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Triggering phase-coherent spin packets by pulsed electrical spin injection
across an Fe/GaAs Schottky barrier
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The precise control of spins in semiconductor spintronic devices requires electrical means to generate spin
packets with a well-defined initial phase. We demonstrate a pulsed electrical scheme that triggers the spin
ensemble phase in a similar way as circularly polarized optical pulses generate phase coherent spin packets.
Here, we use fast current pulses to initialize phase coherent spin packets, which are injected across an Fe/GaAs
Schottky barrier into n-GaAs. By means of time-resolved Faraday rotation, we demonstrate phase coherence
by the observation of multiple Larmor precession cycles for current pulse widths down to 500 ps at 17 K. We
show that the current pulses are broadened by the charging and discharging time of the Schottky barrier. At
high frequencies, the observable spin coherence is limited only by the finite bandwidth of the current pulses,
which is of the order of 2 GHz. These results therefore demonstrate that all-electrical injection and phase
control of electron spin packets at microwave frequencies is possible in metallic-ferromagnet—semiconductor

heterostructures.
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I. INTRODUCTION

The preparation and phase-controlled manipulation of co-
herent single spin states or spin ensembles is fundamental
for spintronic devices [1,2]. Devices based on electron spin
ensembles require for spin coherence an initial triggering
of the phase of all the individual spins, which results in a
macroscopic phase of the ensemble. Such a phase trigger-
ing can easily be obtained by circularly polarized ultrafast
laser pulses, which are typically shorter than one ps [3,4].
By impulsive laser excitation, all spins of the ensemble are
oriented in the same direction, i.e., they are created with the
same initial phase. Spin precession of the ensemble can be
monitored by time-resolved magneto-optical probes as the
spin precession time is usually orders of magnitude longer
than the laser pulse width. Along with other techniques, these
time-resolved all-optical methods have been used to detect
spin dephasing times [3,5-7], strain-induced spin precession
[8,9], and phase-sensitive spin manipulation in lateral devices
[8,10,11].

Spin precession can also be observed in dc transport ex-
periments [12—17]. In spin injection devices, for example,
electron spins are injected from a ferromagnetic source into a
semiconductor [18-29]. Their initial spin orientation near the
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ferromagnet-semiconductor interface is defined by the mag-
netization direction of the ferromagnet. Individual spins start
to precess in a transverse magnetic field. This results in a rapid
depolarization of the steady-state spin polarization (the Hanle
effect) because spins are injected continuously in the time do-
main. The precessional phase is preserved partially when there
is a well-defined transit time between the source and the de-
tector [12,15]. This has been achieved in Si by spin-polarized
hot electron injection and detection techniques operated in
a drift-dominated regime, which allowed for multiple spin
precessions [15,16], while only very few precessions could be
seen in GaAs-based devices [12,13]. On the other hand, pulsed
electrical spin injection has been reported [26,27], but no spin
precession was observed. Despite recent progress in realizing
all-electrical spintronic devices, electrical phase triggering is
missing.

Here, we use fast current pulses to trigger the ensemble
phase of electrically generated spin packets during spin injec-
tion from a ferromagnetic source into a III-V semiconductor.
Coherent precession of the spin packets is probed by time-
resolved Faraday rotation. Our device consists of a highly
doped Schottky tunnel barrier formed between an epitaxial
iron (Fe) and a (100)-oriented n-GaAs layer. We chose this
device design for three reasons: (i) the Schottky barrier pro-
file guarantees large spin injection efficiencies [21,24,30,31],
(i1) the n-GaAs layer is Si doped with carrier densities near
the metal-insulator transition (n = 2—4 x 10'® cm~3) which

©2021 American Physical Society


https://orcid.org/0000-0003-2359-2718
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.104.195202&domain=pdf&date_stamp=2021-11-19
https://doi.org/10.1103/PhysRevB.104.195202

L. R. SCHREIBER et al.

PHYSICAL REVIEW B 104, 195202 (2021)

provides long spin dephasing times 7," for detection [3,32,33],
and (iii) the Fe injector has a twofold magnetic in-plane
anisotropy [34], which allows for a noncollinear alignment
between the external magnetic field direction and the mag-
netization direction of the Fe layer and thus the spin direction
of the injected spin packets. This noncollinear alignment is
needed to induce Larmor precession of the spin ensemble.
We observe spin precession of the electrically injected spin
packets for current pulse widths down to 500 ps. The net
magnetization of the spin packet diminishes with increasing
magnetic field. We link this decrease to the high-frequency
properties of the Schottky barrier. Its charging and discharging
leads to a broadening of the current pulses and hence temporal
broadening of the spin packet, as well as phase smearing
during spin precession. We introduce a model for ultrafast
electrical spin injection and extract a Schottky barrier time
constant from our Faraday rotation data of 8 +2 ns, which
is confirmed by independent high-frequency electrical char-
acterization of our spin device.

II. EXPERIMENT

Our measurement setup and sample geometry are de-
picted in Fig. 1(a). The sample consists of an Al-capped,
3.5-nm-thick, epitaxially grown Fe(001) layer on n-doped
Si:GaAs(001). The doping concentration of the 15-nm-thick
nt-GaAs layer starting at the Schottky contact is 5 x
10'® cm™3, followed by a 15 nm n*/n transition layer with
a doping gradient, a 5-pum-thick bulk layer with doping
concentration 2 x 10'® ¢cm™, and a highly doped (~1 x
10'8 cm™3) GaAs substrate [layer stack details in Fig. 3(c)].
The sample mesa with 650 um radius is etched down to
the substrate. The T," of the substrate is smaller than 1 ns.
The magnetic easy axis of the Fe layer is oriented along
the GaAs [011] (£x direction). A comparison of electrical
and all-optical Hanle measurements indicates a spin injection
efficiency into the bulk n-GaAs layer of ~7% for a wide
bias range. The differential resistance of the layer stack and
the magnetic characterization of the Fe layer is shown in the
Appendix.

Samples are mounted in a magneto-optical cryostat kept at
17 K with a magnetic field B, oriented along the £z direction.
For time-resolved electrical spin injection, a voltage pulse
train (amplitude 1.8 V) from a pulse generator (65 ps rise
and fall time) is applied via a bias-tee to the sample, which
is placed on a coplanar waveguide within a magneto-optical
cryostat. Linearly polarized laser pulses at normal incidence
to the sample plane and phase locked to the electrical pulses
monitor the £y component of spins injected in the GaAs by
detecting the Faraday rotation angle 6. The linearly polarized
laser pulses (P = 200 uW with a focus diameter ~50 um on
the sample) are generated by a picosecond Ti-sapphire laser
with a stabilized repetition frequency of 80 MHz. They are
phase locked to the voltage pulses and can be delayed by a
time Af up to 125 ns with a variable phase shifter with ps
resolution. The laser energy 1.508 eV is tuned to just below
the band gap of the GaAs. The repetition interval of the pump
and probe pulses can be altered from 12.5 to 125 ns by an
optical pulse selector and the full width at half maximum Aw
of the voltage pulses can be varied from 100 ps to 10 ns. Both
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FIG. 1. Electrical pump and optical probe setup and test by con-
tinuous electrical injection. (a) Schematic of the electrical pump and
optical probe experiment of spins injected from Fe into n-GaAs.
(b) Faraday rotation 6 (Hanle depolarization) of the dc current along
the y direction as a function of the external transverse magnetic field
B, at constant bias before (black line) and after (red line) flipping the
Fe magnetization Mp,.

pump and probe pulses are intensity modulated by 50 kHz and
820 Hz, respectively, in order to extract the pump induced 6r
signal by a dual lock-in technique.

III. RESULTS
A. Static spin injection

We first use static measurements of the Faraday rota-
tion to demonstrate electrical spin injection in our devices
[Fig. 1(b)]. The sample is reverse biased, i.e., positive voltage
probe on GaAs, and spins are probed near the fundamental
band gap of GaAs. At B, =0 T, spins are injected parallel
to the easy-axis direction of the Fe layer, yielding 6r = 0.
At small magnetic fields B,, spins start to precess towards
the y direction, yielding 6y # 0. 0 is a direct measure of
the resulting net spin component S,. Changing the sign of
B, inverts the direction of the spin precession, which results
in a sign reversal of 6. As expected [12], the direction of
spin precession also inverts when the magnetization direction
of the Fe layer is reversed [see red curve in Fig. 1(b)]. OF
approaches zero at large fields since the continuously injected

195202-2



TRIGGERING PHASE-COHERENT SPIN PACKETS BY ...

PHYSICAL REVIEW B 104, 195202 (2021)

(a)

{6, (arb, units) 9 (b)
A0 i

f i ‘_I. I w‘“l,v“'l |

20 40 60 80 100
At (ns)

[T~ T T 1T T T 7 T] 80 (C)

0 (arb. units)

: = —:‘ l_.l } :_9_0
ns)~- 0.8
410.6
0.4
0.2
0.0

C magnetic
anisotropy

0mT) o

z

AJAB

330-20-10 0 10 20 30
B, (mT)

0 20 40 60 80 100
At (ns)

FIG. 2. Pulsed electrical spin injection. (a) Time evolution of the
Faraday rotation 67 vs pump-probe delay At for various magnetic
fields B, with vertical offsets for clarity. Red lines are fits to the
data for At > Aw = 2 ns. (b) False color plot of 6 vs At and B,.
(c) Fitted spin dephasing time 7,*(B;) and (d) normalized oscillation
amplitudes A vs B, field. The error bars include the least-squares fit
errors only. The red solid line in (c) is a least-squares fit to the data
and solid lines in (d) are simulations for different effective charge
and discharge times 7y, of the Schottky barrier. The dashed line is
the expected decrease of A due to the magnetic anisotropy of the Fe
injector layer.

spins dephase due to Larmor precession causing strong Hanle
depolarization.

B. Time-resolved spin injection

For time-resolved spin injection experiments, we now ap-
ply voltage pulses with a full width at half maximum of
Aw = 2 ns and a repetition time of T, = 125 ns with Tep >
T,*. The corresponding time-resolved Faraday rotation data
are shown in Figs. 2(a) and 2(b) at various magnetic fields.
Most strikingly, we clearly observe Larmor precessions of the
injected spin packets demonstrating that the voltage pulses
trigger the macrophase of the spin packets. It is apparent that
the amplitude of 6 is diminished with increasing |B,|. We
note that the oscillations in 8r are not symmetric about the
zero baseline [see black lines in Fig. 2(a) as guides to the eye].
For quantitative analysis, we use

Or (At, B;) o M,(At, B;)

= A(B;) exp [—%} sin(wy At 4 @)
At
(B exp (—;), ()
g

with w; = gupB/h, where g, up, and i denote the effec-
tive electron g factor, the Bohr magneton, and the reduced
Planck constant, and ¢ being a phase factor. The second term
accounts for the nonoscillatory time-dependent background
with a lifetime 1, and an amplitude A, (the magnetic field
dependence of Ap, is shown in the Supplemental Material
[35]). The least-squares fits to the experimental data are shown
in Fig. 2(a) as red curves. We determine a field-independent
Tpg = 8 = 2 ns and deduce |g| = 0.42 &= 0.02 from o, as ex-
pected given that the spin precession is detected in the bulk
n-GaAs layer [3]. The extracted spin dephasing times 7,*(B;)
and amplitudes A(B;) are plotted in Figs. 2(c) and 2(d), re-
spectively. The longest 7;*(B;) values, which exceed 65 ns,
are obtained at small magnetic fields. The observed 1/B de-
pendence of T,"(B;) [see red line in Fig. 2(c)], which indicates
inhomogeneous dephasing of the spin packet, is consistent
with the results obtained from all-optical time-resolved exper-
iments on bulk samples with similar doping concentration [3].
On the other hand, the strong decrease of A(B;) with magnetic
field [Fig. 2(d)] has not previously been observed in all-optical
experiments. Note that spin precession is barely visible for
magnetic fields above 30 mT.

The A(B,) dependence might be caused by the B, field
acting on the direction of the magnetization My, of the Fe
injector. Increasing B, rotates Mg, away from the easy axis
(x direction) towards the hard axis (z direction) of the Fe
layer. This rotation diminishes the x component of the mag-
netization vector of the injected spin packet, which would
result in a decrease of A(B,). We calculated this dependence
[see dashed line in Fig. 2(d)] for a macrospin Mg, using
in-plane magnetometry data from the Fe layer (see Fig. 6).
The resulting decrease is, however, too small to explain our
A(B;) dependence.

To summarize, there are two striking observations in our
time-resolved electrical spin injection experiments: (i) the
strong decrease of the Faraday rotation amplitude A(B;) and
(i) the nonoscillatory background in 6r(At) with a field-
independent time constant 7, = 8 &2 ns. As both have not
been observed in time-resolved all-optical experiments, it is
suggestive to link these properties to the dynamics of the
electrical spin injection process.

In our time-resolved experiment, electron spin packets are
injected across a Schottky barrier by short voltage pulses.
The depletion layer at the barrier acts like a capacitance.
When a voltage pulse is transmitted through the barrier, the
capacitance will be charged and subsequently discharged. For
studying the effect of the charging and discharging on the
spin injection process, we performed high-frequency (HF)
electrical characterization of our devices.

C. High-frequency sample characteristic

The HF bandwidth of the sample is deduced from the
reflected electrical power Si; by vector network analysis, as
shown in Fig. 3(a). More than half of the electrical power
(S11 > 3 dB) is reflected from the device for frequencies
above ~1.5 GHz. This bandwidth is independent of the op-
erating point over a wide dc-bias range from —2.0 V (reverse
biased Schottky contact) to 1.0 V and allows the sample to
absorb voltage pulses of width Aw 2 500 ps.
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FIG. 3. Electrical high-frequency characterization. (a) Reflected
power (S1;) for various dc-bias operating points obtained from vector
network analysis. (b) Voltage reflected from the sample after apply-
ing a voltage step function (—1.0 V) with least-squares exponential
fit (red solid line). (c) Sample structure and simple equivalent net-
work of the sample. (d) Simulation (red line) of the evolution of the
spin-polarized tunnel current through the Schottky barrier triggered
by a 2-ns-long current pulse (light blue).

Furthermore, the time evolution of the voltage drop at the
Schottky barrier, i.e., its charging and discharging, can di-
rectly be determined by time-domain reflectometry (TDR). To
analyze the charging dynamics of the Schottky capacitance,
we apply a voltage step to the sample with an amplitude of
—1 V and a rise time of 100 ps. The time evolution of the
reflected voltage step is shown in Fig. 3(b). Note that there
is a significant temporal broadening of the voltage step. We
obtain a similar time constant for the discharging behavior
(not shown). Any impedance mismatch along the 50 €2 trans-
mission line can be detected by measuring the time evolution
of the reflected voltage. A real impedance above 50 Q2 yields
areflected step function with negative amplitude. If the trans-
mission line is terminated by a capacitance, the time evolution
of the voltage drop during charging of the capacitance equals
the time dependence of the reflected voltage. Note that even
after 15 ns, the voltage pulse is not fully absorbed by the
sample, i.e., about 10% of its amplitude is still being reflected.
As long as the pulse is applied, the absolute amplitude of the
reflected voltage will rise towards saturation, which is reached
at full charging up of the capacitance (further information is
provided in the Supplemental Material [35]).

To further link the HF dynamics of the Schottky barrier
to the pulsed electrical spin injection process, we depict a
simple equivalent network of the sample in Fig. 3(c). In the
reverse-bias regime, the Schottky contact can be modeled by

a Schottky capacitance C; and a parallel tunnel resistance R;.
The underlying n-GaAs detection layer is represented by a
resistance R in series. We assume the displacement current
I. to be unpolarized, while the tunneling current /; carries the
spin-polarized electrons. The spin current I, = nl; is given by
the spin injection efficiency 1. The charging and discharging
of the Schottky capacitance is thus directly mapped to the
temporal evolution of the spin current. /, increases after the
voltage pulse is turned on, whereas it decreases after the pulse
is turned off after time Aw, i.e., during the discharge of C;. If
C;, Ry, and n are approximately bias independent, the increase
and decrease of I, is single exponential,

1,(1)

| — dexp(—-—
=pmx{ em( =)

0<t < Aw
[exp(r dTexp

)‘Aw

t < Trep»

@

Tsch

and determined by the effective charge and discharge time
Tich Of the Schottky barrier, as illustrated in Fig. 3(d) for a
pulse width of Aw =2 ns and Toch = 6 ns. The constant d =

[exp( Aw- T‘e") 11/[exp(— ’e:) — 1] is given by the boundary
condltlon "I p(0) = I,(Tiep). "

It is important to emphasize that the temporal width of the
electrically injected spin packet is determined by ty. This
temporal broadening becomes particularly important when
individual spins start to precess in the external magnetic field
at all times during the spin pulse. The retardation of spin
precession results in spin dephasing of the spin packet. This
phase “smearing” leads to a decrease of the net magnetization.
Its temporal evolution can be estimated by

At
My (B., At) = / dt rs(t)Mo(At — 1), 3)
0

where rg(t) = I,(t)/a is the spin injection rate with the active
sample area a and where M is given by an exponentially
damped single-spin Larmor precession. The integral can be
solved analytically (see Supplemental Material [35]) and re-
sults in a form as given qualitatively by Eq. (1) describing the
dynamics of the injected spin packets, assuming /,(0) = 0,
i.e., d = 1. Note that the nonprecessing background signal of
Or [see Fig. 2(a)] stems from the discharging of the Schottky
capacitance, i.e., Tsch = Ty, While 75" is not affected by the
integration. This assignment is confirmed by the independent
determination of 74, by TDR. The amplitude A(B;) in Eq. (1)
becomes a function of wy, T5*, Tseh, Aw, and 7, (see Eqs. (S17)
and (522) of the Supplemental Material [35]). For simulating
A(B;), we take the above fitting results from Fig. 2, i.e.,
T (B;), wr, as well as Aw =2 ns, and vary only 7, as a
free parameter. The resulting field-dependent amplitudes are
plotted in Fig. 2(d) at various time constants ts. The experi-
mental data are remarkably well reproduced for the 7y, values
determined by TDR (s, = 6 ns) and by the nonoscillatory
background of 6 (tsn, = 8 ns). This demonstrates that the
charging and discharging of the Schottky capacitance is the
main source of the amplitude drop in our experiment.
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FIG. 4. Resonant spin amplification for various voltage pulse
widths Aw. (a) Measured Faraday rotation 67 normalized to Aw vs
magnetic field B; at T,., = 12.5 ns and fixed At with vertical offsets
for clarity. (b) Simulations applying Eqgs. (2) and (4) with rs(¢) from
Fig. 3(d) and 74, = 6 ns, T,* = 18 ns.

D. Resonant spin amplification

We now analyze the precession of the spin packets after
injection with voltage pulses of different width Aw. This can
be better tested as a function of the B field instead of in the
time domain. To enhance the signal-to-noise ratio of 6r, we
reduce Tiep to 12.5 ns. As T, is now shorter than T,*, spin
packets from subsequent voltage pulses can interfere. We thus
enter the regime of resonant spin amplification (RSA) [3,4].
The net RSA magnetization M, gss results with Eq. (3) in

M, rsa(B;, At)

__Al(A1)4—j£:”/

where Mgs4 and ry are periodic in T;p and defined in the time
interval [0, Ti.,). Constructive interference of subsequent spin
packets leads to a periodic series of resonances as a function
of B, if a multiple of 1/7;, equals the Larmor frequency,

2/ Trep = w/(2m), &)

where z is an integer.

Figure 4(a) shows RSA scans for Aw ranging between
500 ps and 10 ns taken at fixed At and normalized to Aw.
Multiple resonances are observed for short Aw < 2 ns. The
strong decrease of the resonance amplitudes with the increase
of |B,| is consistent with the time-domain experiments (see
Fig. 2). The number of resonances, which equals the num-
ber of Larmor precession cycles, subsequently decreases for
broader current pulses. We observe a continuous crossover to
the Hanle regime for the broadest pulses of Aw = 10 ns ~
Tiep = 12.5 ns, which is close to the dc limit of spin injection,
as shown in Fig. 1(b). This crossover strikingly demonstrates
the phase triggering by the current pulses. While pulse-width
induced phase smearing is observed above Aw = 1.5 ns, there

7‘1’6
dt rg(t)Mo(At —t + nTiep), (4)

200
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FIG. 5. IV-characteristics. The dc-current / as a function of dc-
bias U (black line) and differential resistance dU /dI (red line) of the
sample with 1300-um-diameter mesa at 25 K. In our experiment, the
Schottky diode is reverse biased using short —1.8 V voltage pulses.

are no effects of the pulse width below 1.5 ns due to the finite
Tech. Remarkably, pulsed spin injection is possible for Aw as
short as 500 ps.

The RSA scans are simulated using Eqgs. (2) and (4) with
Tech = 6 ns and are depicted in Fig. 4(b). The dependence on
B, as well as the phase “smearing” with increasing pulse width
are well reproduced. Note that even the change of the RSA
peak shape for higher-order resonances is reproduced by the
simulations, demonstrating that our model explains all salient
features of the experiment.

IV. CONCLUSION

In conclusion, we have shown that fast current pulses can
trigger the macroscopic phase of spin packets electrically
injected across an Fe/GaAs Schottky barrier. Current pulses
having a width down to 500 ps trigger a spin imbalance ob-
served as magnetic oscillations matching the effective electron

(a) easy axis (b) hard axis

50 50 Rana
BII[011] BII[011]
T=25K T=25K
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o
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o
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FIG. 6. Magnetic anisotropy of the Fe injector layer. In-plane
magnetization of the epitaxial iron injector layer M, as a function
of the external magnetic field B as determined from superconducting
quantum interference device (SQUID) measurements at 25 K. The
B field is applied parallel to (a) the GaAs [011] and (b) the GaAs
[011] crystal directions. The Fe injector layer exhibits an in-plane
anisotropy. In our experiment, B is applied nearly parallel to the
GaAs [011] direction (hard axis).

195202-5



L. R. SCHREIBER et al.

PHYSICAL REVIEW B 104, 195202 (2021)

g factor of GaAs. Charging and discharging of the Schottky
barrier yield a temporal broadening of the spin packets, result-
ing in a partial dephasing during spin precession. This partial
spin dephasing manifests itself in a characteristic decrease of
the oscillation amplitude as a function of the magnetic field
and as a nonoscillating exponential decrease of the injected
spin magnetization. Our model fully captures both of these
features, which have not appeared when using ultrafast laser
pulses for optical spin orientation, and it predicts that the
time constant of the decreasing background is given by the
discharging time constant of the Schottky barrier. This time
constant independently determined by time-domain reflec-
tometry well matches our observations of the phase smearing
of the spin packet. Using a 10-times-higher frequency of the
current pulses, we superimpose injected spin packets in GaAs
and enter the regime of resonant spin amplification, which is
well covered by our model as well. Our model predicts that the
phase smearing can be significantly suppressed by reduction
of the Schottky capacitance. In this respect, spin injection

from diluted magnetic semiconductors will be advantageous
for realizing all-electrical coherent spintronic devices of high-
frequency bandwidth.
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APPENDIX: SAMPLE CHARACTERISTICS

This section provides additional information about the
sample used in our experiment. The I-V characteristics are
displayed in Fig. 5. Magnetometry data of the Fe injector can
be found in Fig. 6.
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