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Coherent manipulation of nuclear spins using spin injection from a half-metallic spin source
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We have developed a nuclear magnetic resonance (NMR) system that uses spin injection from a highly
polarized spin source. Efficient spin injection into GaAs from a half-metallic spin source of Mn-rich Co,MnSi
enabled an efficient dynamic nuclear polarization of Ga and As nuclei in GaAs and a sensitive detection of NMR
signals. Moreover, coherent control of nuclear spins, or the Rabi oscillation between two quantum levels formed
at Ga nuclei, induced by a pulsed NMR has been demonstrated at a relatively low magnetic field of ~0.1 T.
This provides a novel all-electrical solid-state NMR system with the high spatial resolution and high sensitivity

needed to implement scalable nuclear-spin-based qubits.

DOI: 10.1103/PhysRevB.91.140410

Nuclear spins in semiconductors are an ideal system for
implementing quantum bits (qubits) for quantum computation
because they have an extremely long coherence time. The
nuclear magnetic resonance (NMR) technique enables the
control and detection of nuclear-spin qubits, and quantum al-
gorism with seven qubits has been demonstrated in molecules
in a liquid [1]. For large-scale integration, however, the
implementation of qubits in solid-state materials, especially in
semiconductors, is indispensable. Moreover, in conventional
NMR techniques, a strong magnetostatic field should be ap-
plied to polarize nuclear spins, making it difficult to selectively
control nuclear spins located within nanometer-sized regions.
Furthermore, since the magnetic moment of a nuclear spin is
three orders of magnitude smaller than that of an electron
spin, the sensitivity of detecting nuclear spins through a
pickup coil is quite low. Thus, there is a strong need to
develop a novel NMR technique with high spatial resolution
and high sensitivity to enable a future large-scale quantum
computing system. From this point of view, dynamic nuclear
polarization (DNP), where nuclear spins are dynamically
polarized through a hyperfine interaction between nuclear
spins and electron spins, has attracted much interest, since
it can drastically increase the NMR signal. Several solid-state
NMR devices based on different DNP techniques by optical
[2-4] or electrical means [5-7] have recently been reported.
Furthermore, coherent manipulation of nuclear spins, or the
Rabi oscillation, which is a key factor for nuclear-spin-based
qubits, has been demonstrated electrically in GaAs/AlGaAs
quantum Hall systems [8—10] and optically in GaAs/AlGaAs
quantum wells [11,12]. Although the optical method is suitable
for clarifying the fundamental physics relevant to nuclear
spins, it is restricted in its scalability because the spatial
resolution is limited by the optical wavelength. Quantum Hall
systems, on the other hand, require a relatively strong magnetic
field of several tesla and a low temperature below 1 K to create
the highly spin-polarized electrons necessary for the DNP and
the detection of nuclear-spin states.

An injection of spin-polarized electrons from a ferro-
magnetic electrode into a semiconductor also creates spin-
polarized electronic states in a nanoscale semiconductor region
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electrically, thus enabling a nanoscale DNP system without a
strong magnetic field. There have been several reports on spin
injection into GaAs [13-18], Si [19-21], and Ge [22], and on
NMR along with DNP using spin injection into GaAs [23-26].
However, all of the work on NMR based on spin injection has
been limited to static investigation, because the spin injection
efficiency in most of these devices is on the order of a few
percent. A half-metallic ferromagnet could be considered
an excellent candidate for a spin source for efficient DNP
because it provides complete spin polarization at the Fermi
level. In previous studies, we demonstrated high tunneling
magnetoresistance (TMR) ratios of up to 1995% at 4.2 K and
up to 354% at 290 K in magnetic tunnel junctions (MTJs)
having Mn-rich Co,MnSi (CMS) electrodes [27], and 2610%
at 4.2 K and 429% at 290 K in Co,(Mn,Fe)Si (CMFES) MTJs
[28]. We have experimentally shown that harmful defects in
CMS, CMFS, and Co,MnGe thin films—i.e., Copy, antisites
—-can be suppressed by a Mn-rich composition [27-32].
Furthermore, we have achieved efficient spin injection from
Mn-rich CMS into GaAs via an ultrathin CosyFesy (CoFe)
insertion layer, resulting in electron spin polarization (Pg,as)
of up to 52% at ferromagnet/GaAs interface at 4.2 K [33]. This
value is more than one order of magnitude higher than those
obtained for a Fe electrode or a CoFe electrode [16]. Pgaas
of 27% and 51% has also been reported in spin light-emitting
diodes with Co,MnGe and Co,FeSi electrodes, respectively
[34,35]. We also demonstrated that the high spin polarization
of Mn-rich CMS electrodes makes possible efficient DNP
in GaAs, and we clarified the transient response of nuclear
spins against a change in the applied magnetic field through a
transient oblique Hanle effect measurement [36]. In this Rapid
Communication we report coherent manipulation of nuclear
spins through spin injection from a half-metallic spin source
of Mn-rich CMS. This opens a new route to an all-electrical
solid-state NMR system that can be used to implement scalable
nuclear-spin-based qubits.

Figures 1(a) and 1(b) show a schematic structure and a
layer structure for the solid-state NMR device investigated
in this study. The nuclear spins in a semiconductor channel
are initialized through a DNP technique using spin-polarized
electrons injected from contact-2. The nuclear-spin states are
then manipulated through the NMR by irradiation of a radio-
frequency (rf) magnetic field. The manipulated nuclear-spin
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FIG. 1. (Color online) (a) Schematic structure of an all-electrical
solid-state NMR system using spin injection. (b) Layer structure of
the spin injection device fabricated in this study.

GaAs(001)

states can be read out through detection of the nonlocal
voltage (VNL) between contact-3 and contact-4 since the
nuclear magnetic field produced by nuclear-spin polarization
induces the Larmor precession of electron spins below detector
contact-3.

The layer structure consists of 2.5-pum-thick n~-GaAs with
a doping concentration of 3 x 10'®cm™3 as a spin-transport
channel and a CMS(5 nm)/CoFe(1.1 or 1.3 nm) bilayer as a
spin source. A Mn-rich CMS film with a Mn composition
of 1.30 in the expression of Co,Mn;3Sig (8 =0.88 or
0.84) was chosen to suppress the harmful Coyy, antisites to
improve the half-metallicity. A 15-nm-thick n~ — n™-GaAs
transition layer and a 15-nm-thick n*-GaAs layer with a
doping concentration of 5 x 10'® cm™3 were inserted between
the channel and ferromagnetic electrodes to form a narrow
Schottky barrier. Using electron beam lithography and Ar
ion milling techniques, lateral spin-transport devices as shown
in Fig. 1(a) were fabricated. The size of the injector contact
(contact-2) and detector contact (contact-3) were 0.5 x 10 um
and 1.0 x 10 um, respectively, and the spacing between the
contacts was 0.5 um. The detailed fabrication method of
the layer structure and a four-terminal lateral spin-transport
device is described elsewhere [33,36]. The creation, control,
and detection of nuclear-spin states in GaAs were evaluated
in a four-terminal nonlocal geometry where Vyp between
contact-3 and contact-4 was measured under a constant current
(I) supplied between contact-2 and contact-1 under a static
magnetic field (B) and an rf magnetic field (B,.). The B, was
generated by an 11-turn coil with a diameter of 1.0 cm for the
NMR experiment. All the measurements were done at 4.2 K.

We observed clear spin-valve signals and Hanle signals (not
shown) in fabricated devices with a CMS spin source, provid-
ing direct evidence of spin injection, detection, and transport
in GaAs [33,36]. The spin lifetime () and spin diffusion
length (ls) in the n-GaAs channel with a CMS/CoFe(1.1
or 1.3 nm) spin source, estimated from Hanle signals, were
typically 20 ns and 3 pm, respectively. We now describe the
electrical detection of continuous-wave (cw) NMR using a
transient oblique Hanle effect measurement. When nuclear
spins are polarized by the DNP, the electron spins are affected
by the nuclear field, or the Overhauser field (B,,), through the
hyperfine interactions. The time evolution of the nuclear field
can be described by [23]

By (7) = [Bn(0) — Bn(00)lexp(—#/1.) + Ba(o0), (1)
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where ¢, is the characteristic time needed for nuclear spins to
reach a steady state, and B,(00) is a steady-state Overhauser
field, which is given by [37]

B-S
B2 + £B;?

where f1 (1) is the leakage factor, b, is the effective field
due to the polarization of nuclear spins, which takes the
negative value of —17 T in GaAs for the theoretical ideal
case, S is the average electron spin (|S| = 1/2 corresponds
to Pgaas = 100%), B is the external magnetic field, B; is
the local dipolar field experienced by the nuclei, and & is
a numerical coefficient which depends on the nature of the
spin-spin interactions [37]. The condition to induce spin
precession by B, is given by B, x S # 0. From Eq. (2),
this condition is satisfied if B is applied along an oblique
direction with respect to S. Since S is parallel to the x-axis
direction in the CMS/CoFe(1.1)/n-GaAs sample, we applied
B along the oblique direction by 6 = 6° from the z axis in
the x-z plane—i.e., B = By, (xsinf + zcosf), where By is
the amplitude of the oblique field of B with both positive and
negative signs, and x and z are unit vectors along the x-axis
and z-axis directions, respectively. The total magnetic field of
B + B,, induces Hanle precession for electron spins, resulting
in a decrease of electron spin polarization under detector
contact-3. Similarly to the conventional nonlocal Hanle signal,
VAL can be described by

o0 1 d2
VL = A
N /0 V4 Dt Xp( 4Dt>
X cos(wpt)exp (—L>dt, 3)
T

Bn(00) = fibn )

s

where A is a constant, D is the diffusion constant, d is the
distance between contact-2 and contact-3, w;, = gugB;/his
the Larmor frequency, where B, is the z component of B + By,
g is an electron g factor (g = —0.44 for GaAs), ug is the
Bohr magneton, and £ is the reduced Planck’s constant. We
ignored the influence of the x or y component of B + B, on
the Hanle signals because the direction of B + B, was tilted
only slightly (by 8 = 6°) from the z axis. Figure 2(b) shows the
B, dependence of V. fora CMS/CoFe(1.1)/n-GaAs sample
in the parallel magnetization configuration between contact-2
and -3 with and without B, at a frequency ( ) of 200 kHz. The
device was initialized at By, = +48 mT for a hold time (#,,01q)
of 100 s at an injection current of —70 pA, so that nuclear
spins became dynamically polarized. The Pg,as, estimated
from the amplitude of spin-valve signals, was approximately
12.8% at I = —70 wA. The By, was then swept from +48 mT
to —48 mT with a sweep rate of 0.17 mT/s. This sweep rate
was much faster than the time scale needed for the nuclear
field to reach the steady state.

Under no irradiation of B,., we observed clear additional
side peaks at By, = +24.3 and —6.8 mT. The behavior of Vi
as a function of By, is well described through Egs. (1)—(3),
and is explained in detail in Ref. [36]. We will focus here
on the origin of the side peaks observed at B, = +24.3
and —6.8 mT. Since b, is negative, B,, was generated along
the direction antiparallel to B at By, = +48 mT. When B,
reached +24.3mT during the sweep, B, and B canceled
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FIG. 2. (Color online) (a) Schematic device structure of a four-
terminal lateral spin-transport device and circuit configuration for
nonlocal measurements. B, was generated along an antiparal-
lel direction to B. (b) Transient oblique Hanle signals for a
Co,MnSi/CoFe(1.1)/n-GaAs device with and without an rf magnetic
field (B,.). B, with its frequency of 200 kHz was applied along the
y-axis direction. (c) Transient oblique Hanle signals with frequencies
of B, ranging from 100 to 300 kHz. The signals are offset for clarity.
(d) Frequency dependence of resonant magnetic field for "> As, 9°Ga,
and "'Ga nuclei.

each other, resulting in suppressed electron spin precession.
Then, electron spins became polarized, causing VN to show
a satellite peak at Bo, = +24.3 mT. Thus, one can evaluate
the strength of B, through this measurement. The side peak
at By, = —6.8 mT was also caused by the cancellation of B
and B,,. The asymmetric behavior of Vyi, with respect to the
polarity of By, is due to the transient response of the nuclear
field to a reversal of B, which is also explained in Ref. [36].
Under the irradiation of cw-B,, the satellite peaks origi-
nating from the nuclear polarization decreased. In particular,
a steep decrease of Vi or dip structures indicated by arrows
in Fig. 2(b) were observed at B, = 30.6, 22.0, and 17.6 mT.
These values are close to the resonant magnetic field of NMR
for P As, ®Ga, and 7' Ga, respectively. Thus, it is suggested
that the change of Vi by irradiation of B, is due to the NMR
effect; i.e., when B,, decreased through the NMR, the total
magnetic field experienced by electron spins increased, and
the spin precession was enhanced, resulting in the decrease
of Vnr. To confirm this, we investigated the f dependence of
oblique Hanle signals. Figure 2(c) shows oblique Hanle signals
for a CMS/CoFe(1.1)/n-GaAs sample with frequencies of
B, ranging from 100 to 300 kHz. As the f increased, the
dip positions shifted to a higher magnetic field. The values for
these dips showed linear relations with f, as shownin Fig. 2(d).
The slope for each line is in good agreement with that evaluated

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 91, 140410(R) (2015)

(@) 2— . . . : (c) By, =114 mT
ol 7,=56 s 1 o __ f=1150kHz
— J
2 B,,=114mT
= -Ar Bl =09mT] — gl y i
ol f=1150kHz | Z L [By| =0.9 mT
0 100 200 300 400 500 %
. S ]
time [sec]
(b) 600 RIRE
B,,=114mT ¥
— B..| =0.9mT. [B,c| =0.95 mT
=3 400 F=1150kHz L ! .
= g .0 0 200 400 600
a — i
500 5 e pulse width (t,) [us]
e VNL [HV]
0 L 1 |
0 100 200 -8
time [sec]

FIG. 3. (Color online) (a) Time (¢) evolution of nonlocal voltage
(VL) for a Co,MnSi/CoFe(1.3)/n-GaAs device after irradiation of a
pulsed B, with a duration () of 56 us and frequency of 1150 kHz.
The initial value of Vi is set to zero. (b) A color-scale plot of Vi as a
function of 7, and 7. (c) Nonlocal voltage change vs rf-pulse duration
(Rabi oscillation) for a Co,MnSi/CoFe(1.3)/n-GaAs device with
different |B,.| values. The solid lines indicate approximated curves
given by Egs. (4) and (5).

from the gyromagnetic ratio of ”*As, %°Ga, and "'Ga [37],
respectively, within an error of 6%. Thus, we conclude that the
change of Vy is originating from an NMR-induced decrease
in nuclear polarization. Similar results were also obtained for
a CMS/CoFe(1.3)/n-GaAs sample.

We will now describe a coherent rotation of nuclear spins
using pulsed NMR. In the following we will focus on the
NMR signal for ®Ga in a CMS/CoFe(1.3)/n-GaAs device.
We applied B along the oblique direction with 6 & 5° from
the z axis in the x-z plane. The device was first initialized
at By, = +114mT for 460 s at an injection current of
490 ©A, where electron spins were extracted from GaAs into
CMS, resulting in Pg,as being approximately 24.6%. Since
B and B, were almost canceled out by each other under
this condition, electron spins were polarized, or no Hanle
precession occurred under the initial condition. Figure 3(a)
shows the time evolution of Vi, when an oscillatory magnetic
field By, with f of 1150kHz and |B,.| of approximately 0.9 mT
was applied at t = 0 for duration (t,,) of 56 us (which we call
a B, hereafter), where f of 1150 kHz corresponded to the
resonant frequency for ©Ga. Since the integrand of Eq. (3)
can be ignored at r > 107, one can evaluate the strength
of B, through Vxp within a time scale of 10t (typically
several hundreds of nanoseconds). The Vi decreased rapidly
by 6.0 uV right after the irradiation of the B, pulse due
to the NMR for %°Ga, and then it gradually recovered to its
initial states with a time scale of several hundreds of seconds,
which is comparable to those for DNP estimated from the
told dependence of nuclear fields in our previous study [36].
The application of a B, pulse with duration 7, induces the
rotation of nuclear spins by ¥ (%Ga)|Byc|7, along the y axis in
the rotating coordinate system, which rotates along the z axis
by y(GgGa)|B|r,,, where y (%Ga) is the gyromagnetic ratio for
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%Ga. Thus, the z component of the effective magnetic field,
including the dephasing factor, is given by

B.(tp) = A1{1 — cos7 fraviTp)exp(—1, /25 ), (@)

where A; is a constant, frani 1S the frequency for the
oscillation of B, (or the Rabi frequency), which is equal to
Y(®°Ga)|Byc| /27, and ToR® is the effective dephasing time.
We defined AVyr as an amount of change for Vi just after
the B, pulse. Substituting Eq. (4) into Eq. (3), we get

Ay
—_— +
1+ (gMBBsz)

where A, and Aj are constants. For simplicity we approxi-
mated Eq. (3) by the Lorentzian function. This approximation
is valid for the case of s >> d, a condition that is satisfied in our
device. The oscillatory behavior of B, induces the oscillation
of AVny as a function of t,. Figure 3(b) shows a color-scale
plot of Vi, as a function of 7, ranging from 8 to 600 ws and ¢
from 0 to 250 s, and Fig. 3(c) plots A Vi as a function of t,, for
different |B,.| values along with fitting curves calculated from
Eq. (5). We observed clear oscillation of A Vyr, as a function
of 7, with TzRabi of ~400 us, a value comparable to those
reported in the literature ranging from 100 to 1500 ws [8—12].
These results indicate the demonstration of Rabi oscillation in
spin injection devices. Although there are some experimental
errors for the first two periods, the plot of AVxy vs 1, can be
fitted well with Egs. (4) and (5). The errors are possibly due to
the distortion of the rf-pulse wave form for a certain number of
initial periods or some of the approximations made to derive
Eq. ().

Note that we observed a sizable Rabi oscillation even at a
relatively high temperature of 4.2 K and a low magnetic field

AV = Az, (5)
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of ~0.1 T compared with quantum Hall systems [8—10]. The
ratio between the Zeeman splitting energy and the thermal
energy, Uso|Bl/ksT, where g is the magnetic moment
of electron (nucleus), kg is the Boltzmann constant, and T is
temperature, gives a measure of the electron (nuclear) spin
polarization under thermal equilibrium. Even though both
ws|B|/kgT and w,|B|/kgT were three orders of magnitude
smaller in our devices than typical values in the quantum
Hall system, spin injection from a half-metallic spin source
enabled the creation of highly polarized electron spin states
in GaAs, leading to a successful demonstration of coherent
manipulation of nuclear spins. This is an advantage of our
system from a device application point of view.

In conclusion, we have demonstrated coherent control
of nuclear spins in bulk GaAs using spin injection from a
half-metallic spin source of Mn-rich Co,MnSi. Efficient spin
injection enabled efficient DNP and a sensitive detection of
the NMR signal, leading to a sizable Rabi oscillation even
at a low magnetic field. This approach provides a novel all-
electrical solid-state NMR system with high spatial resolution
and high sensitivity that can be used to implement scalable
nuclear-spin-based qubits.
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