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Image of Dynamic Local Exchange Interactions in the dc Magnetoresistance of
Spin-Polarized Current through a Dopant
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We predict strong, dynamical effects in the dc magnetoresistance of current flowing from a spin-
polarized electrical contact through a magnetic dopant in a nonmagnetic host. Using the stochastic
Liouville formalism we calculate clearly defined resonances in the dc magnetoresistance when the applied
magnetic field matches the exchange interaction with a nearby spin. At these resonances spin precession in
the applied magnetic field is canceled by spin evolution in the exchange field, preserving a dynamic
bottleneck for spin transport through the dopant. Similar features emerge when the dopant spin is coupled
to nearby nuclei through the hyperfine interaction. These features provide a precise means of measuring
exchange or hyperfine couplings between localized spins near a surface using spin-polarized scanning
tunneling microscopy, without any ac electric or magnetic fields, even when the exchange or hyperfine
energy is orders of magnitude smaller than the thermal energy.
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Localized spin states with long spin coherence times are
a fundamental element of the quantum coherent spin
systems [1,2] that underlie quantum sensing [3] and
quantum information processing [4]. Dopants, and some
other controlled defects, in semiconductor or insulator
hosts provide a robust realization of these localized
coherent spins [5,6]. Optical probes have revealed the spin
dynamics of such spin centers, along with their coherent
interactions with neighboring spins [7-12]. Similar evi-
dence of all-electrical probing of coherent interactions has
been achieved at low temperatures in dopants in large
magnetic fields [13,14], and with electron spin resonance
combined with spin-polarized scanning tunneling micros-
copy (STM-ESR) [15-18]. Low-field magnetoresistance
without rf fields in much higher temperature dc electrical
measurements, however, has been found in transport from a
magnetic contact [19,20] through traps to a nonmagnetic
region, as well as in transport through traps in semi-
conductor devices [21]. These effects originate from
coherent spin dynamics in resonant [22] or nonresonant
(incoherent hopping) transport [20], and manifest as zero-
field peaks or dips in the magnetoresistance unless the
contact’s spin polarization is time dependent [23].
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Here we predict that the dc magnetoresistance of
electrical current through the spin state of a single dopant,
which can be measured, e.g., using spin-polarized STM
(SP-STM [24-26]), should directly image the coherent
effects of the environment on the dopant’s spin dynamics,
e.g., exchange or hyperfine interactions, even at tempera-
tures far larger than the energy scales of those interactions.
These sharp features in the dc magnetoresistance do not
require spin-orbit interaction in the system, and will persist
even when the charge transport process is incoherent. The
single dopant would reside in the surface region of a weakly
conducting nonmagnetic host, and experience the effect of
a second nuclear or electron spin through isotropic
exchange or hyperfine interactions. The charge and spin
magnitude of the second spin is fixed, such as for the
electronic spin of a deep trap or a nuclear spin. Strong dc
magnetoresistance features are seen when the dopant’s spin
precession due to the applied magnetic field cancels the
precession due to the exchange or hyperfine interaction
with the second spin. These features can be resolved at very
small magnetic fields and thus should permit the meas-
urement of mT hyperfine interactions and pyeV exchange
interaction strengths, such as are predicted for spin centers
in wide-gap semiconductors such as diamond [27].

Double quantum dot measurements of spin bottlenecks
[28] would not see these features, as the spin polarization
transverse to the applied magnetic field must be measured.
These features appear in the dc current, not in the noise as
some other spin-dynamical effects manifest [29]. The
coherent features we predict in the magnetoresistance will
remain detectable, even when the thermal energy exceeds
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the energy scales of spin interactions with the environment
by orders of magnitude, if the nanosecond transport times
of the junction are much shorter than the dopant’s spin
coherence time (e.g., 100 ns for Mn in GaAs [30] and
200 us for P in Si [6]). This differs from SP-STM
measurements of spin excitations during inelastic tunneling
spectroscopy [31,32], which cannot be resolved when the
temperature exceeds the energy of the spin excitation. More
generally, these coherent features may emerge in any flow
of current through localized states in nanoscale devices
containing contacts with spin polarization oblique to an
external field.

The detailed configuration is shown in Fig. 1. Here we
focus on a specific situation in which the dopant through
which transport occurs (transport site, green) possesses two
states, one of which is spin-0 and “empty,” and the other is
spin-1/2 and “full,” corresponding to an additional elec-
tron. When full the transport site interacts with a second
spin-1/2 (spectator site, red), whose charge state is
unaffected during transport. The details of the magneto-
resistive curves, and the visibility of coherent features
within them, depend on the relative strength of the trans-
port-spin—spectator-spin interaction J and the hopping
rates, here y,, from the nonmagnetic host to the transport
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FIG. 1. Schematic current path for an electron through a single
dopant (transport site, in green) that is exchange coupled to
another spin-1/2 (spectator site, in red). The transport site has
two charge states, empty (spin-0) and full (spin-1/2), and the
spectator site’s charge state is stable. These spins reside near the
surface of the nonmagnetic host and the Coulomb repulsion at the
transport site is assumed to be sufficiently large to prevent double
occupation (see inset). Hopping from the transport site to a spin-
polarized scanning tunneling microscope tip occurs with rate y g,
which is controllable by moving the STM tip relative to the
surface. Replenishment of the occupation of the transport site
from the nonmagnetic host occurs with a rate y,,,. If the host is a
semiconductor the charge distribution can be adjusted by the
STM voltage V through tip induced band bending, which adjusts

Yon and Yoff-

site, and y.g from the transport site to the SP-STM tip;
similar features are expected for a wide variety of transport
and spectator spin states. The use of the STM provides
atomic-scale resolution and permits direct selection of the
dopant spin to be probed, and it also provides direct means
to independently tune y,, and y.s. By moving the tip
towards or away from the surface the y, can be adjusted
[33-35], and through tip-induced band bending both y
and y,,, can be modified [36,37]. We find the most sensitive
configurations correspond to ¥ << ¥on, Which is the
expected experimental situation under ordinary conditions.
We consider the SP-STM to be polarized along the axis
ngtm, Which can point in any direction (Fig. 1).

Our main results are the predicted finite-field dips
(resonances) in the dc magnetoresistance in Fig. 2 that
occur due to degeneracies in the transport states and the
formation of bottlenecks. Coupling dopants to spin-polar-
ized contacts has been shown to lead to zero-field current
bottlenecks resulting from dopant polarization antiparallel
to the magnetization of the contact [20]. The application
of an external magnetic field, B = B, along an
axis 71, perpendicular to the contact spin polarization
(igtm - 1, = 0), releases the bottleneck by precessing
the spin and produces a characteristic dip feature in the
zero-field dc magnetoresistance [19,20]. Figure 2, however,
shows two additional features at finite field when the
Zeeman energy of the transport spin equals its exchange
energy with the spectator spin. New bottlenecks emerge
under these conditions, because the triplet state polarized
parallel or antiparallel to the external field (depending on
the sign of J) becomes degenerate with the singlet state (S)
of these two spins at this external field. We find this dip in
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FIG. 2. Magnetoresistance of current through spin-1/2
transport dopant for exchange splitting of J = 0.05Ay,, (red)
and J = 0.15Ay,, (black). The dips at finite field result from
resonances between the triplet and singlet states and are inde-
pendent of the sign of J (insets, with the triplet states in the 71,
basis). These features depend on the transport rates, broadening
as 7. is increased from y,,/100 (solid) to y,,/25 (dashed). The
visibility (the difference between the low-field maxima and finite-
field minima) decreases as y.s increases.
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current has a maximal value of 1/3 of the B = 0 dip. The
dip’s visibility (the difference between the low-field maxi-
mum and finite-field minimum, as indicated in Fig. 2)
decreases as y¢ increases. Although our description here is
for a 100% spin-polarized SP-STM tip, these features will
occur for any finite spin polarization, with a reduced
amplitude (as seen for zero-field dips in previous
work [20]).

The density matrix requires time evolution terms
describing coherent evolution of the spins, originating
from the magnetic field and exchange, and incoherent
processes that inject or extract carriers from the transport
site (thus producing current). We use the stochastic
Liouville formalism [38,39], which has successfully pre-
dicted the manipulation of electroluminescence from
organic LEDs [40], exciplex light emission [41], and
nuclear spin influences on electron transport [42]. The
Hamiltonian describing coherent evolution of the spins at
both the spectator and transport sites is

Hst:gﬂBB'(Ss+St>+JSs'St7 (1)

where S,y represents the spin operator at the spectator
(transport) site, g is the Landé g factor, and up is the Bohr
magneton. As the spin-spin interaction is very general in
Eq. (1), this description also applies to dipolar and hyper-
fine interactions with a spectator spin. When the transport
site is unoccupied, the Hamiltonian becomes

N

Hg = gugB - S;. (2)
The coherent evolution of the density operator is

<8pal—£t)> coh - _% [ﬁli’pi(t)]’ <3)

where the subscript i is used to denote either the operator
for the isolated spectator (i = s) or the combined spectator
and transport spin (i =st) and [,] represents the
commutator.

Transport occurs when the dopant at the transport site
couples to unpolarized bulk states and the SP-STM,
resulting in the generation and extraction of carriers.
These processes will not preserve the trace of the individual
subspaces of the system, but will preserve the total trace,
Trp,(f) + Trpy(t) = 1, and decohere off-diagonal ele-
ments of p,,. The polarization of the SP-STM tip can be
written as an operator M (fisTy), Where figry is the
orientation of the SP-STM spin polarization. In general,
for a single spin-1/2 manifold [43] the interaction operator
can be written as a linear superposition of spin-polarized
projection operators parallel 7#(figty) and antiparallel

#(=figtm) to g,

m(igrm) = ait(fistm) + ba(—fsmm)

= (@t b+ (a=blasni-8). (4)

where a and b are spin parallel and antiparallel interaction
amplitudes, and a + b = 1. In the case of a manifold
describing two spin-1/2 dopants, the interaction operator
results from the direct product of two single spin operators,

A

M(igrv) = iy (figtm) @ g (isTm). (5)

where iy (fistm) = a,(fistm) + b, (—fistm) and
g (Agrm) = agi(fistm) + byi(—figry)- For a 100% spin-
polarized STM tip, the coefficients for My are
a®t =1, = 0, " = poff = 1/2. M, couples the bulk
to the dopant, and for unpolarized bulk states has the
coefficients af" = a{" = b" = b" = 1/2. We assume a
large on-site Coulomb repulsion that excludes double
occupation of the transport site. The spin state of the
carrier entering the transport site from the bulk is deter-
mined by the spin polarization of the bulk (M,,) and the
spin state of the spectator is determined by the density
matrix for the 2 x 2 manifold, p,(z). Thus the current
operator for reoccupation of the transport site,

a €Yon Aon(a
lon = D) my (nSTM) ®ps(t)7 (6)

where e is the electronic charge.

The current from the dopant to the SP-STM depends on
the availability of spin states in the tip (M) and the two-
dopant density matrix p,,. The current operator for dopant-
to-tip transport is

] ey v
Loff = TOH{Moffv pst(t)}’ (7)

where the anticommutator {, } guarantees the operator is
Hermitian and properly decoheres off-diagonal elements of
pPs: [44]. The current onto and off of the transport site is
found from the trace of the current operators. The total

current onto and off of the transport site must be equal:
Ispin _

Tri,, = Triygy = I, however, the spin current on(off)

Tr[?on(off)a] is not conserved due to decoherence.
The appropriate term can now be added to the stochastic
Liouville equation for carrier generation

Opy(t 2,00 (7
(pa—ll‘()> = yonm?n(nSTM) ® p‘v(t) (8)
gen
and extraction

<apé—tt(t)) ext - _yoff{Moff’ pxt(t)}' (9)

257203-3



PHYSICAL REVIEW LETTERS 125, 257203 (2020)

The total equation for the 4 x 4 density operator p,, is
then

Opgi(t [ip
pérf ) _ = H o (0] + Yen: ® (1)

- 270ff{Moff’pst(t)}’ (10)

where 1, is the identity matrix in the transport subspace and
the relation 2" (figty) = 1, has been used. Equation (10)
is coupled to the single spin density operator p, through the
generation term. The trace of the total system is preserved
and thus Trp; + Trp,; = 1; generation (decay) of the 4 x 4
density matrix must be balanced by the decay (generation)
of the 2 x 2 density matrix allowing one to derive for the
isolated spectator,

Aps(1 Lir Vi
paf ) — _E[HS’pS(tH + 2]/0ffTr[{Moff’pSf(t)}

_zyonps(t)’ (11)

where Tr, is a partial trace over the transport subspace.

Setting Jp/0t = 0 and tracing the current operators
[Egs. (6) and (7)] yields an analytic (but cumbersome)
solution for the steady-state current (see Supplemental
Material [45], along with additional derivations). The
expressions for the near zero field feature agree with
calculations of current through mediating dopants in
insulating spacers, during either resonant [22] or incoherent
[20] transport. However, we are interested in the expres-
sions when the Zeeman energy (|B|, where B = guzB),
approaches the exchange energy J. An approximate expres-
sion valid for yo, > |B|/h, |J|/h >y near the B = +J
resonance is

7= (Foff 612 yor + 4@2 - J?)
2 ) 9PNy +4(B> = J?)*

(12)

where the prefactor is the limiting value away from
resonant features. Thus the relative current has a limiting
value for |B| = |J| of 2/3, corresponding to a visibility of
1/3 as seen below in numerical calculations. Figure 2
shows the calculated magnetoresistance, for a 100% spin-
polarized STM tip.

Figure 3 shows the visibility for different ys/7,, as a
function of |J|/#Ay,,. At a finite-field dip in current one of
the triplet states (7', or 7_ along 71, , depending on J’s sign)
becomes degenerate with the singlet state S. The other two
triplet states do not participate in the bottleneck. The
current bottleneck manifests as a reduced rate, for one of
the two degenerate states, for the transport site’s electron to
hop to the SP-STM tip. The linear combination of those
two states that has the lowest transport-site tunneling
probability to the SP-STM tip is |¢;), and the orthogonal
state is |¢,), where
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FIG. 3. Visibility of the finite-field feature (resonance) as a
function of the exchange parameter plotted for different values of
Yoit/Yon- Smaller ratios yield higher visibility due to extended
spin evolution in the exchange field.

) = 672101 + 672U L) + (2/3)'2[LA),
) = (12)72(1A ) + L) = [4M) + (3/4) 21 ).
(13)

The first spin (single arrow) represents the transport site and
the second (double arrow) represents the spectator site, and
the axes are along the SP-STM spin polarization. ¢, has a
transport spin polarization of 2/3, which produces a
maximum dip in the current of 1/3 as derived in the
Supplemental Material [45], as plotted in Figs. 2 and 3, and
as apparent in Eq. (12) for |B| = |J|.

Figure 3 also illustrates the increase in resolution and
precision gained by minimizing the hopping ratio. For a
dopant-to-tip hopping rate of y,s = 1 ns™! we predict
exchange energy resolution ~ueV. If the energy splittings
to double occupancy of the transport site greatly exceed the
thermal energy, and the spin coherence times of the spins
exceed the timescales set by the smallest energies in the
problem (Zeeman energy, exchange energy, or hopping)
then the magnetoresistance features survive; observations
of zero-field dips are seen at room temperature [21]. The
energy sensitivity surpasses the practical limits of STM
spectroscopic probes of exchange interactions in semi-
conductor dopant pairs [46,47], and could be measured at
temperatures far above where inelastic spin excitations can
be imaged for adatoms [31,32].

Figure 4(a) shows calculations for the degree of spin
polarization as a function of the hopping ratio for different
values of the junction parameters. The dashed lines
represent the spectator spin and the solid lines represent
the transport spin. In Figs. 4(b)-4(d) the occupation
probability for each state in the product basis as a function
of B is shown. An analytic treatment for |B| = |J| and the
limit y 4 < J/f <y, [similar to panel (d)], described in
the Supplemental Material [45], predicts a polarization for
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FIG. 4. (a) Spin polarization at resonance (B = J) for J > 0 as

a function of hopping ratio plotted for different values of the
exchange coupling: J/hy,, = 0.1 (orange), J/hy,, = 1 (blue),
J/hyon =5 (green). The dashed lines represent the spectator spin
and solid lines represent the transport spin. (b)—(d) Occupation
probability for the product states in the figry; basis as a function of
the transverse magnetic field. Shown are (b) 7oi/Yon = 1,
Yoff > J/h’ (C) Voff/yon =1 Yoif K J/h7 and (d) Yon > J/h >
Yorf- Good visibility is realized when y.i < J/h, and especially
for (d).

[} ) of 11/24, for [11}) of 1/8, and for |1 1}) and || {}) of

5/24, which are all different from the random average of
1/4. These results are very similar to those shown in
Fig. 4(d). The spectator spin is also dynamically polarized
during this process, even when the transport spin state is
empty; we find for the limiting conditions above, similar to
Fig. 4(d) a polarization of 1/2 antiparallel to the magnetic
field direction and 1/4 parallel to the SP-STM polarization

direction for a total polarization of v/5/4.
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