum of ≃175 nm, just
slightly larger than the nominal diameter of the contact
(150 nm). It is instructive to compare the measured spin-
wave excitation profiles to theoretical predictions. First, we
consider a propagating mode predicted by Slonczewski in a
model that describes small amplitude excitations by lin-
earizing the Landau-Lifschitz-Gilbert-Slonczewski (LLGS)
torque equation [20]. This is shown as a dashed line in
Fig. 3(a). The envelope of the propagating mode clearly
fails to describe the measured excitations, as it predicts a

FIG. 2 (color online). XMCD images of the nanocontact region
at applied currents of (a) 28.8 and 29.9 mA taken with positive
helicity and (b) 31.0, 33.2, and 34.3 mA taken with both positive
and negative x-ray helicities. The nanocontact is located in the
center of each image, indicated with dashed circles in some of
the images. The positive contrast in the nanocontact region for
positive helicity and negative contrast for negative helicity is
consistent with a reduced magnetization component (Mz) in the
contact region above the threshold current. The images shown
have 21 by 21 pixels and have been smoothed with a Gaussian
filter with a standard deviation of 1 pixel or 50 nm.

FIG. 3 (color online). (a) Dynamic XMCD contrast (black
squares) as a function of the distance x from the nanocontact
center for a current of þ31.0 mA at negative x-ray helicity. The
measurement is compared to a linear propagating mode (dashed
line) and to a localized mode (solid line). (b) Width of the
localized modes (disks) and (c) amplitude (triangles) at different
currents for negative (filled symbols) and positive (open symbols)
x-ray helicity.
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We then recorded STXM images as a function of the
applied current. Figures 2(a) and 2(b) show XMCD images
with the nanocontact region outlined with a dashed line.
For currents less than 29 mA, we did not observe any
XMCD contrast in our STXM images [see Fig. 2(a)].
However, at a current of 29.9 mA, we detected a pro-
nounced excitation around the position of the nanocontact.
This suggests that the observed feature appears abruptly at
a current between 28.8 and 29.9 mA. The fact that the
observed contrast reverses its sign upon reversing the
polarization is the signature of an XMCD effect caused
by a change in Mz. Figure 2(b) shows images at three
different applied current values above the threshold current
for both x-ray helicities, whereas the þ helicity shows
an increase in the x-ray transmission (a red signal) and the
− helicity shows a decrease (a blue signal) in the x-ray
transmission. This observation is consistent with a decrease
of the average value of Mz. We observed magnetic
dichroism in all images obtained with currents between
29.9 and 34.3 mA, the largest current we applied. Although
the spatial extension of the observed excitations is mostly
symmetric, some cases exhibit an elliptical deformation.
We do not believe this represents a change in the vertical

extent of the excitation. Considering that it takes 60 to
90 minutes to acquire a single image, we attribute this
deformation to small vertical drifts of the incident x-ray
beam that cannot be compensated and lead to small changes
in the vertical scale [19].
We continue by quantitatively analyzing the image

contrast by constructing one-dimensional profiles through
the area of the nanocontact. This is shown in Fig. 3(a) for a
current of 31.0 mA in an image acquired with a negative
x-ray helicity. Each point (black squares) represents an
average of the raw (unfiltered) XMCD data over a half-
circle at a certain distance to the right (þx) and left (−x) of
the center of the nanocontact. We observe that the absorp-
tion signal decays rapidly outside of the nanocontact,
having a full width at half maximum of ≃175 nm, just
slightly larger than the nominal diameter of the contact
(150 nm). It is instructive to compare the measured spin-
wave excitation profiles to theoretical predictions. First, we
consider a propagating mode predicted by Slonczewski in a
model that describes small amplitude excitations by lin-
earizing the Landau-Lifschitz-Gilbert-Slonczewski (LLGS)
torque equation [20]. This is shown as a dashed line in
Fig. 3(a). The envelope of the propagating mode clearly
fails to describe the measured excitations, as it predicts a

FIG. 2 (color online). XMCD images of the nanocontact region
at applied currents of (a) 28.8 and 29.9 mA taken with positive
helicity and (b) 31.0, 33.2, and 34.3 mA taken with both positive
and negative x-ray helicities. The nanocontact is located in the
center of each image, indicated with dashed circles in some of
the images. The positive contrast in the nanocontact region for
positive helicity and negative contrast for negative helicity is
consistent with a reduced magnetization component (Mz) in the
contact region above the threshold current. The images shown
have 21 by 21 pixels and have been smoothed with a Gaussian
filter with a standard deviation of 1 pixel or 50 nm.

FIG. 3 (color online). (a) Dynamic XMCD contrast (black
squares) as a function of the distance x from the nanocontact
center for a current of þ31.0 mA at negative x-ray helicity. The
measurement is compared to a linear propagating mode (dashed
line) and to a localized mode (solid line). (b) Width of the
localized modes (disks) and (c) amplitude (triangles) at different
currents for negative (filled symbols) and positive (open symbols)
x-ray helicity.
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organic magnetoresistance from traps

reactions that produce traps and luminescence quenchers.
Of course, x rays do not cause a hole-current, since the
irradiation happens while the device is not operated. But
just as in photoelectron spectroscopy (UPS and XPS)
[22,23] the incident radiation will lead to the ejection of
an electron from Alq3 molecules, leaving behind a
cation, which can then undergo irreversible trap-forming
reactions.

We will now discuss the effect of traps on both OMAR
and spin-valve devices, starting with the OMAR devices.
Figure 2(a) shows magnetoconductance traces for the pris-
tine as well as x-ray-exposed devices. The pristine device
demonstrated only a small OMAR effect, with a maxi-
mum change in conductance of approximately 0.5%,
whereas this value increased to 7.7% and 15.5% for the
‘‘10-minute’’ and ‘‘25-minute’’ devices, respectively (even
longer exposure times lead to unstable devices). All
OMAR traces shown are for the bias voltage that gives
the largest magnetoconductance [see Figs. 2(b) and 2(c)].
Comparing Fig. 2(a) with the corresponding I-V and elec-
troluminescence data in Figs. 1(a) and 1(b) we arrive at the,
initially, somewhat surprising conclusion that the devices
work best as OMAR devices, when they show the poorest
performances as light emitting diodes and are the most
resistive. However, our results are in agreement with recent
reports [20,24] that demonstrated that the production of
traps through ‘‘device conditioning’’ leads to an increase in
magnetoconductance.

Next, we investigate the effect of traps on the spin-
diffusion length. Figure 3(a) shows that the pristine and
irradiated (20-minute) devices exhibit a spin-diffusion length
at 12 K of! 40 nm and! 7 nm, respectively. This demon-
strates that the spin-diffusion length in organic spin valves is
very sensitive to the presence of traps. The remaining panels
of Fig. 3 show additional datameasured in the spinvalves for
completeness. The voltage dependence and temperature de-
pendence we observe agree well with those observed by
others, and we refer to the literature for a discussion of these
dependencies [5]. Figure 4 showsmeasured I-V traces for the
pristine (thick lines) and irradiated (thin lines) devices at 12K
with threedifferentAlq3 thicknesses, 5 nm(a), 20nm (b), and
60 nm (c). The three panels show that the irradiated devices
are dramatically more resistive and have I-V traces that are
more non-linear. Further studies are required to uncover the
nature of this dramatic change, but it is possible that it is
related to bistability effects recently reported in organic spin-
valves. Dediu and co-workers [25] suggested a mechanism
for this bistability based on charge storage in deep traps. Our
experiments may support this model, and provide a simple
technique to quantitatively relate bistability and trap concen-
tration in future work.
Let us now turn to the discussion of the experimental

findings, starting with the reduction in spin-diffusion
length. For the purpose of this discussion, we will compare
this experimental observation with the expectations that
arise from current theories of the spin-diffusion length in
organic devices. To the best of our knowledge, two different

FIG. 2 (color online). (a) Magnetoconductance traces for the
pristine and x-ray-exposed PEDOT=Alq3 ð70 nmÞ=Ca devices,
respectively. (b) Dependence of the measured OMAR effect on
the voltage for several different temperatures for x-ray irradiated
(25 mins) device (c) Dependence of the measured OMAR
effect on the voltage for several different temperatures for
pristine device.

FIG. 3 (color online). (a) Thickness dependence of the magni-
tude of the observed spin-valve response at 12 K, both for a
pristine device (scatter plots with square symbol) and an x-ray-
exposed device (scatter plots with triangle symbol, 20 mins
exposure time). From this data the spin-diffusion length can be
extracted. (b) Voltage dependence of the observed spin-valve
response at 12 K. (c) Temperature dependence of the magnitude
of the observed spin-valve response. (d) Magnetoresistance
traces at 12 K for the pristine device.
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strain effect on SHC in STO 2degs 

Ê

Ê

Ê
Ê

Ê
Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê
Ê

‡

‡
‡ ‡ ‡ ‡ ‡ ‡ ‡

‡
‡

‡
‡

‡
‡

‡
‡

‡
‡

‡
‡

‡
‡

‡
‡

‡

Ï
Ï

Ï Ï Ï Ï Ï Ï Ï Ï Ï Ï Ï Ï Ï Ï
Ï

Ï
Ï

Ï
Ï

Ï
Ï

Ï
Ï

Ï

Ú
Ú

Ú Ú Ú Ú Ú Ú Ú Ú Ú Ú Ú Ú Ú Ú Ú Ú Ú Ú Ú Ú
Ú

Ú Ú
Ú

Ù
Ù

Ù Ù Ù Ù Ù Ù Ù Ù Ù Ù Ù Ù Ù Ù Ù Ù Ù Ù Ù Ù Ù Ù Ù Ù

Á
Á

Á Á Á Á Á Á Á Á Á Á Á Á Á Á Á Á Á Á Á Á Á Á Á Á

50 100 150 200 250 300

-1

0

1

2

3

4

THKL

s
z xy
H10-

3
eê8p
L

n=1x1013cm-2

Á 100 meV
Ù 90 meV
Ú 80 meV
Ï 70 meV
‡ 60 meV
Ê 50 meV

increasing strain

strain splitting reduces Intrinsic Spin Hall Conductivity 



NYU

rare-earth doping of LAO/STO

PRB 91, 205112 (2015)

LaAlO3/SrTiO3 INTERFACES DOPED WITH . . . PHYSICAL REVIEW B 91, 205112 (2015)

FIG. 3. (Color online) At low temperatures, carrier mobility µ is
steeply anticorrelated with carrier concentration n. This is true of both
our doped and undoped LAO/STO as well as for undoped LAO/STO
from other groups [11,12,33–41]. A rough power-law fit to our own
data shows that µ ∝ n−3.

which both donate and scatter carriers, are often responsible
for anticorrelations between carrier mobility and carrier
concentration. However, ionized impurities normally result
in a power-law exponent of only −1 because changing the
density of ionized impurities affects both carrier concentration
and scattering proportionally. And in reality, the slope from
ionized impurities is even shallower because additional carriers
will screen the scatterers (as is the case in bulk STO, which
has a power of about −0.8) [42–44].

Another plausible explanation for the anticorrelation is the
two-band (or multiband) model [45]. The key idea is that
as more carriers are added by some unspecified means, they
fill a second, low-mobility band, bringing down the average
mobility of the carriers. However, by itself, this explanation
cannot explain the power of −3 because no matter how
low the mobility of the second band, in an independent-
electron band picture adding additional carriers ought to
increase conductivity rather than reduce it. (Of course, if the
two-band model is combined with strong electron-electron
scattering, then adding carriers would reduce the conductivity,
in agreement with our data.)

In general, any explanation that relies only on static defects
is likely incorrect, given that other groups have been able to

dynamically tune LAO/STO samples along this anticorrelation
curve. These dynamic techniques include using a conducting
atomic force microscope [11], top gating through the LAO
film [46,47], and using polar solvents [11,48]. One simple
fact links these dynamic techniques: They work by modifying
the electrostatic potential from the LAO side of the interface.
(Also, we emphasize that backgating through the STO sub-
strate, which modifies the electrostatic potential from the STO
side, does not tune samples along this anticorrelation curve.
In fact, backgating results in a positive correlation between
carrier mobility and carrier concentration [49]. For this reason,
backgated samples have not been included in Fig. 3.)

This observation supports the notion that the anticorrelation
between carrier mobility and carrier concentration is driven
by the amount of positive charge in or on the LAO film
(possibly due to oxygen vacancies or other defects). One
possible explanation is the previously discussed two-band
model combined with strong electron-electron scattering.
In this model, positive charge attracts low-mobility carri-
ers, which then strongly scatter the high-mobility carriers,
strongly dropping their mobility. A second possibility relies
on interface scattering. As more positive charge in the LAO
attracts more carriers, it also causes a larger interfacial
electric field, pulling carriers closer to the interface where
they experience more scattering and a consequently lower
mobility. This phenomenon may be strongly amplified by
the dielectric saturation of STO [50], perhaps explaining
why mobility varies so dramatically relative to the carrier
concentration [51].

We note that these hypotheses, which rely on positive charge
in or on the LAO, are consistent with our result that rare-earth
dopants in the LAO have little effect on electron transport. If
mobility is indeed determined by charged defects in or on the
LAO film, then isovalent dopants would be expected to have no
effect on carrier mobility as our measurements confirm. Lastly,
some theoretical papers have suggested that Ti-La hopping
may be important for binding the 2DEG to the LAO/STO
interface [52,53]. However, our null results imply that Ti-La
hopping is negligible, at least for electron scattering.

In conclusion, doping 2% of the La sites with Tm or
Lu does not significantly alter the electron transport of the
LAO/STO interface. This result is consistent with the idea
that carrier mobility is determined by the positive charge
in or on the LAO film. Also, as with undoped LAO/STO,
we observe a steep anticorrelation between carrier mobility
and carrier concentration at low temperatures. This steep
anticorrelation cannot be explained by ionized impurities but
seems to be driven by positive charge in or on the LAO
film.

This magnetotransport study was funded by the Army
Research Office under Grant No. MURI W911NF-08-1-0317.
T.D.S. was funded by an NSF Graduate Research Fellowship.
Structural, and magnetic characterization of the samples were
performed by M.T.G. and funded by the U.S. Department
of Energy, Office of Science, Basic Energy Sciences under
Contract No. DESC0008505. F.J.W. was funded by the Army
Research Office under Grant No. MURI W911NF-08-1-0317.
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electron pairing without superconductivity

Nature 521, 196 (2015)

of the conductance versus gate voltage at zero bias (Fig. 2f) enables the
ZBP to be fitted and tracked versus magnetic field. A global shear of all
of the ZBP splittings above Bp is observed and offset in Fig. 2f (see
Extended Data Fig. 4). This shear, which appears in 60% of the total
devices and is possibly attributable to orbital effects11, does not influ-
ence the analysis of Bp. The ZBP at Vsg 5 227 mV splits above a
critical pairing field Bp 5 1.8 6 0.1 T. The magnetic field at which this

pairing transition occurs is one order of magnitude larger than the
upper critical field for superconductivity (Hc2), m0Hc2 < 0.2 T (here m0

is the vacuum permeability). The ZBPs at Vsg 5 219 mV and
Vsg 5 217 mV have successively smaller values for Bp and show pro-
nounced superconducting resonances below jBj, 0.2 T (indicated by
the red arrow in Fig. 2f). For jBj. Bp, the energy difference between
the split peaks increases linearly (Zeeman-like) with magnetic field
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Figure 1 | Device schematic and transport characteristics. a, Device
schematic. The nanowire width w 5 5 nm, the nanowire QD length is 1mm,
and barriers are 0.75mm away from the sense leads 3 and 4. The length of the
open wire is 2.5mm, equal to the nanowire QD length plus total distances from

barrier to sense leads. b, Device A dI/dV characteristics (colour coded) as a
function of four-terminal voltage V23 and side gate voltage Vsg in the open wire.
c, dI/dV characteristics of the nanowire QD measured simultaneously with data
shown in b.
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Figure 2 | Out-of-plane magnetic field dependence of device A transport
characteristics at T 5 50 mK. a–e, Top panels, dI/dV dependence on V34 and
Vsg at B 5 0 to 4 T. New diamonds emerge at B 5 3 T in d. Colour scale (top
right), 0–80mS. Bottom panels, zero-bias line profiles in a–e. f, Top panel,
magnetic field dependence of ZBPs. All the ZBPs split above some critical
pairing fields, Bp. Colour scale, 0–40mS. Bottom panel, line profile (black
markers) of ZBP at B 5 3.8 T in the top panel, indicated by the horizontal black
arrow. Red line is the fit to extract peak locations (see Methods). Right panel,

line profile at Vsg 5 219 mV indicated by the vertical black arrow. The sharp
peak at B 5 0 is due to superconductivity (SC). g, Energy difference EZ of two
Zeeman splitting branches of the ZBP at Vsg 5 227 mV. Bp and g factor can be
extracted from the intercepts and slopes in the linear fits. h, Ep dependence on
rescaled V!sg for all available ZBP splittings in four devices A, B, C and D, where
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minimum ZBP locations of each device. Ep roughly decreases with increasing Vsg.
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schematic of device
demonstration of single-electron transistor behavior in the sketch-FET, and the
negative-U model describes the filling. The negative-U is sufficient to pair the 
electrons on the nanoscale


