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Graphene is an ideal platform for supporting ballistic, spin-coherent transport—crucial ingredients for
spin-based quantum technologies. Here, we demonstrate a spin-dependent electron-optic mechanism that
enables spin-transistor-like control of spin transport in a graphene spin valve, in the absence of spin-orbit
coupling in the transport channel. Using transverse magnetic focusing in a high-mobility graphene device,
we couple spin and orbital degrees of freedom through charge transfer doping and proximity exchange at
ferromagnetic contacts. This coupling allows for gate-tunable modulation of both the amplitude and
polarity of the spin signal, reminiscent of the functionality of a Datta-Das spin field-effect transistor.
Measurements confirm that spin-coherent ballistic transport is observable up to room temperature. Our
results demonstrate an operational principle for spintronic devices based on spin-dependent electron optics
in low spin-orbit coupling materials such as graphene.
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I. INTRODUCTION

Advancements in the electronic quality of graphene
heterostructures have enabled 2D devices that show high
charge carrier mobility and micrometer-scale ballistic
transport up to room temperature [1–4]. Increased material
quality has also had a substantial impact on the field of
graphene spintronics [5], where enhanced spin transport
has been observed in devices encapsulated in hexagonal-
boron nitride (h-BN) [6–9], due to a reduction in spatial
disorder relative to graphene in direct contact with a SiO2

substrate [10,11]. The momentum scattering of spin carriers
in the diffusive transport regime contributes to spin
relaxation in graphene [12–16], motivating the exploration
of spin transport in the ballistic regime. Theoretical work
has highlighted how the diffusive formalism for spin
dynamics [17] underestimates spin transport parameters
in the ballistic regime [18], while a limited number of
experimental studies in semiconductors indicate enhanced
spin signals for high-mobility devices [19,20]. Hence, the
crossover from diffusive to ballistic spin transport is an
enabling step toward the realization of practical spintronic
devices.

Long-range ballistic transport in graphene has been
exploited to implement electron optics experiments, such
as transverse magnetic focusing (TMF) [21,22], Veselago
lensing [23,24], and spin-dependent beam splitting [25,26].
In such experiments, electrons injected by a point contact
are bent by external out-of-plane magnetic fields and
reflected or refracted from potential barriers [27–30].
Electron optics have been leveraged to study changes in
the graphene band structure in the presence of proximity
induced spin-orbit coupling (SOC) [26] and the formation
of moiré minibands in twisted graphene bilayers [31].
Furthermore, such techniques have lead to the development
of novel two-dimensional quantum devices, such as micro-
cavities [32] and interferometers [33].
Here, we employ transverse magnetic focusing to

unequivocally demonstrate ballistic, spin-polarized trans-
port in a high-quality graphene spin valve. We show
nonlocal ballistic transport over micrometer scales at low
temperature, with quasiballistic transport present up to
room temperature. The observed TMF signal is sensitive
to the magnetic configuration of the contacts, indicating
that the ballistic signal is spin dependent. An enhanced spin
signal is observed under optimized electron optics focusing
conditions, relative to a standard spin-valve measurement
in the absence of an out-of-plane magnetic field. We also
demonstrate electrostatic control over the amplitude and
polarity of the focused spin signal by varying a back gate
voltage. These results demonstrate a versatile device
architecture for studying fundamental aspects of electronic
spin dynamics in the ballistic transport regime and re-
present a practical route to developing a spintronic
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transistor, along the lines of the Datta-Das spin-FET
proposal [34], where electron optics can be incorporated
as a means of modulating spin signal, in the absence of
SOC in the transport channel.

II. RESULTS

Figure 1(a) shows a schematic of the spin-valve
device used in this study, set up in the nonlocal measure-
ment configuration, with nonlocal signal defined as
RNL ¼ VNL=I. The device is fabricated using methods
described in prior work [9]. Nanowire electrodes of cobalt
(Co, 30 nm), cappedwith gold (Au, 50 nm), definemagnetic
one-dimensional (1D) contacts at the exposed edges of the
encapsulated graphene channel [9,35,36]. The nanoscale
widths of the electrodes (200–350 nm) mean that they
behave as pointlike contacts [37]. All measurements in this
paper are performed at T ¼ 25 K, unless stated otherwise.
Figure 1(b) shows a TMF map, where nonlocal resis-

tance RNL is plotted as a function of out-of-plane magnetic
field B⊥ and carrier density in the graphene channel, n.
Carrier density is controlled by applying a back gate
voltage, VBG, to the p-doped silicon substrate, separated
from the h-BN–graphene–h-BN heterostructure by 290 nm
of SiO2 (see Sec. V). A series of periodic peaks are present
in the top right (B⊥ > 0; n > 0) and bottom left
(B⊥ < 0; n < 0) quadrants of the map, seen as red stripes
in the region between −0.5T < B⊥ < 0.5 T, which occur
when ballistic charge carriers are focused on the detector
contact d. Under the Lorentz force exerted by B⊥, carriers
injected at contact i follow cyclotron orbits with radius
rc ¼ ℏkF=eB⊥, which can be tuned to the focusing

condition L ¼ j × 2rc, where kF is the Fermi wave
number, j is an integer, and L is the separation between
contacts [Fig. 1(c)] [21,22]. Provided that no scattering
occurs along their trajectories, the charge carriers are
collected at contact d, causing a spike in nonlocal voltage.
The value of B⊥ required to focus charge carriers on contact
d is given by [22]

Bj
⊥ ¼ �j

2ℏkF
eL

: ð1Þ

Higher-order modes (j > 1) occur due to specular reflec-
tions from the edges of the 2D channel [Fig. 1(c)]. The
emergence of such peaks is direct evidence of ballistic
transport over a distance of at least lmfp ¼ jπrc. In the
present case, the contacts are spaced by L ¼ 1.9 μm,
implying that the mean free path of the device is
lmfp ≳ 3 μm. The expected positions of the first three
focusing modes, calculated via Eq. (1), are indicated in
Fig. 1(b) by black dashed lines, which align closely to the
red stripes representing the measured peaks.
Figure 2(a) shows TMF signals at a series of carrier

densities for either electron transport [n > 0, (ii) and (iv)]
or hole transport [n < 0, (i) and (iii)]. Before each
measurement, the magnetization configuration of the ferro-
magnetic injector and detector electrodes is set to be either
parallel [↑↑, (iii) and (iv)] or antiparallel [↑↓, (i) and (ii)]
by sweeping an in-plane magnetic field Bjj along their
length (coinciding with the easy axis of magnetization).
Distinct TMF spectra are observed for opposite charge
carrier polarities, with the hole spectra exhibiting magnetic
focusing peaks of larger magnitude in each case.

FIG. 1. Measurement concept and TMFmap. (a) Schematic of an h-BN encapsulated graphene device on a Si=SiO2 substrate, set up in
the nonlocal measurement configuration. Co nanowires with magnetizationM form magnetic 1D contacts at the exposed graphene edge,
which inject (i) and detect (d) spin-polarized current; the inset depicts a profile of the heterostructure and 1D contact. A single-electron
cyclotron orbit from i to d is illustrated (blue arrow). (b) Nonlocal resistance RNL measured as a function of carrier density n and
perpendicular magnetic field strength B⊥ at low temperature (25 K). Three characteristic peaks (j ¼ 1, 2, 3) are resolved in RNL; dashed
black lines indicate the focusing conditions given by Eq. (1). (c) Illustration of ballistic charge carrier trajectories (blue lines), for the first
(j ¼ 1) and second (j ¼ 2) focusing conditions. A perpendicular magnetic field B⊥ tunes the cyclotron radius of charge carriers injected
at i, focusing the majority of trajectories onto a caustic at d. Peaks in RNL occur when the cyclotron radius is an integer multiple of half
the contact separation (L ¼ j × 2rc).
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Remarkably, there is also a change in peak value between
magnetic configurations, for the same doping polarity. For
example, at n ¼ 0.76 × 1012 cm−2 in (iv) (↑↑), a peak
value of RNL ¼ 2.3Ω is measured at j ¼ 1, while in the
case of (ii) (↑↓) the peak value is RNL ¼ 1.7Ω at j ¼ 1
(peak values measured with respect to RNL ¼ 0). The
difference between these values gives a spin signal of
ΔRNL ≈ 600 mΩ, representing an approximately 25%
change in nonlocal resistance arising solely from a change
in the magnetic configuration of the contacts. We focus on
j ¼ 1, as this is the only trajectory without edge scattering
that can flip spin polarization. This change in focusing peak
magnitude is direct evidence of spin-dependent ballistic
transport.
Another distinctive feature is an apparent splitting of the

first-order focusing peak observed in the electron transport
regime. All TMF curves in Fig. 2(a)(ii), taken in the ↑↓
configuration, show a clear double peak structure in the
j ¼ 1 peak. This structure is present, yet weaker for the
curves shown in Fig. 2(a)(iv), taken at the same carrier

densities in the ↑↑ configuration. This dependence of the
structure of the focusing peak on the magnetic configu-
ration further confirms the presence of spin-dependent
focusing and implies that the double peak is the sum of
two components, arising from distinct focusing spectra
for each of the two spin channels. Neither magnetic
configuration in the hole transport regime shows evidence
of a double peak structure, indicating that the spin-
dependent spectra are more similar in this case. Such
contrast between TMF line shapes for electron and hole
transport correlates with the distinct magnitudes of the
peaks for each carrier polarity, with sharper focusing
peaks in the hole regime.
Figure 2(b)(i) shows graphene resistivity ρ as a function

of carrier density. Channel quality is quantified by the
mobility μ, extracted by taking the gradient of conductivity
σ ¼ 1=ρ with respect to carrier density. At low temperature
(25 K), we extract a value of μ ¼ 270 × 103 cm2 V−1 s−1, a
record high for graphene spintronic devices [9]. From
diffusive transport data, we estimate the mean free path

FIG. 2. Ballistic charge and spin transport at low temperature (25 K). (a) TMF signal for a range of carrier densities in the hole [(i) and
(iii)] and electron [(ii) and (iv)] transport regimes, compared in the parallel [(iii) and (iv)] and antiparallel [(i) and (ii)] magnetic
configurations. For presentation, each curve in (i) and (iii) is consecutively offset by 0.75 V, while in (ii) and (iv) the offset is 4 V—in
each case, the lowest carrier density (black) represents the true baseline. Dashed lines in (ii) are a guide to the evolving positions of the
j ¼ 1 and j ¼ 2 focusing peaks. (b) Local charge transport measurements: (i) graphene resistivity, ρ, measured in the four-terminal
configuration (inset), and (ii) contact resistance, measured in the three-terminal configuration (inset). Both are plotted as a function of
carrier density in the channel (back gate voltage), n (VBG). Dashed lines in (i) and (ii) represent the voltages at which the graphene Dirac
point (VD ¼ −0.42 V) and contact resistance maximum (Vc ¼ −4.62 V) occur, respectively. (c) Spin-valve measurement—RNL is
measured as a function of in-plane magnetic field Bjj. The parallel state (↑↑), antiparallel state (↑↓), and the magnitude of the spin
signal, ΔRNL, are indicated.
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to be lmfp ≈ 1.25 μm (Supplemental Material Sec. SI [38]).
The high mobility value and the observation of TMF over
cyclotron orbits on the order of πrc ≈ 3 μm both imply that
lmfp is greater than the diffusive estimate, which is most
likely limited by edge scattering due to the narrow channel
width, W ≈ 1.5 μm.
Contact resistance Rc for contact i is plotted as a function

of carrier density in the channel in Fig. 2(b)(ii). The
maximum of Rc is shifted toward negative n, indicating
n-doped graphene in the vicinity of the contact, arising
from charge transfer from the Co nanowires [9,39]. The
offset between the neutrality point in the graphene channel
and the maximum of Rc is δnc ≈ 3 × 1011 cm−2. The
significant modulation with varying n indicates that the
value of Rc is determined by both the interfacial properties
of the nanowire-graphene junction and the doped region of
graphene adjacent to it [9]. This, along with the electron-
hole asymmetry of Rc, evidences the formation of a tunable

p-n junction around the 1D contacts, expected to extend a
short distance into the channel (≤ 100 nm) [37,40–42].
A nonlocal spin-valve measurement, taken from the

same region, is shown in Fig. 2(c). In this case, RNL is
measured as a function of Bjj, which causes sudden changes
in RNL when the magnetization of either electrode reverses
relative to the other. The spin signal is defined as
ΔRNL ¼ RNLð↑↑Þ − RNLð↑↓Þ, which, for the spin valve
presented here, gives ΔRNL ¼ 190� 16 mΩ.

III. DISCUSSION

A. Tunable spin-dependent electron optics

Figure 3(a) shows focusing signals taken in the parallel
(↑↑) and antiparallel (↑↓) magnetic configurations for a
single carrier density in the (i) p-doped and (ii) n-doped
transport regimes. The difference between these signals
isolates the spin-dependent component ΔRNL (green line,

FIG. 3. Analysis of spin-dependent focusing spectra. (a) Parallel (black, ↑↑) and antiparallel (red, ↑↓) TMF signals for a single carrier
density in the cases of (i) p doping and (ii) n doping. The spin-dependent signal is calculated as ↑↓ − ↑↑ (green, bottom). Vertical
dashed lines indicate the nominal focusing conditions at which ΔRNL is evaluated for comparison with spin-valve data. (b) Comparison
of ΔRNL extracted from spin-valve measurements (black squares, SV), and from the focusing signals at B⊥ ¼ 0 (green open circles), at
the first-order mode (green closed triangles, j ¼ 1) and at the second-order mode (green open triangles, j ¼ 2). (c) Idealized schematics
of carrier refraction across the contact-channel boundary in the case of (i) a p-doped and (ii) an n-doped graphene channel, where
carriers are injected from a single point and move radially outward across the contact-channel boundary; θi (θo) is the incoming
(outgoing) angle. The contact region is consistently more n doped than the channel due to proximity to the Co electrode. Spin-up (red)
and spin-down (blue) trajectories have different refraction conditions due to a exchange split density of states in the contact region, as
indicated by the schematic Dirac cones (stronger doping indicated by darker background). (d) Modulation of focused spin signal, ΔRNL,
via tuning of the carrier density in the channel, n, at three fixed perpendicular magnetic field strengths: −120 (black squares), −170 (red
triangles), and −230 mT (green circles). Dashed (−120 mT), dotted (−230 mT), and dash-dotted (−170 mT) lines are sinusoid fits to
the data, described in the text.

DANIEL BURROW et al. PHYS. REV. X 16, 021029 (2026)

021029-4



lower panel). We extract the value of this focused spin
signal at three perpendicular magnetic field strengths: (i) at
B⊥ ¼ 0, (ii) at the first-order focusing condition (jjj ¼ 1),
and (iii) at the second order (jjj ¼ 2). ΔRNL evaluated at
these points in the TMF experiment is plotted as a function
of carrier density in Fig. 3(b) and compared with values
extracted from standard nonlocal spin-valve measurements,
where the magnetic field is oriented in plane. The values
obtained from the magnetic focusing spectra at B⊥ ¼ 0 are
consistent with those extracted from the spin-valve mea-
surements, as expected due to the absence of TMF in
both cases.
As the magnitude of B⊥ is increased, the spin signal

ΔRNL exhibits an oscillatory response as a function of
the magnetic field, implying it is modulated by TMF
[Figs. 3(a)(i) and 3(a)(ii)]. This is demonstrated by the
extracted value of ΔRNL at the nominal first- and second-
order focusing conditions [Fig. 3(b)]. The spin signal
evaluated at jjj ¼ 1 shows two distinct differences com-
pared to the standard spin-valve measurement. First,
there is a significant enhancement in magnitude for both
doping polarities. For n doping, there is an enhancement
of ≥ 5× throughout the carrier density range explored,
reaching a maximum of ΔRNL ¼ 0.79� 0.02Ω at n≈
1.2 × 1012 cm−2. For p doping, there is a greater enhance-
ment of up to −20×, reaching ΔRNL ¼ −1.71� 0.10Ω at
n ≈ −1.0 × 1012 cm−2. Second, the presence of TMF leads
to an inversion of the spin signal at the j ¼ −1 focusing
mode (p doping), whereas the spin signal remains of a
positive polarity at j ¼ 1 (n doping). Thus, TMF introduces
an electron-hole asymmetry in the spin signal that is absent
in the standard spin-valve measurement and at B⊥ ¼ 0. A
similar behavior is observed for the spin signal at jjj ¼ 2,
albeit with a lower enhancement in magnitude, in particu-
lar, for n doping [Fig. 3(b)].
The enhanced spin signal is explained, in part, by the

suppression of momentum scattering during the TMF
experiment, which reduces contributions to spin relaxation
via the Elliot-Yafet mechanism [15]. Although nonlocal
transport is also ballistic during a standard spin-valve
experiment (lmfp ≥ 3 μm), this can be considered as a
chaotic billiard model where electrons undergo random
scattering from the device edges [43]. Furthermore, the
dynamics of magnetic focusing occur on the picosecond
timescale, faster than that of spin precession due to external
fields (Supplemental Material Sec. SII [38]) and the typical
timescale of spin relaxation due to intrinsic SOC fields
(the D’yakonov-Perel mechanism) [13,44]. Suppression of
these common spin relaxation mechanisms partially
accounts for an enhanced spin signal but cannot explain
the differences in focusing peak positions observed for the
parallel and antiparallel magnetic configurations or for the
resultant reversal of spin polarity.
Spin-dependent magnetic focusing is commonly under-

stood to arise due to a spin-split band structure owing to SOC

within the spin transport channel [25,45,46], causing a
spatial separation of the focal points for spin-up and spin-
down polarized carriers. However, in the absence of prox-
imity effects within the graphene channel, there is negligible
intrinsic SOC strength [47], and any such spin-dependent
spatial separation of the focal pointswould not be resolved in
the present experiment. Instead, we propose that the changes
in the magnitude, polarity, and structure of the focusing
peaks are the result of spin-dependent electron optics arising
due to the characteristics of the magnetic point contacts.
These contacts introduce two key contributions to the
graphene region in the immediate vicinity of the Co nano-
wire interface: (i) charge transfer doping and (ii) exchange
splitting of the graphene band structure, Eex ¼ EFi↑ − EFi↓,
due to the magnetic proximity effect [42,48].
Charge transfer from cobalt to graphene results in a small

n-doped region around the graphene-metal interface
[9,40,49]. In analogy to light passing a boundary between
two media with different refractive indices, ballistic elec-
trons moving across the boundary between regions of
different carrier density experience refraction—a conse-
quence of the charge carriers having different Fermi energy
on either side of the potential barrier [50]. Conservation of
momentum across the barrier gives us an electrostatic
equivalent of Snell’s law [29]:

EFi sinðθiÞ ¼ EFo sinðθoÞ; ð2Þ

where EFi (EFo) and θi (θo) are the incoming (outgoing)
Fermi energy and angle, respectively. Thus, the barrier can
act as a convex (jEFoj > jEFij) or concave (jEFoj < jEFij)
lens, collimating or dispersing the electron trajectories in
these respective cases. This effect explains the greater
magnitude and sharper focusing peaks for hole transport
compared to electron transport [Fig. 2(a)], with the impli-
cation that the beam of ballistic electrons is more tightly
collimated in the case of p doping in the channel, bringing
the distribution of spin-resolved trajectories closer together.
The situation is reversed for n doping in the channel, where
the paths taken by spin-up and spin-down electrons are
forced further apart, giving rise to a broader peak. This
interpretation is in agreement with our observation of n
doping at the Co nanowire-graphene junctions, which
results in jEFoj > jEFij (convex lens) for p doping in the
channel and jEFoj < jEFij (concave lens) for the case of n
doping in the channel (see Supplemental Fig. S5 [38]). Our
hypothesis is further supported by a simple electron-optics
model based on Eq. (2) [see Fig. 3(c) and Supplemental
Material Sec. SIV [38] ].
The potential barrier surrounding the contact is spin

dependent as a result of the exchange split graphene band
structure adjacent to the Co nanowire interface. This
splitting leads to inequivalent refraction conditions for
electrons with different spin polarization, i.e., EFi↑ ≠EFi↓
[Fig. 3(c)]. We estimate the exchange splitting to be
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Eex ≈ 10 meV (Supplemental Material Sec. SIII [38]), a
value consistent with those extracted for graphene-cobalt
junctions [42]. These spin-dependent potential barriers,
which are sensitive to the value of exchange splitting and
charge transfer, alter the focusing conditions in a spin-
dependent manner. The latter can either add to or subtract
from the spin polarization achieved in the absence of
magnetic focusing, providing a significant enhancement
of the spin signal [Fig. 3(b)].
The inversions in ΔRNL are reminiscent of precession

curves, but the nature of these modulations cannot be
explained by this effect due to a mismatch in the relevant
timescales; the time of flight during the focusing experi-
ment is calculated as τf ¼ 0.51� 0.01 ps, while the
precession period is at least an order of magnitude
greater throughout the magnetic field range explored
(Supplemental Material Sec. SII [38]). The inversions
can be explained only by the unique ballistic transport
regime of the TMF experiment, including modulations of
the spin-dependent focusing conditions as the magnetic
field is tuned, as well as the potential role of diffusive
scattering at the edge of the graphene channel.
Further to modulating focusing conditions by varying

the perpendicular magnetic field, it is desirable to
have electrostatic control over the focused spin signal.
Figure 3(d) displays ΔRNL extracted as a function of carrier
density in the channel, at three fixed values of B⊥. We
evaluate ΔRNL at fixed magnetic field values that span the
j ¼ −1 and j ¼ −2 peaks as carrier density is varied: B⊥ ¼
−120 mT and B⊥ ¼ −230 mT, respectively [Fig. 2(a)]. We
also pick an intermediate value, B⊥ ¼ −170 mT, which

encompasses a transition between the j ¼ −2 and j ¼ −1
peaks. In all cases, the spin signal is continuously tunable
within RNL ≈�2.5Ω. For the signal evaluated at j ¼ −2
(B⊥ ¼ −230 mT), a full reversal of the spin signal polarity
is observed over a carrier density range of Δn ≈ 0.5 ×
1012 cm−2 (corresponding to ΔVBG ≈ 8 V). A similar
degree of modulation is observed for the transition between
two modes (B⊥ ¼ −170 mT), but the oscillations are
approximately 180° out of phase. The oscillatory nature
of these signals can be described by the function
RNL ¼ A sinð2πjÞ, where j is given by Eq. (1) and A is
the amplitude. We fit this expression to the data shown in
Fig. 3(d), with the resulting line shapes correctly describing
the experimental data. The period obtained from this model
is consistent across the three datasets and yields an average
effective length L ¼ 2.1� 0.1 μm, in close agreement with
the nominal contact separation (L ¼ 1.9 μm). Hence, spin-
dependent electron optics enables electrostatic control over
both the amplitude and polarity of the focused spin signal,
while the perpendicular magnetic field strength controls the
phase of oscillations.
In a practical implementation of a voltage controlled spin

transistor, carrier density could be modulated by a top gate,
separated from the graphene by approximately 10 nm of
h-BN, rather than the bottom gate approach (290 nm of
SiO2) used here. For a device of the same quality, using a
top gate, a simple capacitor calculation (see Sec. V) implies
that the voltage required to induce the same variation in
carrier density would be ΔV ≈ 240 mV, evidencing the
potential for integrating such a device in low-power hybrid
spintronic-CMOS microelectronics [51].

FIG. 4. (a) Temperature dependence of TMF. Individual TMF traces taken at a fixed carrier density (n ¼ −1.32 × 1012 cm−2) for a
range of temperatures: 25–200 K (top) and 250–300 K (bottom). TMF signals are split into two panels for presentation purposes—
different RNL scales are necessary due to the substantial difference in peak amplitudes. (b) Spin-dependent TMF at room temperature—
the parallel (black, ↑↑) and antiparallel (red, ↑↓) signals are measured, from which the spin signal is calculated (green, bottom panel).
The black square in the bottom panel represents the magnitude of spin signal extracted from a room-temperature spin valve, at the same
carrier density.
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B. Temperature dependence

Figure 4(a) shows the evolution of the focusing signal as
temperature is increased from 25 K up to room temperature.
The TMF peaks are present throughout the measured
temperature range but reduce in magnitude with increasing
temperature. Phonon scattering is more significant at room
temperature, reducing the electronic mean free path, which
is estimated to be lmfp ¼ 669� 2 nm. This value is
approximately 3× less than the contact separation,
L ¼ 1.9 μm, implying that injected charge carriers undergo
an average of two scattering events between the injector
and detector. Hence, transport at room temperature can be
considered only quasiballistic.
We repeat the spin-dependent focusing experiment at

room temperature, the result of which is seen in Fig. 4(b).
At B⊥ ¼ 0 mT, there is a clear distinction between focus-
ing signals measured in the parallel and antiparallel
configurations, consistent with the spin-valve measure-
ment. At the first-order focusing condition, visible at
B⊥ ¼ −115 mT, there is a significant modulation of the
spin signal, which becomes more negative. Although
the TMF spectra peaks and the corresponding spin
signal modulation are broadened compared to the low-
temperature results, consistent with the quasiballistic trans-
port regime and thermal broadening, the modulation in
ΔRNL resembles that observed at low temperature, indicat-
ing that spin-dependent magnetic focusing phenomena are
still accessible at room temperature.

IV. CONCLUSIONS

In summary, we use TMF to demonstrate fully ballistic
spin transport in a high-quality graphene spin valve. At low
temperature (25 K), the magnitudes and positions of
observed TMF peaks are sensitive to the magnetic con-
figuration of the contacts, implying spin-polarized ballistic
transport. Spin-dependent electron optics occurring at
potential barriers surrounding the contacts give rise to an
enhancement in spin signal, relative to the standard spin-
valve response in the absence of focusing. At modest
magnetic field strengths (B⊥ ≈ 100 mT), the enhancement
reaches up to approximately 5× for electron doping in the
channel, while hole-doped peaks show an inverted spin
signal up to approximately 20× greater in magnitude than
that extracted from standard nonlocal spin value measure-
ments. Furthermore, we evidence electrostatic control over
the magnitude and polarity of the ballistic spin signal via
changing a back gate voltage at fixed perpendicular
magnetic field strength. Finally, we show the survival of
a quasiballistic signal at room temperature. These results
constitute the first experimental demonstration of fully
ballistic spin transport in a graphene spin valve and testify
to the utility of TMF as a technique for enhancing and
manipulating spin signals, with potential applications to
spintronic and spin-based quantum devices.

V. METHODS

A. Electrical measurements

Our measurements are performed in high vacuum in a
continuous flow cryostat, through which we pass liquid
helium to reach cryogenic temperatures (25 K or above).
Stable temperature is maintained by a proportional-integral-
derivative feedback loop via anOxford InstrumentsMercury
iTC, connected to a heater-thermometer pair in the cryostat.
For electrical measurements, we use a SR830 lock-in
amplifier, set to low frequency (f ¼ 5–20 Hz), as a voltage
source to drive an excitation current to the device
(IAC¼1–5μA), via a series limiting resistance (R¼1MΩ).
Wemeasure the resulting ac voltage across different sections
of the device via the lock-in input channels; all signals
returning to the lock-in are subject to a 10× preamplifier,
which increases input impedance from 10 to 100 MΩ.

B. Carrier density control via back gate voltage

Carrier density n in the graphene channel is varied by
application of a dc voltage to the p-doped silicon substrate.
We estimate carrier density by treating the graphene
channel and p-doped Si back gate as the parallel plates
of a capacitor, with the SiO2 layer and bottom h-BN flake
acting as two separate dielectric layers, connected in series.
This gives us a way to convert between the back gate
voltage VBG and carrier density via the equation

nðVBGÞ ¼ C
ðVBG − VDÞ

e
; ð3Þ

where VD is the gate voltage at which the Dirac point
occurs (VD ¼ −0.42 V for this device) and e is the electron
charge. C is the gate capacitance per unit area, calculated as

Cg ¼
ϵ0ϵhϵSi

ðϵhdSi þ ϵSidhÞ
; ð4Þ

where ϵ0 ¼ 8.85 × 10−12 Fm−1 is the permittivity of free
space and ϵh ¼ 3.8 and ϵSi ¼ 3.9 are the respective relative
permittivities of the h-BN and SiO2 layers (ϵh for bulk
h-BN [8]), while dh ¼ 20 nm and dSi ¼ 290 nm are their
respective thicknesses (dh evaluated by AFM).

C. Electrostatic manipulation with top gate

Using Eqs. (3) and (4), along with the parameter values
laid out in the above methods, we can estimate the change
in voltage required to induce a change in carrier density of
Δn ¼ 0.5 × 1012 cm−2, in the case of a top gate, separated
from the graphene channel by 10 nm of h-BN. For such a
gate architecture, the h-BN provides the only dielectric
layer, so Eq. (4) reduces to Cg ¼ ϵ0ϵh=dh, giving a value of
Cg ≈ 3.36 mF for dh ¼ 10 nm. Rearranging Eq. (3) to give
ΔV ¼ Δne=Cg and inserting the above values results in a
change in gate voltage of ΔV ≈ 0.24 V.
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Sacépé, C. Schönenberger, and W. Yang, Electron wave and
quantum optics in graphene, J. Phys. Condens. Matter 36,
393001 (2024).

[30] J. Ingla-Aynés, Antonio L. Manesco, T. S. Ghiasi, K.
Watanabe, T. Taniguchi, and H. S. J. van der Zant, Ballistic
electron source with magnetically controlled valley polariza-
tion in bilayer graphene, Phys. Rev. Lett. 133, 156301 (2024).

[31] A. I. Berdyugin, B. Tsim, P. Kumaravadivel, S. G. Xu, A.
Ceferino, A. Knothe, R. K. Kumar, T. Taniguchi, K.
Watanabe, A. K. Geim, I. V. Grigorieva, and V. I. Fal’ko,
Minibands in twisted bilayer graphene probed by magnetic
focusing, Sci. Adv. 6, eaay7838 (2020).

[32] X. Zhang, W. Ren, E. Bell, Z. Zhu, K.-T. Tsai, Y. Luo, K.
Watanabe, T. Taniguchi, E. Kaxiras, M. Luskin, and K.
Wang, Gate-tunable Veselago interference in a bipolar
graphene microcavity, Nat. Commun. 13, 6711 (2022).

[33] H. Chakraborti, L. Pugliese, A. Assouline, K. Watanabe, T.
Taniguchi, N. Kumada, C. G. D., M. Jo, H. S. Sim, and P.
Roulleau, Electron collision in a two-path graphene inter-
ferometer, Science 388, 492 (2025).

[34] S. Datta and B. Das, Electronic analog of the electro-optic
modulator, Appl. Phys. Lett. 56, 665 (1990).

[35] L. Wang, I. Meric, P. Y. Huang, Q. Gao, Y. Gao, H. Tran, T.
Taniguchi, K. Watanabe, L. M. Campos, D. A. Muller, J.
Guo, P. Kim, J. Hone, K. L. Shepard, and C. R. Dean, One-
dimensional electrical contact to a two-dimensional
material, Science 342, 614 (2013).

[36] B. Karpiak, A. Dankert, A. W. Cummings, S. R. Power, S.
Roche, and S. P. Dash, 1D ferromagnetic edge contacts to
2D graphene/h-bn heterostructures, 2D Mater. 5, 014001
(2017).

[37] D. Burrow, J. C. Toscano-Figueroa, V. H. Guarochico-
Moreira, K. Omari, I. V. Grigorieva, T. Thomson, and
I. J. Vera-Marun, Spin polarised quantised transport via

one-dimensional nanowire-graphene contacts, Commun.
Mater. 6, 33 (2025).

[38] See Supplemental Material at http://link.aps.org/suppleme
ntal/10.1103/nz6m-kb4l for calculations of mean free path,
relevant transport timescales and exchange splitting, as well
as a description of the electron optics ray-tracing simulation
used to support our experimental results.

[39] J. C. Toscano-Figueroa, D. Burrow, V. H. Guarochico-
Moreira, C. Xie, T. Thomson, I. V. Grigorieva, and I. J.
Vera-Marun, Oblique spin injection to graphene via geom-
etry controlled magnetic nanowires, npj Spintronics 2, 38
(2024).

[40] B. Huard, N. Stander, J. A. Sulpizio, and D. Goldhaber-
Gordon, Evidence of the role of contacts on the observed
electron-hole asymmetry in graphene, Phys. Rev. B 78,
121402(R) (2008).

[41] T. Mueller, F. Xia, M. Freitag, J. Tsang, and P. Avouris, Role
of contacts in graphene transistors: A scanning photo-
current study, Phys. Rev. B 79, 245430 (2009).

[42] P. U. Asshoff, J. L. Sambricio, A. P. Rooney, S. Slizovskiy, A.
Mishchenko, A.M. Rakowski, E.W. Hill, A. K. Geim, S. J.
Haigh, V. I. Fal’ko, I. J. Vera-Marun, and I. V. Grigorieva,
Magnetoresistance of vertical co-graphene-nife junctions
controlled by charge transfer and proximity-induced spin
splitting in graphene, 2D Mater. 4, 031004 (2017).

[43] C. W. J. Beenakker and H. van Houten, Billiard model of a
ballistic multiprobe conductor, Phys. Rev. Lett. 63, 1857
(1989).

[44] A. Habib, J. Xu, Y. Ping, and R. Sundararaman, Electric
fields and substrates dramatically accelerate spin relaxa-
tion in graphene, Phys. Rev. B 105, 115122 (2022).

[45] S.-T. Lo, C.-H. Chen, J.-C. Fan, L. W. Smith, G. L. Creeth,
C.-W. Chang, M. Pepper, J. P. Griffiths, I. Farrer, H. E.
Beere, G. A. C. Jones, D. A. Ritchie, and T.-M. Chen,
Controlled spatial separation of spins and coherent dy-
namics in spin-orbit-coupled nanostructures, Nat. Com-
mun. 8, 15997 (2017).

[46] M. J. Rendell, S. D. Liles, A. Srinivasan, O. Klochan, I.
Farrer, D. A. Ritchie, and A. R. Hamilton, Spin polarization
and spin-dependent scattering of holes observed in trans-
verse magnetic focusing, Phys. Rev. B 107, 045304 (2023).

[47] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S.
Novoselov, and A. K. Geim, The electronic properties of
graphene, Rev. Mod. Phys. 81, 109 (2009).

[48] J. Xu, S. Singh, J. Katoch, G. Wu, T. Zhu, I. Žutić, and R. K.
Kawakami, Spin inversion in graphene spin valves by gate-
tunable magnetic proximity effect at one-dimensional con-
tacts, Nat. Commun. 9, 2869 (2018).

[49] F. Xia, V. Perebeinos, Y. ming Lin, Y. Wu, and P. Avouris,
The origins and limits of metal–graphene junction resis-
tance, Nat. Nanotechnol. 6, 179 (2011).

[50] U. Sivan, M. Heiblum, C. P. Umbach, and H. Shtrikman,
Electrostatic electron lens in the ballistic regime, Phys. Rev.
B 41, 7937 (1990).

[51] B. Dieny et al., Opportunities and challenges for spin-
tronics in the microelectronics industry, National electron-
ics review 3, 446 (2020).

[52] D. Burrow, O. Deveci, R. Dragomir, T. Thomson, and I. Vera
Marun,Ballistic spin transistor in graphenevia spin-dependent
electron optics, 10.5281/zenodo.16094537 (2025).

BALLISTIC SPIN VALVE IN GRAPHENE REALIZED VIA … PHYS. REV. X 16, 021029 (2026)

021029-9

https://doi.org/10.1038/nphys2549
https://doi.org/10.1126/science.1138020
https://doi.org/10.1038/nphys3460
https://doi.org/10.1038/nphys3460
https://doi.org/10.1103/PhysRevLett.93.146601
https://doi.org/10.1038/s41467-023-41826-1
https://doi.org/10.1126/science.aaf5481
https://doi.org/10.1103/PhysRevLett.120.137701
https://doi.org/10.1088/1361-648X/ad46bc
https://doi.org/10.1088/1361-648X/ad46bc
https://doi.org/10.1103/PhysRevLett.133.156301
https://doi.org/10.1126/sciadv.aay7838
https://doi.org/10.1038/s41467-022-34347-w
https://doi.org/10.1126/science.adn4622
https://doi.org/10.1063/1.102730
https://doi.org/10.1126/science.1244358
https://doi.org/10.1088/2053-1583/aa8d2b
https://doi.org/10.1088/2053-1583/aa8d2b
https://doi.org/10.1038/s43246-025-00744-z
https://doi.org/10.1038/s43246-025-00744-z
http://link.aps.org/supplemental/10.1103/nz6m-kb4l
http://link.aps.org/supplemental/10.1103/nz6m-kb4l
http://link.aps.org/supplemental/10.1103/nz6m-kb4l
http://link.aps.org/supplemental/10.1103/nz6m-kb4l
http://link.aps.org/supplemental/10.1103/nz6m-kb4l
https://doi.org/10.1038/s44306-024-00043-2
https://doi.org/10.1038/s44306-024-00043-2
https://doi.org/10.1103/PhysRevB.78.121402
https://doi.org/10.1103/PhysRevB.78.121402
https://doi.org/10.1103/PhysRevB.79.245430
https://doi.org/10.1088/2053-1583/aa7452
https://doi.org/10.1103/PhysRevLett.63.1857
https://doi.org/10.1103/PhysRevLett.63.1857
https://doi.org/10.1103/PhysRevB.105.115122
https://doi.org/10.1038/ncomms15997
https://doi.org/10.1038/ncomms15997
https://doi.org/10.1103/PhysRevB.107.045304
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1038/s41467-018-05358-3
https://doi.org/10.1038/nnano.2011.6
https://doi.org/10.1103/PhysRevB.41.7937
https://doi.org/10.1103/PhysRevB.41.7937
https://doi.org/10.1038/s41928-020-0461-5
https://doi.org/10.1038/s41928-020-0461-5
https://doi.org/10.5281/zenodo.16094537

	Ballistic Spin Valve in Graphene Realized via Electron Optics
	I. INTRODUCTION
	II. RESULTS
	III. DISCUSSION
	A. Tunable spin-dependent electron optics
	B. Temperature dependence

	IV. CONCLUSIONS
	V. METHODS
	A. Electrical measurements
	B. Carrier density control via back gate voltage
	C. Electrostatic manipulation with top gate

	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


