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Various mechanisms of electrical generation of spin
polarization in nonmagnetic materials have been a subject of broad

interest for their underlying physics and device potential in =~ |
o Ay : - 7 t
spintronics. One such scheme is chirality-induced spin selectivity € 110
(CI1SS), with which structural chirality leads to different electric - AG;
o

spin filtering has been reported for a number of chiral molecules —/PMMA ’ -
assembled on different surfaces. However, the microscopic origin and '
transport mechanisms remain controversial. In particular, the
fundamental Onsager relation was argued to preclude linear-response
detection of CISS by a ferromagnet. Here, we report definitive observation of CISS-induced magnetoconductance in vertical
heterojunctions of (Ga,Mn)As/AHPA-L molecules/Au, directly verifying spin filtering by the AHPA-L molecules via spin
detection by the (Ga,Mn)As. The pronounced and robust magnetoconductance signals resulting from the use of a magnetic
semiconductor enable a rigorous examination of its bias dependence, which shows both linear- and nonlinear-response
components. The definitive identification of the linear-response CISS-induced two-terminal spin-valve effect places an
important constraint for a viable theory of CISS and its device manifestations. The results present a promising route to spin
injection and detection in semiconductors without using any magnetic material.

conductivities for electrons of opposite spins. The resulting effect of :"’/ E ; | 105 ~\ |

~#(Ga,Mn)As 4
H (kOe)

molecular junction, chirality-induced spin selectivity, molecular spintronics, spin-valve effect, magnetic semiconductor,
magnetoconductance

here has been growing recent interest in electronic noble metal. Spin filtering or spin selective transport of the
methods of producing spin polarization in semi- electrons from the noble metal through the chiral SAM is
conductors (SCs) without using any magnetic evidenced in photoinduced charge transfer,"’ scanning
materials. One pathway is via spin—orbit interactions (SOIs) conductance microscopy,® fluorescence microscopy,'* and

with which electron charge motion in a specific direction leads
to spin polarization in an orthogonal orientation. Examples
include spin Hall effect in III-V SCs' ™ and spin-momentum
locking in spin-helical surface states in 3D topological
insulators.” Another scheme utilizes charge motion through

voltammetry'® measurements. Spin polarization as high as
60% was measured at room temperature.” Besides chiral
molecules, CISS was also predicted and/or observed in carbon
nanotubes decorated with chiral molecules,"®™*° 2D chiral

. . 1 . . -1
materials exhibiting structural chirality in real space. The effect, h}{bnd p erO\zliklteS,ZO’z and superhelical conducting polyaniline
termed chirality-induced spin selectivity (CISS),”® has been microfibers.
reported in a variety of chiral molecules including dsDNA,”*
polypeptides,”'® and helicenes."" In contrast to solid state September 3, 2020
materials, organic molecules exhibit a rich variety of structures, October 23, 2020
which can be readily tailored to realize wide-ranging electronic November 2, 2020
properties and functionalities favorable for spintronics.'” The
experiments on CISS generally involve a self-assembled

monolayer (SAM) of chiral molecules on a nonmagnetic
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Theoretical studies of CISS have focused primarily on its
microscopic origin, especially the relevance of SOI and
molecular level structural details of the chiral molecules.”*~’
While the microscopic mechanism remains an important open
issue,” modeling of the manifestation of CISS in practical
transport devices was more scarce and inconsistent but has
attracted significant recent interest. Two recent such
studies””” have highlighted the importance of the effects of
the metal electrodes and their contacts with the molecules
when modeling the magnetoconductance (MC) of chiral
molecule junctions, which is expected to have contrasting
manifestations in the linear- and nonlinear-response junction
MC on the basis of the Onsager relation.

Experimentally, the device potential of CISS was demon-
strated in a type of proof-of-concept memory device,”'’ where
the a-helical polyalanine was shown to be able to facilitate the
magnetization reversal of a magnetic layer with or without
electrical biasing. Another important class of devices involve
active electron transport through the chiral molecules, resembling
that in a magnetic tunnel junction or a spin valve.
Conceptually, such a device should consist of a normal metal
(NM) and a ferromagnet sandwiching a chiral molecule SAM,
and CISS of the molecules would manifest in a MC
corresponding to the magnetization reversal in the FM. Such
a MC has been reported most commonly in the setup of
conductance atomic force microscopy (cAFM)g’H’30 and
scanning tunneling microscopy,”’ which is not amenable to
practical applications. Moreover, the conductance measure-
ment depends to a large extent on the contact of the cAFM tip
and a molecule, which leads to significant fluctuations and the
necessity of relying on statistical averages of a great number of
measurements. For the practical rendition of planar junctions,
a critical obstacle is the well-known one in the field of
molecular electronics: A SAM cannot serve as a flawless
insulating barrier over practical device length scales, and any
direct contact of the two metal electrodes through defects in
the SAM essentially shorts out the device. To circumvent this
problem, a common approach was to insert an oxide layer
between the molecular SAM and a metal electrode.”'"*>*?
Magnetoresistance (MR) was observed in cross-stripe planar
junctions of Ni/Al,0;(MgO)/chiral molecules/Au with
oligopeptides,”” bacteriorhodopsin,” and helicenes'' mole-
cules. The observed MR tends to be small; moreover, the
insertion of the oxide barrier may complicate the interpretation
of the origin of the observed MR: Attributing the CISS in these
devices to the chirality of the Al,O; deposited onto the chiral
molecules” contradicts the microscopic theories depending on
internal structures of the chiral molecules.””™" Another
approach employed a semiconductor as an electrode; for
example, in a planar device the CISS-polarized electrons are
detected with a GaN Hall sensor.”*

Here, we report direct evidence for spin selective transport
through chiral molecules assembled on a ferromagnetic
semiconductor by measuring the MC of vertical planar junctions
of (Ga,Mn)As/ a-helix L-polyalanine (AHPA-L) molecules/
Au. The experiments were made possible by our ability to
create high—quality SAMs and their micro-/nanopatterns on
GaAs.”’° Replacing the ferromagnetic metal electrode in the
magnetoresistive devices with the doped magnetic semi-
conductor presents the following advantages: (i) It eliminated
the need for an oxide barrier. The Schottky barrier at the
metal/SC direct contact effectively mitigates electrical shorts
through defects in the SAM, as demonstrated in molecular

junctions on p*-GaAs.”” (ii) The (Ga,Mn)As was grown to
possess perpendicular magnetic anisotropy (PMA) for maximal
interaction with, and unambiguous detection of, the
perpendicularly polarized spin-filtered electrons. These two
qualities enabled the observation of spin-valve MC distinctly
associated with CISS in the two-terminal device. Most
importantly, the robust spin-valve effect facilitated a
comprehensive examination of the bias dependences of the
MC, which yields definitive evidence for both a nonlinear
component and a nontrivial linear-response component in the MC;
the latter is the focus of a recent theoretical controversy.”® The
experiment also directly verifies the efficacy of CISS as a means
for spin injection into a semiconductor without using any
magnetic material.

RESULTS AND DISCUSSION

Panels a and b of Figure 1 show a schematic diagram and
scanning electron microscopy (SEM) micrograph, respectively,
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Figure 1. (a) Schematics of the device structure. The close-up
image depicts the internal structure of a (Ga,Mn)As/AHPA-L
molecules/Au vertical junction. The garnet arrows indicate the
perpendicular magnetic anisotropy in the (Ga,Mn)As. The gold
arrow indicates the spin polarization direction of the electrons
through chiral molecules. AHPA-L molecules are assembled on
(Ga,Mn)As with the thiol bond. (b) Scanning electron microscopy
image of a § X 5 pm? junction.

of a vertical junction of (Ga,Mn)As/AHPA-L molecules/Au.
Details of the experimental methods are described in Methods.
The AHPA-L molecules, with length of 525 nm and an N-
terminus with thiol, form covalent bonds with Ga and As,*
facilitating the formation of SAM on (Ga,Mn)As. The AHPA-
L molecules were assembled on MBE-grown epitaxial (Ga,Mn)
As via solution assembly, and the resulting molecular layer was
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Figure 2. (a) Schematic diagram of the experimental setup for junction measurements. (b) Low-bias junction conductance as a function of
temperature in zero applied magnetic field. (c) I-V characteristics of the junction in perpendicular magnetic fields of +2000 Oe. (d)
Junction conductance versus perpendicular magnetic field measured at a DC bias of 100 yA. Both the I-V and MC measurements show two
distinct conductance states depending on the direction of the (Ga,Mn)As magnetization as indicated by the garnet arrows. The gold arrow
indicates the direction of the electron spin polarization, which is independent of the magnetic field. The black and red dashed arrows
indicate the sweeping direction of the magnetic field. Measurements in panels ¢ and d were performed at 4.2 K.

measured via ellipsometry to have a thickness of 3.3 nm on
GaAs. The result indicates that the molecules form a
monolayer with the molecules tilting at an angle of 51° with
respl(e)ct to the normal, larger than the reported value of 40° on
Au.

The (Ga,Mn)As was grown by low-temperature MBE on an
(In,Ga)As buffer layer; the resulting tensile strain leads to
PMA.*” The as-grown (Ga,Mn)As thin film used in this study
has a Curie temperature of 140 K and coercive field of 460 Oe
(Supporting Information Figure S1). The actual coercive fields
of the (Ga,Mn)As in different devices varied from 180 to 460
Oe depending on the specific fabrication conditions they were
subjected to. The devices were fabricated via a process
consisting of photolithography and electron-beam lithography,
Argon ion milling, AHPA-L SAM assembly, and top electrode
evaporation. In Figure 1b, a close-up SEM image shows a § X §
um? junction in a fabricated device.

A schematic diagram of the magneto-electrical measurement
setup for the (Ga,Mn)As/AHPA-L molecules/Au junctions is
shown in Figure 2a. The specific junction resistance (RA
product) values are on the order of 10* kQ-um? which are
about an order of magnitude higher than the typical values for
control junctions without the AHPA-L molecule SAM. Panels
b and c of Figure 2 show a set of results from junction A in
sample 1 of 10 X 10 um* The zero-field low-bias junction
conductance decreases with decreasing temperature at low
temperatures and eventually saturates (Figure 2b). The general
insulating behavior of the junction conductance and the high
specific junction conductance at low temperature indicates
significant coverage of the AHPA-L molecules on (Ga,Mn)As.
It is also consistent with the quantitative estimation with the
junction resistances with/without AHPA-L molecules (details

15985

in Supporting Information Note S1). The field-dependent I-V/
characteristics and perpendicular field MC of the junction were
measured at low temperatures, and the results at 42 K are
shown in Figure 2c,d, respectively. The I-V curves show
strong nonlinear behavior, consistent with an asymmetric
barrier which results in higher order contributions to the
junction conductance.*” A clear split was observed for the I-V
curve when perpendicular magnetic fields of opposite polar-
ities, #2000 Oe, were applied. Since the applied fields were
much above the coercive field of the (Ga,Mn)As, the two
distinct conductance states are clearly associated with the
reversed magnetization of the (Ga,Mn)As. This is evidenced
directly in the MC measurements at fixed bias currents (100
UA in Figure 2d) while sweeping the perpendicular magnetic
field.

Figure 2d shows a typical MC response in the form of sharp
changes of the junction conductance coinciding with the
coercive fields of the (GaMn)As. The sharp conductance
jumps are a result of the PMA in the strained (Ga,Mn)As. The
dashed arrows refer to the directions of the field sweep for the
red and black MC curves. Similar MC behavior was observed
in 15 junctions in 7 different samples. We attribute the distinct
two-state MC to a direct consequence of the CISS of AHPA-L
molecules: The unpolarized electrons from the Au electrode
attain spin polarization as they transport through the chiral
molecules. The sign of the spin polarization depends only on
the combination of the helicity of the molecules and current
direction, and is independent of the external magnetic field, as
depicted by the gold arrows in Figure 2d.*>*” The (Ga,Mn)As,
with high intrinsic spin polarization in the ferromagnetic
state,*' acts as a spin analyzer. As a result, the junction
conductance changes as the magnetization of the (Ga,Mn)As is
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Figure 3. (a) ARy(;) as a function of temperature. The data points were calculated on the basis of ARy = % Measurements were taken at

5, 10, 20, 35, 50, 65, 80, 95, 105, and 130 K. (b) Junction conductance versus perpendicular magnetic field of a control junction without
chiral molecule SAM. No measurable MC is present. Inset: Measured junction voltage (resistance) versus magnetic field.
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Figure 4. AGj as a function of bias voltage (a) and bias current (b). The black squares in panels a and b are determined from the I-V curves
in Figure 2c, with fixed voltage and current, respectively. The respective insets illustrate how the data are extracted. (c) Representative MC
curves measured at different bias currents. (d) Black squares from positive currents in panel b; red triangles from MC measurements at
different bias currents (some shown in panel c); blue line a linear fit to the black squares. (e¢) MC curves for sample 2 at DC biases of 100

and —100 pA.

flipped. Here the percentage change of the junction
conductance is about 9%; however, the junction conductance
likely consists of parallel contributions from transport through
the chiral molecules and defects in the SAM ((Ga,Mn)As/Au
direct contact); hence, the absolute change of the junction
conductance, AGj, rather than the percentage change, is a
more accurate measure of the CISS effect and is examined in
detail below.

The low-temperature Hall resistance of the (Ga,Mn)As has
an anomalous Hall component with field dependence similar
to that of the junction MC (Supporting Information Figure
S1c). However, it can be ruled out as the origin of the observed
MC, as explained in detail in Supporting Information Note S2.
Another effect that may contribute to the junction MC is that
the chiral molecules may imprint weak ferromagnetism in the

15986

Au electrode.”” Although there have been extensive reports of
induced weak ferromagnetism at thiol—Au interfaces, direct
spin-polarized tunneling measurements revealed no measurable
spin polarization (<1%) at the interface.*> Therefore, we do
not believe either effect could account for the large MC
observed in the devices in this work.

Figure 3a shows a representative temperature dependence of
the junction MR. As expected, AR decreases with increasing
temperature and vanishes at the Curie temperature of the
(Ga,Mn)As. Qualitatively, the decrease of ARy with
increasing T is more rapid than that of the magnetization,
which is consistent with the observation that the spin
polarization in (Ga,Mn)As decreases with increasing T much
faster than the magnetization."*
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In order to establish a definitive connection between the
observed MC and electron transport through the chiral
molecules, control devices were fabricated with the same
process omitting the assembly of AHPA-L molecules on the
junctions. The same set of measurements was performed in
several different control samples, showing qualitatively similar
results. The absence of distinct conductance states is shown
directly in Figure 3b for a control junction; the junction
conductance has no measurable changes at the coercive fields,
and the value is about an order of magnitude larger than those
of junctions with molecules. We emphasize that the seemingly
high noise level in Figure 3b is due to a combination of low
junction resistance and small measurement current (1 pA, so
as to obtain the zero-bias response). The measured voltage and
MR are plotted in the inset. The voltage noise level in the
control junction is in fact similar to that in a junction with
molecules (a direct comparison is presented in Supporting
Information Figure S8). These results therefore point to the
molecules as the origin of the observed spin-dependent MC in
the molecular junctions.

It is also worth noting that although the molecular junctions
contain a layer of organic molecules as a critical component,
their electrical characteristics are very stable under ambient
conditions. The measurements performed on a device after
being stored in a desiccator at room temperature for four
months yielded essentially the same results as those from
measurements right after its fabrication (within a day). (See
Figure S3 in the Supporting Information).

‘We now turn to the origin of the MC and its implications on
the theoretical models. One most pertinent unsettled issue in
the field is whether the CISS could lead to measurable spin-
valve effect in a two-terminal device. Yang et al.”® note that a
spin—flip electron reflection process is inherent in the CISS
transport in order to satisfy the Onsager relation. This implies
a vanishing MC in the linear-response regime in a two-terminal
junction of nonmagnetic-metal/chiral molecule/ferromagnet;
rather, a four-terminal nonlocal scheme is required for the
linear MC to materialize,*® although a nonlinear MC is not
precluded by the Onsager relation.”> Dalum and Hedegird
recently examined the spin-dependent electron transport of a
similar system and reached the opposite conclusion.”” They
argue that SOI in the chiral molecules breaks the Onsager
reciprocity and a new equilibrium state emerges with CISS-
induced spin accumulation in the nonmagnetic lead. A
nontrivial MC results from the emergent equilibrium state,
which resembles that in a magnetic tunnel junction with two
magnetic electrodes. In our devices, by measuring the bias
dependences of the MC, we observed both a pronounced
nonlinear-response MC and a nontrivial linear-response MC, as
shown in Figure 4.

Analytically, Dalum and Hedegard calculated the electric
current through the junction,” I, and I (the arrows indicate
the directions of the magnetization in the (Ga,Mn)As lead),
based on the Landauer-Biittiker formalism. Upon magnet-
ization reversal in the magnetic lead, I; and I, are different due
to the difference in the induced magnetization from the spin
accumulation in the nonmagnetic lead. Using the convention
in ref 29,

0 - dE
ITl = fTLR(l =+ Am'“Tl)(”F(E - ”L) - ”F(E - ”R)) m
(1)

where T{y is the transmission function between the magnetic
and nonmagnetic leads satisfying the Onsager relation, A is a
function related to SOI, i is the unit vector along the magnetic
moment direction in the magnetic lead, and ng is the Fermi—
Dirac distribution (details in Supporting Information Note
S4). 4, and 4, are the induced magnetizations from spin
accumulation in the nonmagnetic lead for opposite magnet-
izations in the magnetic lead. Because of the CISS, 4; # —4,
and the transmission coefficients for the opposite magnet-
izations, T} = T9:.(1 = Am-dy), are different. Therefore, eq 1
implies two distinct conductance states depending on the
magnetization direction of the magnetic lead, with the
transition at the coercive field of the (Ga,Mn)As. This could
be the origin of the nontrivial linear MC in our junctions,
indicating that the idealized Onsager picture is not applicable
to the two-terminal CISS devices.

The veracity of the model can be further tested from the
dependence of the MC on the magnitude and direction of the
current/voltage bias across the junction. Among the 15
junctions showing well-behaved MC, three junctions from
two different samples were chosen for comprehensive detailed
bias-dependence measurements. A set of experimental results
from junction A in sample 1 are shown in Figure 4. The data in
Figure 4a,b (black squares) are extracted from the I—V curves
in opposite saturation fields in Figure 2c, for fixed voltage and
current, respectively (the ways the data are extracted are
illustrated in the respective insets). The MR as a function of
bias current, extracted from the same I-V curves, is shown in
Supporting Information Figure S7.

Figure 4a shows an approximately voltage independent finite
MC at low biases, which rises sharply at biases coinciding with
the turn-on voltage in the junction I-V. Each bias voltage
corresponds to two different current states. From eq 1, we can
derive an explicit expression for the bias-dependent MC:

I -1
14
/aAT a4 V//fATE + VZ/;/ATE
2 2 2
()

where ptx — py = eV, with V being the bias voltage across the
junction, and @, B, and y are energy- and temperature-
dependent coefficients (details in Supporting Information
Note S4). The finite zero-bias MC in Figure 4a is consistent
with eq 2. The sharp rise at high biases implies that the higher
order terms in eq 2 should be significant; however,
quantitatively, the rapid increase of AGyqy, at the turn-on
voltage is closer to exponential than power law.

In contrast to the somewhat complex voltage dependence,
AG () shows a striking linear dependence on the bias current,

AGyy) =

as shown in Figure 4b,d. Here, AGy ) = I(% — &) It is
f f

important to note that the linear current dependence spans the
entire bias range, across the two distinct regimes in the voltage
dependence. Qualitatively similar voltage and current depend-
ences are observed in the other two junctions (shown in
Supporting Information Figures S4 and S5).

The MC at different fixed currents can also be determined
from full MC sweeps, and some representative MC curves are
shown in Figure 4c. The AGy;) from these measurements are
plotted as red triangles in Figure 4d, which are in excellent
agreement with the black squares from the positive-bias I-Vs
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Figure 5. Junction MC measured at DC currents of (a) S, (b) 50, and (c) 200 pA in sample 2, before (red and black curves) and after (orange
and blue curves) first-time application of 1 mA bias current (55 mV) across the junction. The dashed arrows indicate the direction of the
sweeping magnetic field. The notations in panel c also apply to panels a and b. (d) Junction MC measured at DC current of 100 A before
and after applying 1 mA, after applying 1.5 mA at 4.3 K and at 30 K. (e) Junction MC measured at DC current of 200 gA in sample 1
junction A, before and after first-time application of 800 gA bias current (140 mV) across the junction, showing no obvious change.

in Figure 3b. A linear fit to the current-dependence data (blue
line) yields AGypy = AGy(q) + al, where AGj) = 46.2 + 0.4 uS.
Details of the error analysis of the linear fit of the bias
dependences of the three junctions are shown in Supporting
Information Figure S6. The value of AGj ) is consistent with
the finite zero voltage bias value and constitute direct evidence
that a linear-response spin-valve-type MC is present in this two-
terminal device, although the higher order nonlinear contribu-
tions appear substantial.

Figure 4e shows MC for another junction at DC currents of
opposite polarities, =100 pA, where +100 pA indicates the
current flowing from the (Ga,Mn)As substrate to Au (electron
injection from Au to (GaMn)As) and vice versa. For this
junction, a high-field hysteretic symmetric background is
present, which has been subtracted to show AG; clearly
(details in Supporting Information Figure S10). Here, it is
evident that the reversal of the DC current direction does not
change the junction conductance states. However, it does change
the magnitude of the MC slightly; specifically,
AG;; =0.118mS and AG;; = 0.101 mS. This asymmetry

is also apparent in Figure 4b between positive and negative
currents. The asymmetry upon current reversal may be
accounted for by the difference between electron injection
from the nonmagnetic (Au) and magnetic ((Ga,Mn)As)
electrode, as described in ref 29 and depicted in its Figure 3.
The only modification that in (Ga,Mn)As the Fermi level is
located closer to the top of the valence band does not change
the qualitative picture. The overall junction conductance also
shifts by 0.124 mS upon reversing the bias current, ie.,

Gy, — Gy = 0.124mS, where G| is the conductance at

15988

positive/negative DC currents. The differences between AG, |
and AG; ; , and between G, ; and G, ; , are consistent with the
J I I T

presence of a first-order (odd) term in eq 2 and eq S4
(Supporting Information), respectively. The bias dependences
of the MC, especially the striking linear current dependence,
should place an important constraint on any theoretical model
of the CISS-induced spin filtering and warrant further
investigation.

Finally, we present an intriguing observation of variation of
the MC in a junction in sample 2 after first-time application of
large biases. Panels a—d of Figure S show the MC sweeps
measured at 4.3 K and bias currents of 5, 50, 200, and 100 pA,
respectively, before and after a large bias current of 1 mA
(corresponding to a bias voltage of S5 mV), was applied on the
junction. It is evident that after the application of the 1 mA
current, both G; and AG; increase substantially. No discernible
changes of G; and AG; were observed for applied biases up to
800 pA; namely, the G; and AG; changes occurred abruptly
between bias currents of 800 #A and 1 mA applied to the
junction. Furthermore, further increase of bias current beyond
1 mA resulted in little further changes. As demonstrated in
Figure 5d, between 1 and 1.5 mA applied to the junction, AG;
(measured at 100 pA), showed no noticeable change, although
Gj increased slightly. After the initial application of large bias
currents, the junction is stable and does not relax back to the
original state for the duration of the experiments (days); the
stability was maintained at temperature of 30 K, as shown in
Figure S5d. Detailed results of the variations of AG; with
application of large bias currents are described in Supporting
Information Figure SS. It is informative to contrast these
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observations with the behaviors of sample 1, on which both
junctions show no measurable changes in G; and AG; after
application of biases as high as 800 yA, as shown in Figure Se.
We point out that although the 800 A is smaller than the
threshold current of 1 mA for sample 2, it in fact corresponds
to a much larger voltage bias (140 mV), thus a much larger
electric field, as the junction resistance is higher.

We conjecture that the observed changes of G; and AG; in
the sample 2 junction and the differences with the sample 1
junctions may be due to variation of the quality in the initial
assembly of the molecular layers in the two samples. In sample
2 after the device fabrication, the molecules may not be well
aligned in some regions of the monolayer. The application of a
sufficiently large electric field may align the molecules into an
ordered monolayer, resulting in increases in both G; and AG;.
For sample 1, both the coverage and quality of the molecular
assembly are probably better; hence, G; and AG; of the two
junctions in the sample are insensitive to a large applied
electric field.

CONCLUSION

In summary, we have obtained direct evidence of CISS
through chiral molecules assembled on a semiconductor
surface. Experimentally, the CISS effect manifests in clear
spin-valve signals in (Ga,Mn)As/AHPA-L molecules/Au
junctions, resulting from spin filtering by the AHPA-L
monolayer. Nontrivial linear- and nonlinear-response CISS-
induced spin-valve signals are clearly identified in the two-
terminal devices. The observation indicates that the ideal
Onsager picture is not applicable to the linear transport regime
in the two-terminal CISS devices, which should be accounted
for in any viable theory for CISS and its device manifestations.
With high-spin-filtering efficiency at room temperature,” the
realization of CISS in SC-based two-terminal devices presents
a promising nonmagnetic pathway to spin injection and
detection in semiconductor spintronics.

METHODS

1. Materials and Sample Preparation. The AHPA-L in the
experiments was purchased from RS Synthesis, LLC. It is based on a-
helix L amino acids (H-CAAAA KAAAA KAAAA KAAAA KAAAA
KAAAA KAAAA K-OH), where C, A, and K represent cysteine,
alanine, and lysine. a-Helix has a right-hand-spiral conformation. The
a-helix has 3.6 amino acids per turn of the helix, and the distance

between each turn is 0.54 nm; thus, the length of the AHPA-L is

0. . . . .
% X 35 = 5.25 nm. The cysteine in the N-terminus contains thiol.

The AHPA-L molecules were dissolved in pure ethanol at 1 mM
concentration. The solution was kept at —18 °C for storage.

The perpendicularly magnetized (Ga,Mn)As films were grown by
MBE. A 500 nm thick (In,Ga)As buffer layer was first grown at 450
°C on semi-insulating (001) GaAs substrates. (Ga,Mn)As films of 40
nm thickness with perpendicular magnetic anisotropy were later
grown at substrate temperature of 270 °C. The Curie temperature as-
grown varies from 20 to 90 K depending on the Mn concentration
(4% or 6%) and growth temperature. The carrier density is from § X
10* to 1 X 10*' cm™. The Curie temperature increased from 90 K up
to 144—149 K after annealing. The coercive field varies from 180 to
460 Oe depending on the annealing conditions.

For ellipsometry measurements, (Ga,Mn)As samples were first
soaked in ammonium polysulfide solution at 50 °C for S min to
remove the native oxide layer on the surface.*® They were later left in
the AHPA-L solution for 24 h for molecular self-assembly at room
temperature. They were rinsed with ethanol and blown dry with
nitrogen gas after the assembly.

2. Fabrication Process. The junction devices were fabricated in
the following steps:

2a. (Ga,Mn)As Defined as Channel. The (Ga,Mn)As channel was
first defined by photolithography. The sample was spin-coated with
photoresist AZ5214E and prebaked at 110 °C for 50 s on a hot plate.
It was later exposed under 350—500 nm UV light for 10 s and
developed in a 1:S solution of sodium-based AZ 351 developer
diluted in DI water for about 2 min. After developing, the sample was
postbaked at 120 °C for 60 s on the hot plate.

Then the electrode was etched by ion milling with an Ar ion beam
produced by a 2 in. Kaufmann source. The Ar flow rate was 8.8 sccm,
resulting in a pressure of 1.3 X 107 Torr. The discharge voltage was
62.5 V, the acceleration voltage was 210 V, and the beam voltage was
500 V. The cathode current was 6.8 A, and the beam current was 20
mA. Atomic force microscopy (AFM) measurements showed 73—76
nm etching depth with 7 min of milling.

2b. Au Contacts and Alignment Marks Deposited. A set of
alignment marks was defined by photolithography with the same
parameters as in step 2a. Cr (S nm) and Au (20 nm) were then
deposited by thermal evaporation, both at a rate of 1 A/s. After the
evaporation, the sample was immersed in acetone overnight for lift-
off, followed by rinsing with acetone and isopropanol.

2c. Junctions Defined by Electron-Beam Lithography. The
sample was spin-coated with 2% PMMA at 4 krpm for 30 s. It was
prebaked at 180 °C for 10 min on a hot plate. The electron-beam
lithography (EBL) was performed with an acceleration voltage of 20
kV and targeted dose of 160 ;C/cm’. For the small junction patterns,
the spot size was 1.0, the step size was 0.01 ym, and the beam current
was 0.0223 nA; for the large contact patterns, the spot size was 4.0,
the step size was 0.0S ym, and the beam current was 0.825 nA, as
measured by a Faraday cup. The sample was developed in methyl
isobutyl ketone (MIBK) diluted with isopropanol (1:3) for 40 s and
then in pure isopropanol for 30 s at room temperature.

2d. Oxide Layer on (Ga,Mn)As Removed and AHPA-L Assembled
on Junctions. The sample was cleaned with O, plasma to remove any
organic residue. It was set with medium power at 200 mTorr oxygen
pressure for 1 min. The sample was then baked at 180 °C for 20 min
on the hot plate to harden the PMMA. To remove the native oxide
layer on the (Ga,Mn)As, the sample was etched with an ion mill for 1
min with the same parameters as in step 2a. It was immersed in
ethanol immediately after being taken out from the ion mill chamber
before the molecular assembly. Here, we chose a different method for
oxide removal than the ammonium polysulfide passivation of
(Ga,Mn)As used before,>>*® as we noticed that the ammonium
polysulfide tends to contaminate the surface after leaving the sample
in the solution at 50 °C for S min.

For the assembly of AHPA-L monolayer on the (Ga,Mn)As, the
sample was left in the AHPA-L solution at room temperature for 24 h.
After the assembly, the sample was rinsed with ethanol and dried with
nitrogen gas.

2e. Top Au Electrodes Deposited. A shadow mask was positioned
on top of the sample by aligning the electrode patterns with the
junctions under an optical microscope. For the evaporation, the same
parameters as in step 2b were used in this step, except for the
thickness of Au (50 nm). Also, the substrate was cooled with liquid
nitrogen during the evaporation. The substrate temperature was
maintained at —110 °C. It is informative to note that, in previous
studies,”*> AlO, was deposited onto the peptides which requires
much harsher conditions than metal deposition, yet the chiral
molecular structures were well-preserved. The metal deposition in our
process should be even gentler. The liquid nitrogen cooling of the
substrate was employed to further reduce the impact of the metal
deposition on the molecules.

The control samples were fabricated in an identical process, except
that in step 2d the sample was immersed in a pure ethanol instead of
the AHPA-L molecule solution.

The samples were stored in a desiccator to minimize exposure to
ambient moisture after fabrication.

3. Measurements. 3a. Electrical Measurements. The sample was
fixed on a socket with a copper base with GE vanish or photoresist
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and wired by hand with silver paint and Pt wire. The sample was
measured within a few days after fabrication in a Janis “He cryostat
and/or an Oxford *He cryostat. All of the measurements were
performed at 4.2 K unless otherwise noted. Magnetic field
perpendicular to the sample plane was applied up to 2000 Oe. The
(Ga,Mn)As was first magnetized at 2000 Oe, and then the magnetic
field was swept at a constant rate of 400 Oe/min for measurements.
DC measurements were done with Keithley 2400 as the current
source and HP 3458 as the voltmeter. AC measurements were
performed with EG&G 124A and/or SR2124 dual-phase analog lock-
in amplifiers. The sample was later measured at increased temper-
atures with similar procedure.

In the MC and I-V measurements of the molecular junctions,
Joule heating may become an issue at large bias currents, so the power
was kept under 1 mW to avoid large temperature fluctuations. For
example, bias current was kept below 1 mA for a junction of 1 kQ. In
I-V measurements, the current is swept from negative to positive
values with a current step of 20 yA and time interval of 1 s between
each current step unless otherwise noted (more details in Supporting
Information Figure S6).

In the calculations of AGy,) and AGy(), as described in the main
text, the definitions are AGy(y) = IlV—IT and AGy) = I(% - %) In
both MC and I—V measurements, currents are applied and voltages
are measured so only AGy is the direct reflection from the
experimental data. For AGyy, the I=V curves are first interpolated to
obtain the currents at the same voltage values and then used for the
calculations of AGyy).

To measure the temperature dependence, the sample was cooled
from 300 K to base temperature. The resistance was measured with
DC current. For every 0.1 K change in temperature, positive and
negative currents were applied to the sample. The resistance was
determined to be the voltage difference divided by twice the applied
current. The current reversal was necessary to eliminate the
thermoelectric voltages along the circuit.

3b. Ellipsometry Measurements. The ellipsometry measurements
were performed with an M-2000 spectroscopic ellipsometer. Five
spots were chosen at random on two different oxide-free GaAs
samples after the molecular assembly. The thickness of the monolayer
was measured to be 3.3 nm for all spots.
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