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The scaling of the proximity exchange field, which ferromagnetic Fe exerts on the spin accumulation at the
MgO/Si interface of Fe/MgO/Si tunnel contacts, was investigated using the inverted Hanle effect. Data as
a function of the applied bias voltage shows that the exchange field varies with bias in the same way as the
square of the tunnel spin polarization (TSP). The decay of the exchange field with increasing MgO thickness
tMgO is rather weak and nonexponential, which we argue to be related to the improved epitaxial quality of the
MgO, and the, consequently, improved spin-filtering properties at larger MgO thickness. Using the TSP data to
correct for this yields an exponential decay of the exchange field with tMgO with a decay length of λ = −0.42
nm. Comparing this to the decay length for the tunnel conductance (λ = −0.21 nm) suggests that the exchange
interaction is dominated by two-step tunneling processes.

DOI: 10.1103/PhysRevB.107.024411

I. INTRODUCTION

The exchange interaction that exists in a ferromagnetic
material is known to extend into an adjacent nonmagnetic
material across the interface between the two materials [1–3].
This proximity exchange interaction induces magnetism in the
nonmagnetic material, but only in the first few layers close to
the interface, as the proximity exchange field is short range
and decays exponentially as a function of the distance from
the boundary [1–3]. The interest in this phenomenon has re-
cently been revived [4–9] in studies of two-dimensional (2D)
materials, such as graphene and van der Waals heterostruc-
tures [3,10–14] because the entire 2D layer is within the
range of the proximity exchange field. The presence of strong
proximity-induced magnetic exchange fields with values up to
1 T or larger has been observed in graphene and other mono-
layer materials in direct contact with a ferromagnet [4–6].

Exchange across a tunnel barrier between two ferromag-
nets was discussed by Slonczewski [15] and was observed
in crystalline MgO-based magnetic tunnel junctions [16–19].
Since the exchange interaction is attenuated by the tunnel
insulator [15], the tunneling-mediated proximity exchange be-
tween a ferromagnet (FM) and a nonmagnetic (NM) material
is expected to be rather weak and the induced magnetization
in the NM material is small. The strong exponential decay of
the proximity exchange interaction was confirmed by mon-
itoring the decay of spin pumping between a ferromagnetic
insulator and a Pt NM layer as a function of the thickness
of an insulating barrier [20], noting that the spin pumping is
mediated by the exchange interaction. In Co/CdMgTe/CdTe
structures with a 10-nm CdMgTe barrier [21], the small
proximity-induced exchange splitting in the NM was detected
directly using spin-flip Raman scattering. Interestingly, even
if the exchange fields across a tunnel barrier are not very

large, small fields can be used [5,9,22] to induce spin pre-
cession of a spin accumulation in a NM material. If the
exchange field is perpendicular to the spins (the Hanle ef-
fect configuration [23,24]), the required magnetic fields are
in the 1–10-mT range if the spin-relaxation time is on the
order of a few nanoseconds. Indeed, in Fe/MgO/Si tunnel
contacts, the proximity-induced exchange field that extends
across the MgO tunnel barrier was shown to modify the spin
precession of the spin accumulation localized at the MgO/Si
interface [25,26]. The exchange field produces distinct fea-
tures in the so-called inverted Hanle effect [27], including
exchange-induced shifts of the inverted Hanle curves, hystere-
sis, and discontinuities at the coercive field of the ferromagnet
at which the exchange field is reversed [25,26]. The proximity
exchange field was found to be locked antiparallel to the
magnetization of the ferromagnet, depends on the bias voltage
across the tunnel contact, and persists up to room temperature
[26]. The Fe/MgO/Si contacts with a crystalline MgO barrier
exhibit [28–30] a very large tunnel spin polarization (TSP),
thus, producing large spin accumulations up to 10 meV. This
makes these structures ideally suited to study proximity ex-
change across a tunnel barrier in detail.

Here we set out to examine the scaling of the exchange field
with the thickness of the MgO tunnel insulator in Fe/MgO/Si
contacts. Although one can expect that the exchange field
decays exponentially as the MgO thickness is increased, we
contemplated that it is essential to take into account that
the epitaxial quality of the MgO, and, consequently, the tun-
nel spin polarization, are not constant when the thickness
of the MgO barrier is changed [30]. Indeed, we find that
the observed decay of the exchange field with MgO thick-
ness is rather weak and nonexponential because the decay is
countered by the improved spin-filtering properties of the
MgO at larger thickness. A means to correct for this is
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FIG. 1. (a) Device layout and three-terminal measurement geometry. (b) Example of the inverted Hanle curve for a Fe/MgO/Si contact
of an O-type device with a 1.75-nm MgO barrier. The magnetic field was swept from − to + (pink symbols) or in the opposite direction
(blue symbols). The discontinuities in the curves occur at the switching fields of the 1-μm wide ferromagnetic contact, as indicated. (c)–(f)
Measured inverted Hanle curves (symbols) for O-type devices with different MgO thickness, as indicated, for one field sweep direction only
(+ to −). The solid lines are fits. The dashed lines visualize that the fits are constructed from two inverted Hanle curves that are shifted left
and right along the magnetic-field axis, respectively. The minima of the two curves are separated by two times the shift field Hshift as indicated.
Ferromagnetic contacts of different widths were used, and so the discontinuities at the switching fields of the contacts do not occur at the same
magnetic field for all devices. All data were obtained at 10 K and the three-terminal offset voltage of +840 ± 2 mV was subtracted from all
the data.

suggested by data as a function of the applied bias voltage,
which shows that the exchange field varies with bias in the
same way as the square of the tunnel spin polarization. It is
shown that the corrected proximity exchange field decays ex-
ponentially with a decay length of −0.42 nm, corresponding
to a decay by about an order of magnitude per extra nanometer
of MgO. We will compare this to the decay of the tunnel
conductance and discuss the implications.

II. EXPERIMENT

The experiments were performed on crystalline
Fe/MgO/Si tunnel contacts [Fig. 1(a)] grown by molecular
beam epitaxy onto Si(001) substrates containing a 70-nm
thick n-type Si channel (phosphorous doped, carrier density
2.7 × 1019 cm−3 at 10 K). Most of the data were obtained
on a set of devices that was fabricated by optical lithography,
referred to as the O-type devices. The thickness tMgO

of the MgO layer varies from 1.25 to 2.3 nm and the
ferromagnetic contacts are 20-μm long and 1–5-μm wide.
These O-type devices have previously [30] been used
in nonlocal spin-transport experiments to determine the
dependence of the TSP on the thickness of the MgO. Some
of the experiments reported here were performed on another
device that was fabricated by e-beam lithography, referred
to as the E-type device. The MgO tunnel barrier is 1.8-nm
thick and the Fe/MgO contacts employed here are 40-μm
long and 0.4-μm wide. The E-type device has previously
been used not only in nonocal spin-transport experiments
[28,29], but also in our previous report on the observation of
the proximity exchange field [25]. For details of the device
growth, fabrication and characterization, we refer the reader
to those previous publications [25,28–30].

In order to determine the proximity exchange field from
the Fe, we use a single Fe/MgO/Si contact and two non-
magnetic reference contacts [Fig. 1(a)] in a three-terminal
(3T) measurement configuration [31,32]. A charge current I
is sent from the Fe/MgO contact to one of the Ti/Au ref-
erence contacts, and the voltage V3T is measured between
the same Fe/MgO contact and the other Ti/Au reference
contact. The spin current across the tunnel contact induces a
spin accumulation of the mobile electrons in the Si channel,
but it also induces a spin accumulation of electrons that are
trapped in the MgO/Si interface region either in interface
states or in the depletion region that is a few nanometers
wide for heavily doped Si. Because the spin accumulation
due to mobile electrons spreads out into the Si channel on a
length scale of the spin-diffusion length (2.4 μm at 10 K),
the effect of the short-range exchange field from the Fe is
rather weak, and we have so far not detected any sign of
an exchange field in nonocal spin-transport measurements on
these Si-based devices. However, the electrons localized at the
MgO/Si interface are very close to the Fe and experience a
significant exchange field (of up to several 100 Oe), which
produces characteristic changes in the spin precession of the
localized spin accumulation as previously shown [25]. The
exchange field can, therefore, be extracted from the inverted
Hanle curves [27] in a 3T measurement geometry with the
applied magnetic field collinear with the in-plane oriented
magnetization of the ferromagnetic electrode.

III. RESULTS

A. Determination of the exchange field

As an example, the inverted Hanle curve for an O-type
device with a 1.75-nm MgO barrier is shown in Fig. 1(b). The

024411-2



SCALING WITH MGO THICKNESS OF THE PROXIMITY … PHYSICAL REVIEW B 107, 024411 (2023)

FIG. 2. Scaling of the exchange field with bias voltage across the Fe/MgO/Si tunnel contact. (a) Exchange field (green circles, right axis,
data taken from Ref. [25]) and TSP2 (red diamonds, left axis) as a function of the applied bias voltage for the E-type device with a 1.8-nm MgO
tunnel barrier with a resistance-area (RA) product of 41 k�μm2 at a bias voltage of +840 mV. (b) Exchange field versus TSP as extracted
from the data in (a) for the E-type device. The solid line is a fit for a quadratic dependence on the TSP. (c) Exchange field (blue circles, right
axis) and TSP2 (red diamonds, left axis) as a function of the applied bias voltage for the O-type device with a 1.9-nm MgO tunnel barrier with
a RA product of 682 k� μm2 at a voltage of +840 mV. All data were obtained at 10 K.

characteristic features [25] of the proximity exchange field
can be recognized. The curves exhibit hysteresis, there are
discontinuities at the switching fields of the Fe electrode at
which the exchange field changes sign, and, most importantly,
the minimum of the inverted Hanle curve is shifted away from
zero field either to the left or to the right, depending on the
direction of the magnetic-field sweep. These features are con-
sistent with a proximity exchange field that is collinear with
the magnetization of the Fe electrode and locked antiparallel
to the Fe magnetization, as observed previously for the E-type
device [25].

Examples of inverted Hanle curves for selected O-
type devices with different MgO thicknesses are shown in
Figs. 1(c)–1(f). The proximity exchange field is present for
all these devices. The solid lines represent fits of the in-
verted Hanle curves. As visualized by the dashed lines, the
fits are composed of two identical Lorentzian functions that
are shifted along the magnetic field axis in the + and −
directions, respectively, depending on the direction of the
exchange field. When the Fe magnetization points in the +
direction, the exchange field is negative. Adding this to the
external magnetic field shifts the curve in the + direction.
When the Fe magnetization points in the − direction, the
exchange field is positive, and the shift is in the − direction.
As the applied magnetic field is swept from + to −, the Fe
magnetization is reversed at its coercive field. This causes the
exchange field to abruptly change sign as well, thus, creating
a discontinuous transition between the two Lorentzian curves.
The width of the Lorentian curves is set by the magnitude of
the magnetostatic fields due to roughness of the ferromagnetic
film [27], and by the effective spin lifetime, which varies from
50 to 125 ps depending on the MgO thickness. The distance
between the minima of the two Lorentzian curves is equal to
two times the shift field Hshift , the latter being equal to the
proximity exchange field Hexch safe for the minus sign. In the
remainder of this article, we will quote only positive values of
the exchange field, keeping in mind that the exchange field is
locked antiparallel to the Fe magnetization [25].

Although from this data the dependence of the exchange
field on the MgO thickness can be obtained, we note that
it has previously been reported [30] that for these O-type

devices, the TSP of the magnetic tunnel contacts increases
with increasing MgO thickness. For the most part, this is
because the crystalline quality of the MgO layer improves
for thicker MgO barriers. We expect that the exchange field
also depends on the crystalline quality of the tunnel insulator
because the exchange interaction across a tunnel insulator is
mediated by spin-polarized states and their decay into the
tunnel barrier [15]. We will, therefore, first determine the
correlation between the value of the TSP and the magnitude
of the exchange field for a fixed thickness of the MgO barrier.

B. Exchange field and the TSP

The correlation between the exchange field and the TSP
becomes evident when examining how those two quantities
depend on the tunnel bias voltage across the Fe/MgO/Si con-
tact. Figure 2(a) displays data for the E-type device. The data
for the exchange field (green symbols) as a function of V3T

was taken from Ref. [25]. In order to evaluate the correlation
with the TSP, which was previously not examined, we added
to Fig. 2(a) the newly obtained data for the square of the
TSP (pink symbols). The TSP was extracted from nonlocal
spin-transport measurements using the previously established
procedures and parameters [28–30] with the tunnel bias volt-
age varied by changing the tunnel current across the injector
Fe/MgO/Si contact. As can be seen, for positive voltage
(electrons tunneling from the Fe into the Si) the TSP is large
(about 50%) and also the exchange field is largest (about
400 Oe). On the other hand, for negative voltage the TSP is
much smaller and goes down to almost zero, and so does the
exchange field. This suggests that there indeed is a correlation
between the TSP and the exchange field. This becomes more
evident if for each bias voltage, we take the values of the
TSP and the exchange field, and plot the latter two quantities
against each other [Fig. 2(b)]. We observe that the exchange
field increases as a function of the TSP, and that the relation is
quadratic, i.e., the exchange field is proportional to the square
of the TSP as indicated by the solid line. Additional data for
one of the O-type devices [Fig. 2(c)] reveals the same trend,
i.e., the exchange field and the TSP are large at positive bias,
and both are significantly reduced at large negative voltage.
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FIG. 3. Scaling of the exchange field with MgO thickness. (a) Exchange field as a function of the MgO thickness for the O-type devices.
The red symbols are the raw data for the exchange field as extracted from the inverted Hanle curves. The dark blue symbols are obtained after
correcting for the fact that the TSP varies with MgO thickness, as shown in panel (b). The solid line in (a) is a fit assuming an exponential decay.
(c) Exchange field as a function of the MgO thickness, plotted on a logarithmic scale. For easy comparison, we also included the previously
obtained data for the junction RA product, taken from Ref. [30]. The solid lines are fits assuming exponential dependencies, exp(tMgO/λ) with
the values of λ as indicated. All data was obtained at 10 K at a bias voltage of +840 ± 2 mV.

Note that whereas the exchange field can readily be obtained
for low bias from the large inverted Hanle effect (3T measure-
ment), the extraction of the TSP from nonlocal spin-transport
data becomes increasingly inaccurate at low current through
the magnetic injector contact. Therefore, TSP data is only
available at larger bias. Also note that the growth procedure
for the MgO tunnel barrier was different for the E-type and
the O-type devices so that the resistance-area product of the
E-type device is not the same as that of the O-type devices
with a comparable MgO thickness.

Although some kind of correlation between the exchange
field and the TSP may have been expected as both quantities
depend on the transmission of the spin-polarized electrons
across the tunnel oxide, to the best of our knowledge, the
expected functional relationship has never been predicted for
a FM/insulator/NM junction. We, therefore, proceed by first
writing the TSP as TSP0 × F (V, tMgO), with the function
F (V, tMgO) describing the dependence of the TSP on the bias
voltage V and barrier thickness tMgO. We then propose the
following empirical relation for the exchange field:

Hexch ∝ F (V, tMgO)2 exp

(
tMgO

λ

)
. (1)

The parameter λ is a length scale that determines the exponen-
tial decay as a function of the MgO thickness as described be-
low (with λ < 0). Because F (V, tMgO) = TSP/TSP0, Eq. (1)
produces a quadratic relation between the exchange field and
the TSP at a given tMgO, consistent with the data in Fig. 2.
Moreover, it also suggests that a purely exponential decay
with tMgO may be obtained if we plot the measured exchange
field divided by TSP2 as a function of tMgO.

C. Exchange field and MgO thickness

We can now discuss the variation of the exchange field with
tunnel barrier thickness. Figure 3(a) displays the correspond-
ing data, extracted from fits of the inverted Hanle curves, such

as shown in Figs. 1(b)–1(e). The red symbols are the raw data
for the exchange field. For 1.25 nm of MgO, Hexch is largest
(290–330 Oe). It decays to about 150 Oe at around 1.75 nm
of MgO. However, for thicker MgO barriers up to 2.1 nm, the
exchange field does no longer decay and, in fact, it even in-
creases slightly to about 175 Oe for the largest MgO thickness
(2.3 nm). The dependence of the exchange field on the MgO
thickness is, thus, rather weak and does not follow the naively
expected exponential decay. We attribute this to the fact that
the TSP depends on the thickness of the MgO barrier and in-
creases significantly for thicker MgO barriers [see Fig. 3(b)],
reaching values of around 90%. The intrinsic exponential de-
cay of the exchange field is, thus, compensated by the better
spin-filtering properties of the thicker MgO barriers. We can
correct the data for the exchange field by dividing the raw data
by TSP2 since according to Eq. (1) we have Hexch/TSP2 ∝
exp(tMgO/λ). The corrected data for the exchange field [blue
symbols in Fig. 3(a)] exhibits a much stronger decay with
MgO thickness. In fact, it can be described reasonably well by
an exponential decay (solid line) according to H0 exp(tMgO/λ)
with λ = −0.42 nm and H0 = 34 kOe, noting that there is
some scatter of the data around a perfectly exponential decay.
Figure 3(c) displays the corrected exchange field as well as the
junction RA product on a logarithmic scale, confirming the
exponential dependence on tMgO for both. A notable feature is
that the value of λ for the RA product (0.21 nm) is half of that
for the exchange field (except for the different sign).

The value of 0.42 nm we extracted for the decay length
of the exchange field is comparable to the decay lengths ob-
tained from spin pumping across tunnel insulators [20], which
yielded values between 0.16 and 0.74 nm for different barrier
materials (Sr2GaTaO6, SrTiO3, Sr2CrNbO6, and amorphous
Si). With regard to the observed scaling of the exchange field
with the tunnel barrier thickness, a comparison with avail-
able theory is warranted. First-principles calculations of the
proximity exchange interaction in specific FM/insulator/NM
structures have been reported, for instance, with graphene
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or transition-metal dichalcogenides as the NM and hexago-
nal boron nitride as the tunnel insulator [33,34]. However,
a generic analytical description of proximity exchange in a
FM/insulator/NM junction with a current-induced spin ac-
cumulation is not available to the best of our knowledge.
Some guidance may be obtained from the theory of exchange
coupling across a tunnel barrier between two ferromagnetic
metals [15] presented by Slonczewski. Using a free-electron
description of spin-dependent tunneling, he derived that both
the tunnel conductance and the exchange coupling energy are
dominated by an exponential decay term exp(−2κ d ) with d
as the thickness of the tunnel barrier (tMgO in our description),
and the factor −2κ (equivalent to 1/λ in our description) de-
termines the decay of the wave functions in the tunnel barrier
for direct elastic tunneling. This does not agree with our result,
since we find that the decay lengths for the exchange field
and the tunnel conductance (inverse of the RA product) are
different.

A clue comes from the factor of (minus) 2 difference be-
tween the values of λ that we extracted from the data for the
exchange field (−0.42 nm) and the RA product (0.21 nm). It
is well known that defects and/or impurity states in tunnel
junctions give rise to additional current due to resonant or
two-step tunneling processes. In experiments [35] on tunnel-
ing through amorphous Si it was convincingly established
that whereas the conductance for direct tunneling is governed
by an exponential decay factor of exp(−2κ d ), the decay
factor for two-step tunneling via localized states is given
by exp(−κ d ). The decay length, thus, differs by exactly
a factor of 2 with the conductance for two-step tunneling
decaying more slowly with barrier thickness. This feature
is corroborated by theory of resonant tunneling [35–37].
A second notable point is that first-principles calculations
[38] of the exchange coupling energy in Fe/MgO/Fe junc-
tions show that resonant tunneling via localized states not
only contributes to the exchange coupling, but that it pro-
vides a much larger coupling strength than direct tunneling.
Considering a superposition of elastic tunneling and two-step

tunneling, we propose that a possible scenario to explain
our observations is that: (i) the elastic tunneling dominates
the overall tunnel conductance [which yields RA product
∝ exp(2 κ d )], and (ii) the two-step tunneling dominates the
exchange coupling [which yields Hexch ∝ exp(− κ d )]. This
would produce a factor of (minus) two difference in the
value of λ for the exchange field and the RA product as we
observe. This scenario requires that the contribution of two-
step processes to the tunnel conductance is relatively small,
but the exchange interaction produced by a two-step process
must be much larger than for a direct tunneling process. This
mechanism may also have been relevant in spin-pumping ex-
periments across insulators [20], which yielded the slowest
decay (largest decay length of 0.74 nm) for amorphous Si
barriers. Note that for the MgO barriers used here, two-step
tunneling may also occur via oxygen vacancies as previously
demonstrated [39].

IV. SUMMARY

The scaling of the proximity exchange field, which ferro-
magnetic Fe exerts on the spin accumulation at the MgO/Si
interface of Fe/MgO/Si tunnel contacts, was investigated
using the inverted Hanle effect. First, it was shown that the
exchange field varies with the tunnel bias voltage in the same
way as the square of the tunnel spin polarization. Second, it
was found that the decay of the exchange field with increasing
MgO thickness is rather weak and nonexponential. We argued
that this is because the expected exponential decay is com-
pensated by the improved epitaxial quality of the MgO, and
the consequent enhancement of the spin-filtering properties at
larger MgO thickness. After correcting for this, an exponential
decay of the exchange field with tMgO with a decay length of
λ = −0.42 nm was obtained. Comparing this to the decay
length for the tunnel conductance (λ = −0.21 nm) suggests
that the exchange interaction is dominated by two-step tun-
neling processes.
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