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ABSTRACT

The electronic rendition of the Hanle effect, which is interpreted as the ensemble dephasing
of a spin accumulation in the semiconductor under a perpendicular magnetic field, has been
one of the most widely utilized and effective methods of measuring spin lifetime, spin
accumulation, and spin transport in semiconductors. However, the origin of the Hanle
magnetoresistance in the three-terminal (3T) setup has been intensively questioned both
theoretically and experimentally; this is in contrast to the nonlocal four-terminal (NL-4T)
measurement, which is accepted as reflecting spin accumulation and its spatial decay in
metals and semiconductors alike. Here, we present results from 3T and NL-4T Hanle
measurements on the same spin injection and detection devices with an Alg3Gag.7As:Si
semiconducting channel. The use of Alo3Gao.7As:Si, a persistent photoconductor, enables
examination of the evolution of both types of Hanle signals with varying carrier density in
the channel on one and the same device via in situ photodoping. We observe that the 3T
and NL-4T Hanle signals exhibit similar Lorentzian line-shapes, and thus yield similar spin
lifetimes at all carrier densities. Moreover, the amplitudes of both types of Hanle signals
are found to be consistent with each other, showing a similar exponential decrease with
carrier density and in agreement with the Valet-Fert theory, in contrast to devices with

artificial oxide barriers. These observations provide compelling evidence that in devices in
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which the spin injectors and detectors are engineered to minimize the presence of localized
states, the 3T Hanle measurements provide a reliable probe of the spin accumulation and

its dynamics in the semiconductor channel.



I. INTRODUCTION

The efficient conversion of spin accumulation generated in a nonmagnetic
semiconductor to an electrical signal is a necessary component of semiconductor
spintronics. It is also of fundamental interest as a means for studying the spin dynamics
and coherent spin transport in realistic device structures such as spin transistors and spin
diodes [1,2]. The electrical signal conversion is often realized by contacting the
semiconductor (SC) with a ferromagnetic (FM) electrode: The spin accumulation (spin
splitting of the chemical potential) in the semiconductor and the spin polarization (spin-
dependent electronic density of states at the chemical potential) in the ferromagnet result
in an open-circuit voltage across the junction. The experimental implementation of the spin
detection typically takes forms of a lateral spin valve or Hanle effect [3-5].

In the electronic rendition of the optical Hanle effect [6], a perpendicular magnetic
field drives a precession of the polarized spins, and the associated dephasing leads to a
decrease of the voltage. The decrease and eventual disappearance of the voltage with
increasing field results in a Hanle curve of Lorentzian line-shape [7]: The height of the
curve is the magnitude of the spin accumulation, and the full width at half-maximum
(FWHM) yields the spin lifetime (ts). The Hanle effect has been one of the most widely
utilized and effective methods of measuring spin lifetime, spin accumulation, and spin
transport in SCs. It was first implemented in the nonlocal four-terminal (NL-4T)
geometry [4,5], and the analysis based on a one-dimensional (1D) spin drift-diffusion
(SDD) model provided rigorous proof that the measurements reflect spin accumulation and
its temporal and spatial decays in the SC [4] Later, a much simplified three-terminal (3T)
geometry was applied on doped Si [8]. In the 3T setup, the spins injected into the SC from
a ferromagnetic metal (FM) electrode are detected locally via Hanle measurement using
the same FM electrode. The ease of device fabrication and measurement quickly made the
3T Hanle a popular method of spin detection on a variety of SCs [9]. However, the origin
of the Hanle-like magnetoresistance (MR) in the 3T devices has later been questioned
intensively, due to a number of notable inconsistencies with an established theoretical

model [10-12] and among the experimental results [7,13-18].



An outstanding issue in the 3T Hanle measurement is the apparent lack of definitive
correlation between the widths of the experimental Hanle curves and the expected spin
lifetimes in the SCs. This is reflected in a number of observations: The ts inferred from the
3T Hanle curves could vary by several orders of magnitude on the same SC materials with
different oxide barriers [13] and ferromagnetic electrodes [7]. Conversely, ts from 3T
devices with the same oxide barrier and ferromagnet showed no systematic variations with
the spin-orbit interaction strength or doping level in the SCs [15]. Furthermore, in many
cases, 3T Hanle measurements yielded ts which are 2-3 orders of magnitude smaller than
the values inferred from NL-4T on the same devices [13,19]. In general, the large majority
of the 3T Hanle experiments result in spin lifetimes that were 1-3 orders of magnitude
smaller than theoretical predictions [20] and results of electron spin resonance [9,21,22]
and NL-4T measurements [13,23-25]. Another important open question in the 3T Hanle
experiments is the signal amplitudes. Again, in the majority of the experiments, the 3T
Hanle amplitudes were observed to greatly exceed the expected values based on the Valet-
Fert theory [26] and NL-4T measurements [13,24,25,27,28]. A particularly puzzling
observation was a power-law dependence of the 3T Hanle amplitude on the specific
junction resistance (the RA product) [14,16], which is contrary to the expectation that the
spin accumulation should be independent of the barrier resistance [10-12]. To account for
the surprising sensitivity of the 3T Hanle amplitude to the tunnel barrier, several alternative
scenarios were proposed [22,26,29,30]. To explain the unusually large 3T Hanle signals
observed in Co/AlOx/n-GaAs devices, Tran et. al. [26] conjectured that spin accumulation
occurs predominantly in the localized states in the oxide barrier instead of the SC channel;
the much lower density of the localized states in the AlOx, in comparison to the electronic
density of states in the n-GaAs, produces a much larger spin-splitting of the chemical
potential. Jansen et. al. [22] generalized the model by considering parallel conduction of
hopping through the localized states as well as direct tunneling across the barrier, and the
latter produces a finite spin accumulation in the SC independent of the barrier. Nevertheless,
neither of the models could account for the experiments in which 3T Hanle measurements
were performed in devices where the FM electrode was replaced by a nonmagnetic metal
(Al) electrode [29,31,32]. The observation of Hanle-like MR curves in these devices

pointed to an origin independent of any spin accumulation in the SC. A mechanism based
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on magnetic field modulation of the spin blockade of hopping electrons in the localized
states was proposed [30,32], which was shown to account for all aspects of the 3T Hanle
experiments in both the magnetic and nonmagnetic devices.

A ubiquitous feature of the 3T Hanle devices which showed these anomalous
properties is an artificial oxide tunnel barrier between the FM electrode and the SC [9].
The tunnel barrier was necessary for overcoming the conductivity mismatch and achieving
efficient spin injection [11,33,34]. A common alternative approach of engineering a tunnel
barrier is via a thin Schottky barrier (SB). Epitaxial growth of Schottky junctions with a
nanoscale graded doping profile was shown to be highly effective in enabling efficient spin
injection [3,35]. In this work, we performed 3T and NL-4T Hanle measurements on the
same spin injection and detection devices with an Alo3Gao.7As:Si semiconducting channel,
epitaxial Fe injector/detector, and graded SB in between. Si-doped Alo3Gao7As is a
prototypical persistent photoconductor; its carrier density can be tuned via subband
photoexcitation and the photo-excited carriers persist after the termination of illumination
at low temperatures [36,37]. The persistent photoconductivity facilitates examination and
direct comparison of the two types of Hanle signals on the same device over a large range
of carrier densities across the insulator-to-metal transition (IMT) via in situ photodoping.
In our devices, the 3T Hanle signals exhibit broad similarities with the NL-4T results in all
aspects. The 3T and NL-4T Hanle curves have similar Lorentzian line-shapes, and thus
yield similar spin lifetimes at all carrier densities. Moreover, in contrast to devices with
artificial oxide barriers, the amplitudes of the 3T Hanle signals show no anomalous
enhancement, but rather are found to be consistent with those of NL-4T measurements and
in agreement with the Valet-Fert theory [10-12]. The amplitudes of the 3T and NL-4T
signals both show a similar exponential decrease with carrier density. These observations
provide compelling evidence that in devices in which the spin injectors and detectors are
engineered to minimize the presence of localized states, the 3T Hanle measurements are
manifest of spin accumulation and dephasing, and provide a viable probe of the spin

accumulation and its dynamics in the semiconductor channel.



Il. EXPERIMENTS AND RESULTS

Fe (25nm)

AlGaAs (15nm) Si: 101 cm?3
AlGaAs graded junction (15 nm)
Si: 10%8-10" cm™

AlGaAs channel (2 um)
Si: 10% cm?3
AlGaAs (150 nm) undoped

GaAs (200 nm) undoped
S-1(100) GaAs substrate

FIG. 1. (a) Schematic diagram of the heterostructure used for the spin devices in this work. (b) An
optical image of a completed device. (c) Close-up optical image of the active region of the device
in the dashed region in (b). (d) The photograph of a mounted sample on socket with an infrared
LED for illumination.

The overall experimental setup and methods, including the heterostructure and its
growth, the device structure and fabrication procedure, the protocols employed for sample
cooling and incremental in situ photodoping of the Alo3Gao7As:Si channel, and the
electrical characterizations of the devices with photodoping, are similar to what were
described in previous reports [38,39]. The specific device structure and setup are shown in
Fig. 1. Figure 1(a) is a schematic of the heterostructure used in this work, which was grown
by molecular-beam epitaxy. Fig. 1(b) is an optical micrograph of a fabricated device
showing the overall structure, and Fig. 1(c) is a close-up image of the central region
indicated by the dashed rectangle in Fig. 1(b). This is the device on which most of the data
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presented here were obtained. The three Fe electrodes have widths of (right to left) 5 um,
3 um, and 10 um, with center-to-center distances of 6 um and 8.5 um. They were designed
with different widths in the hope that the shape anisotropy would result in different
coercive fields. However, we failed to obtain spin-valve signals with adequate consistency
and predictability because of the dominant crystalline anisotropy in the epitaxial Fe
electrodes. The device was mounted on a socket with an infrared LED on top for photo-
illumination, as shown in Fig. 1(d). Devices were made and tested from six Fe/GaAs
(AlGaAs) wafers with somewhat different structures and growth parameters. One wafer
was identified on which three samples were fabricated, and they showed similar results in
transport measurements. One sample was then chosen for full set of measurements. The
sample reported in this manuscript was measured in three separate cooldowns, each time
including a cooldown from room temperature and transport measurements at low
temperatures with different illuminations, showing consistent results. The data presented
here are from one of the cooldowns with most complete set of measurements.

The spin transport channel of the Si-doped Alo.3Gao.7As was designed to include Hall
leads so that the carrier density and mobility of the channel could be determined
simultaneously with the Hanle measurements on the same device at varying levels of
photodoping. Figures 2(a) and 2(b) show resistivity and carrier density along with mobility,
respectively, of the channel as functions of the cumulative illumination time, which span
large ranges across the IMT. The critical carrier density for the IMT (n¢), indicated by the
dashed line in Fig. 2(b), was determined with a protocol described in ref. [37] to be 9.0 x
10'® cm=. Concomitant with the increase of the itinerant electron density in the
Alo3Gao.7As, the resistance of an Fe/Alo3Gao.7As junction on the device decreases and the
current-voltage (I-V) characteristics evolve from rectifying to symmetric of decreasing
nonlinearity, as shown in Fig. 2(c). The observations are consistent with a Schottky

junction of decreasing width with photodoping of the Alo3Gao7As.
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FIG. 2. (a) The resistivity and (b) carrier density and mobility of the Aly3Gao.7As:Si channel versus
the cumulative time of photo-illumination. (c) The j-V characteristics for an Fe/AlGaAs junction

at different carrier densities measured at 5 K in the 3T configuration.

Figure 3(a) illustrates the setups for 3T and NL-4T Hanle measurements. Prior to the
Hanle measurements at each photodoping level, the Fe electrodes were first magnetized by
a large in-plane magnetic field (~2 Tesla). The red arrows indicate the magnetization
direction of Fe electrodes. The sample holder was then rotated to the perpendicular
configuration for Hanle measurements. All measurements were performed in a He? cryostat,
mostly at 5 K. Figures 3(b) and 3(c) show a representative 3T and NL-4T Hanle signal,
respectively, obtained at a bias current of 100 puA and carrier density of 12.5 x 101 cm™3.

The raw data and the process for the extraction of the Hanle signals were demonstrated in
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Supplemental Material 1 [40], including ref. [3]. The resulting Hanle signals can then be
fitted to the Lorentzian function or analyzed using the 1D SDD model [3]. In our devices,
although the widths and separations of the Fe electrodes were comparable to the spin
diffusion lengths, all the Hanle curves were found to be well-described by the Lorentzian
function, similar to the case in short spin transport channels [41]. Following this protocol,
we have obtained a comprehensive set of 3T and NL-4T Hanle data from the same device

spanning a large parameter space of carrier densities and bias currents.

3T and NL-4T
Hanle setups

sof(b) ! —— Lorentzian fit 4t (c) —— Lorentzian fit |
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FIG. 3. (a) Schematics of the 3T and NL-4T Hanle measurement setups. The red arrows
indicate the direction of the magnetization. A small perpendicular magnetic field is applied
during the Hanle measurements. (b) and (c) show the 3T and NL-4T Hanle signals,

respectively, after subtraction of the background (black) and the respective Lorentzian fit
(red).
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FIG. 4. Carrier density dependences of the Hanle signals. (a) 3T Hanle and (b) NL-4T Hanle signals
at different carrier densities at a bias current of 200 pA. (c) 3T Hanle and (d) 4T Hanle signal

amplitudes as functions of carrier density for different bias currents.

Figures 4(a) and 4(b) show the 3T (AVsr) and NL-4T (AVast1) Hanle curves,
respectively, at different carrier densities measured at a current of 200 pA. While the
amplitudes of the NL-4T Hanle signals are about an order of magnitude smaller than the
corresponding 3T Hanle signals (discussed later), it is apparent that the two types of Hanle
curves share broad similarities in many respects: They have similar line shapes, and their
FWHMs and amplitudes show similar dependences on the carrier density. In Fig. 4(c) and
4(d), the 3T and NL-4T Hanle amplitudes, respectively, are plotted against the carrier
density for a range of different bias currents. For the NL-4T Hanle signals, it is apparent
that in the low-density region (up to 35.6 x 10% cm?®), the amplitude decreases

exponentially with increasing carrier density. At higher densities, the amplitudes of the
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measurable signals (with high bias currents) appear to deviate from the exponential
decreases and plateau. For the 3T Hanle signals, at low carrier densities on the insulating
side, the amplitudes decrease exponentially with n, albeit more gradually than the
corresponding NL-4T amplitudes (Supplemental Material 2 [40]). We believe that the
exponential dependence of the Hanle amplitude with n originates primarily from the n-
dependence of rn or p, which are nearly exponential at low carrier densities (Supplemental
Material 3 [40]). Moreover, for each bias current, there is an abrupt drop of the amplitude
across the IMT, as is evident in in Fig. 4(c), which is likely an experimental artifact.
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FIG. 5. The bias dependences of Hanle signals. (a) 3T Hanle and (c) 4T Hanle signals at different
bias currents with the carrier density of 9.5 x 10'¢ cm™3. The magnitude of (b) 3T Hanle and (d)

4T Hanle signals versus bias current at different carrier densities.

Figures 5(a) and 5(b) show a set of 3T and NL-4T Hanle curves, respectively, at
different bias currents for carrier density n = 9.5 x 10%® cm ™3, which is near the critical

n for the IMT. Again, the overall line shapes for the two types of Hanle signals bear close
11



resemblance, and their FWHMs and amplitudes show similar dependences on the carrier
density. The variations of the amplitudes of the two types of Hanle signals at different

carrier densities from insulating to metallic state are shown in Figs. 5(c) and 5(d).

I11. DISCUSSIONS
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FIG. 6. (a) A comparison of spin lifetime 74 extracted from Lorentzian fit and 1D SDD model

analysis for the 3T and NL-4T Hanle measurements. Carrier density dependences of the spin

lifetimes determined from (b) 3T and (c) NL-4T Hanle measurements at various bias currents.

The spin lifetimes can be determined from the Hanle measurements, using the FWHM

of the Lorentzian function or fitting to the 1D SDD model. Details of the two types of

analyses are presented in Supplemental Material 4 [40], including ref. [8]. Figure 6(a)

shows a comparison of the spin lifetimes extracted from the Lorentzian fit and SDD model
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analysis of the same set of 3T Hale measurements for various carrier densities, as well as
the results from the Lorentzian fit of simultaneous NL-4T Hanle measurements. Notably,
the Lorentzian and 1D SDD analyses yield z of similar magnitudes and carrier density
dependences. The full set of spin lifetimes at varying carrier densities determined from the
FWHMs of the 3T and NL-4T Hanle measurements on the same device is shown in Figs.
6(b) and 6(c), respectively. Although the absolute values of the spin lifetimes extracted
from 3T and nonlocal 4T Hanle curves differ somewhat, they exhibit broadly similar
variations with the carrier density: Both show little variation with the carrier density in the
lower carrier density regime up to the vicinity of the IMT, beyond which the spin lifetime
decreases with increasing carrier density. Deep into the metallic state, the spin lifetime
reaches 1 ns or less; the steep decrease of 7 with increasing n in the metallic state is
qualitatively consistent with that observed in n-GaAs, which is attributed to enhanced
Dyakonov-Perrel spin relaxation [42]. However, both the z obtained in this work and its
decrease with n are more than an order of magnitude smaller than those from the
electrical [3,4,43] and optical measurements [44] on n-GaAs on either side of the IMT.
This is likely due to the much higher degree of disorder and momentum scattering in the
AlGaAs alloy. Nevertheless, the fact that the 3T Hanle measurements yielded spin lifetimes
consistent with the NL-4T Hanle and resolved the expected decrease of z with increasing
n provides strong evidence that the 3T Hanle effect in our devices is manifest of the spin

dynamics in the SC channel.

3T Hanle Amplitude
A theoretical model of the Hanle effect formulated by Fert and coworkers [10-12]

predicts a spin accumulation linear with the bias current:

+y1p) |
AV — %(AH)I — er(ﬁrF )/Tb)]’ (1)

TR+TN+TE
where (Au); is the spin accumulation in the semiconductor channel at the interface, vy is the
spin-asymmetry coefficient of the interface resistance, [ is the bulk asymmetry coefficient.
e = ppAfy and ry = py ALy are the spin resistivity, namely the product of resistivity and

spin diffusion length of the FM and SC, respectively. r;, is the specific resistivity of the
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interface between FM and SC, and j is the current density. As rr < 1y and r,, Equation 1

is reduced to

AV ~ LN ®)

TNty Y
In this equation, all the parameters are material dependent. Therefore, our experimental
setup, with 3T Hanle, NL-4T Hanle, and the resistivity and carrier density of the SC
measured on the same device under increasing in situ photo-doping, offered a unique
platform for a systematic and rigorous comparison with the theory. Note that the spin
asymmetry coefficient y generally depends not only on the spin polarization of the FM but
also on the nature of the FM/SC interface of the heterostructure.

In Fig. 7(a), we plot the spin resistance-area (spin-RA) product, R;-A =
AVsr (B, = 0)/j, at different bias currents for the device at various photo-doping levels.
The nonlinearity of the Hanle signals manifests as nonmonotonic variations of the spin-RA
product with bias current. Figure 7(b) plots the spin-RA products versus carrier densities
for various bias currents. Inspite of the variations with bias currents originated from the
nonlinearity, an exponential decrease of the spin-RA with increasing carrier density is
apparent. Because y was not independently measured in our experiments, a parameter-free
comparison with the Valet-Fert model is not possible. We first calculate the spin-RA using
the optimum value of y = 0.4 [45] and the experimentally determined electron (charge)
diffusion constants from measured resistivity and carrier density for a few photo-doping
levels in the vicinity of the IMT (Supplemental Material, Table S1 [40]). The resulting
values are indicated by the solid lines in Fig. 7(a), which fall within the ranges of
experimental results at carrier densities near the IMT or higher. This is notable in light of
the varied and significant disagreement between theory and experiment in 3T Hanle
devices with oxide barriers. However, the electron diffusion constants and spin lifetimes
used in the calculations above correspond to spin diffusion lengths which are unphysically
short (see more discussion below), which essentially invalidates the assumption of a
constant optimum y. Alternatively, we use the spin diffusion length inferred from Figure 8
(which is approximately 3.5 pum for these carrier densities) and the maximum value of
measured spin-RA for each carrier density (indicated by dashed lines in Fig. 7(a)) to

calculate y. The resulting y increases with increasing carrier density, from 0.05 for n =
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9.5x10® cm t0 0.16 for n = 35.6x10% cm™. The range of y variation with n is physically
plausible, making this the likely scenario. The relevant parameters can be found in Table

S2 in the Supplemental Material [40].
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FIG. 7 Spin resistance-area products of the 3T Hanle effect plotted for (a) varying bias
currents at various channel carrier densities, and (b) varying channel carrier densities at
various bias currents. The solid lines in (a) represent the theoretical values expected from
the Valet-Fert model [10-12] with y = 0.4 based on experimentally determined charge
diffusion constants and spin lifetimes. The dashed lines in (a) indicate the maximum values
of the measured spin RA, which were used to calculate y based on the spin diffusion length

inferred from Figure 8 (~3 - 4 um).

Comparison of 3T and NL-4T Hanle Amplitudes
Our experimental setup facilitated a direct comparison of the 3T and NL-4T Hanle

amplitudes using the same set of FM electrodes in the same device at varying carrier
densities in the SC channel. Figure 8 shows the variations of the amplitude of the Hanle
signal with the distance between the spin injector and detector at four different carrier
densities. The Hanle measurements with three configurations shown in the inset of Figure
8 share the same reference electrode. Two sets of Hanle curves (n = 8 x 101® cm™=3 and
n =95 x 101% cm=3) are presented in Supplemental Material 5 [40]. The 3T Hanle
signals are consistent with the nonlocal 4T Hanle signals based on a simple exponential
decay of spin accumulation; the 3T signal lies slightly above the extrapolation of the NL-
4T Hanle signals, which may be attributed to the enhancement of the spin signal detected
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under bias [46] discussed earlier. In the 3T Hanle setup, the same electrode serves as the
injector and detector, and the distance is set to be zero. Although the NL-4T Hanle signals
were limited to only two different injector-detector distances, the exponential fits to the
three points yield As between 3 to 4 um for the four carrier densities. More important to
the topic discussed here, the results in Fig. 8 are direct demonstration of the consistency of
the 3T and NL-4T Hanle measurements in our devices.

Finally, as alluded to earlier, the spin diffusion length can also be calculated from the
experimentally determined spin lifetime and electron (charge) diffusion constant, which,
however, yield unphysically short spin diffusion lengths of 0.03-0.14 um. A possible origin
for this discrepancy is that the charge and spin diffusion constants could be significantly
different for several reasons [47-51], particularly at low temperatures and high carrier
densities [48]. Also, the diffusivities of the majority spins and minority spins could be
different, as suggested by Flatté and coworkers [47,49].
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FIG. 8. Amplitudes of the 3T Hanle signals and NL-4T Hanle signals from two different detecting
electrodes of different center-to-center injector-detector distances for different carrier densities.

Inset: Schematic of the three configurations of Hanle measurements.
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IV. CONCLUSIONS

In this work, the 3T and nonlocal 4T Hanle measurements were measured
simultaneously on the same device. Moreover, utilizing the persistent photoconductivity
in the AlGaAs, the 3T and nonlocal 4T Hanle signals were compared directly over a broad
range of carrier densities. The magnitudes of the 3T and nonlocal 4T Hanle curves both
show exponential decay with increasing channel carrier density. Also, the bias current
dependencies of the 3T and nonlocal 4T Hanle signal magnitudes bear close resemblance
for a number of carrier densities.

Spin lifetimes have been obtained by fitting the 3T and nonlocal 4T Hanle data to both
the Lorentzian function and 1D SDD model. In both cases, the spin lifetimes extracted from
3T Hanle curves are comparable to those from the nonlocal 4T Hanle curves, and they
exhibit similar variation with photo-doping. The spin lifetimes from the Lorentzian fits are
consistently lower than the values from the 1D SDD analysis, which reflects the known
fact that the Lorentzian fit a lower bound of the spin lifetimes.

The consistency between the 3T Hanle and nonlocal 4T measurements was further
evidenced by the exponential correlation between their magnitudes: The 3T signal
measured at the spin injector and nonlocal 4T signals measured at two different spin
detectors yield results consistent with an exponential decay of the spin accumulation with
the transport distance. Based on the broad similarities and consistency between the 3T and
nonlocal 4T Hanle measurements in our devices, we conclude that in heterostructures with
epitaxial Schottky junctions as spin injectors and detectors, the 3T Hanle signals indeed

reflect spin accumulation in the semiconductor channel.
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