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ABSTRACT

This study explores the relationship between spin diffusion, spin lifetime, electron density, and lateral spatial confinement in two-dimensional
electron gases hosted in GaAs quantum wells. Using time-resolved magneto-optical Kerr effect microscopy, we analyze how Hall-bar channel
width and back-gate voltage modulation influence spin dynamics. The results reveal that the spin diffusion coefficient increases with reduced
channel widths, a trend further amplified at lower electron concentrations achieved via back-gate voltages, where it increases up to 150% for the
narrowest channels. The theoretical model developed in this work suggests that the spin diffusion coefficient is spatially inhomogeneous across
the channel cross section. Near the channel edges, where the electron density is reduced, the spin diffusion coefficient is enhanced due to
weaker electron—electron scattering. As a result, narrower channels, which contain a relatively larger proportion of these low-density edge
regions, exhibit overall faster spin diffusion. Our results underscore the importance of tuning electron density and spatial geometry to optimize
spin transport and coherence, providing valuable design considerations for spintronic devices where efficient spin manipulation is crucial.
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1. INTRODUCTION through quantum well design, gate voltage modulation,””*” or optical
doping,'””" allows for precise control of PSH dynamics. Studies have
demonstrated that factors such as the spin diffusion coefficient,"”
cubic Dresselhaus terms,’*’! and carrier heating“‘ influence PSH
lifetimes and diffusion properties. Adjustments in carrier density,
excitation energy, and applied electric fields also impact the

In low-dimensional non-centrosymmetric semiconductor struc-
tures, in particular in two-dimensional electron gases (2DEGs)
within quantum wells (QWs), the spin-orbit (SO) interaction
governs a wide range of spin-related phenomena.'™ Among these is
the persistent spin helix (PSH),%” a helical spin texture that “ e e et ‘
emerges when the Rashba® and Dresselhaus’ SO couplings are tratnsmon from ball.lstlc to diffusive motlon., modulating the
equal in magnitude. This condition restores SU(2) spin rotation spin transport efficiency. Recent advancesmhnk PSH dynamics
symmetry,” suppresses spin relaxation due to the Dyakonov-Perel to structured light and topological concepts by using a spatially
mechanism, and creates robust spin coherence with a spatially structured light such as vector vortex beam that enables spatially

striped spin texture.” The PSH state has been experimentally demon- variant polarization states, offering applications in optical com-
strated through techniques like transient spin grating spectroscopy munication, metrology, and spintronic devices. Future devices
and Kerr-rotation microscopy,”'*™** showcasing its long-lived nature could harness the synergy of long-lived PSH spin states and
and potential for spintronic applications. spatial spin modes for applications in information processing,

The PSH arises due to the unidirectional momentum-dependent quantum computing, and advanced optics. However, ensuring
effective magnetic field Bgo(k), which protects the spin state from robust spin transport and coherence remains challenging, particu-
dephasing caused by spin-independent scattering. This protection, larly due to quantum well design constraints that affect electron

coupled with the ability to tune Rashba and Dresselhaus interactions mobility, spin diffusion, and PSH lifetime ().
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A possible way to further increase the lifetime of spin textures
is to consider quantum wells with lateral potential that confines
electron gas to quasi-1D channels of a few-micrometer width.
Such channels are still much wider than the electron-mean-free
path and preserve the diffusive character of transport. However,
they can be narrower than the spin-orbit precession length, leading
to the suppression of the Dyakonov-Perel mechanism spin relaxation
mechanism.””™° Tt was theoretically predicted that in this regime,
the spin lifetime should increase with a power law 1/d%, where d is
the channel width.”> The experimental studies also evidenced the
spin lifetime enhancement,”””>"" though limited by the effect of
k-cubic spin-orbit interaction.”* Importantly, in all studies the spin lpnnsnsdnnnsnnnnnnsinsnngonnanananansonssignanasd)
diffusion coefficient (D) has been either assumed or experimentally } ‘ ” l H
shown to be independent of the channel width.
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The current paper seeks to advance knowledge in this area 4 prria j e
by investigating how the channel width of the Hall-bar, combined
with back-gate voltage modulation, affects the spin lifetime and
spin diffusion coefficient. Using time-resolved magneto-optical
Kerr effect (TR-MOKE) microscopy, we find that Dy increases signifi- FIG. 1. Schematics of the channel mask with five different channel widths of
cantly as the width of the Hall-bar channels decreases. This increase the investigated GaAs QW sample (the yellow and cyan lines indicate the mesa

and ohmic contacts, respectively) (d) and examples of 2D spatial “inverse
maps” of the spin polarization S, at a delay time of ¢ = 570 ps for the channels
widths of (a) 20, (b) 8, and (c) 4 um respectively.

is further enhanced when the density of the two-dimensional electron
gas is decreased by the back-gate voltage. Since the spin relaxation
rate in Dyakonov-Perel mechanics is proportional to D;, the increase
in the latter in the narrow channels tries to speed up the spin relaxa-
tion, competing with the described effect of the slowing down of the
spin relaxation. 50x microscope objective. The full width at half maximum (FWHM)
diameter of pump and probe pulses are wp =3 + 0.1 um and
1 + 0.1 um, respectively. The reflected pump light is filtered out

IIl. EXPERIMENTAL DETAILS with a monochromator, and the Kerr-rotation of the reflected probe g
The sample under investigation is a modulation-doped pulse is measured using balanced photodiodes connected to a
(001)-oriented 15 nm GaAs quantum well, grown by molecular lock-in amplifier referenced to the EOM frequency. The delay g
beam epitaxy and sandwiched between Al ;3Gag¢,As barriers time ¢ between the pump and probe pulses is adjusted by a g
(for more details, see Fig. S1 in the supplementary material). ~ mechanical delay stage with tya = 1.8 ns. The spatial overlap of &
The QW is patterned in a series of five channels with different ~ the pump with the fixed and centered probe is adjusted through &
widths as shown in Fig. 1(d) with AuGeNi ohmic contacts. a lateral translation of the input lens of a beam-expanding tele-
The channels are oriented along [110] crystallographic direction, scope in the pump path.””*’ In our setup, we scan the position
ie., the direction of the spatial spin precession when the PSH  of the pump beam while keeping the probe beam fixed. As a
conditions are met. Two Si §-doping layers are placed above the result, the obtained spatial maps can be considered “inverse
QW providing a resident electron concentration 7 in the QW that maps,” as they depict spin polarization at a fixed detection point
can be modified by the back-gate voltage Upg.”® Using magneto- while varying the location where the spin polarization is initially
transport measurements, we verify that both n and electron mobil- generated. The pump and probe photon energies are chosen
ity 4 have a linear dependence on the back-gate voltage in the based on the spectral response of the 2DEG (see, e.g., Ref. 16).
range of 1.5V < Upg < —2.5V (see Fig. S2 in the supplementary All measurements are performed with the pump photon
material). To create robust electron spins, the sample resides in a energy set to E, = 1.57 eV, which is 40 meV above the bandgap
compact cold-finger cryostat, ensuring a lattice temperature of  energy (1.53eV), and a peak power density of I, = 4.7 MW/cm?.
3.5 K for all performed measurements. Since the energy separation between the first and second electron
The time-resolved magneto-optical Kerr effect (TR-MOKE) levels in the QW is about 52 meV, the pump excites electrons to
microscopy measurements are performed using pulses with a tempo- the first sublevel only. The probe photon energy is tuned to

ral width of ~35 fs derived from a 60 MHz mode-locked Ti:sapphire Ep = 1.53 eV with a pulse peak irradiance of I, = 2.36 MW/cm’.
oscillator. Subsequently, they are split into pump and probe paths,
which are spectrally tuned independently by grating-based pulse

shapers.”” The resulting pulses have a bandwidth of ~0.5 nm Il. RESULTS AND DISCUSSION

and allow for a transform-limited temporal resolution of ~1 ps. First, the sample is investigated at Upg = —1.55 V, corre-
The probe pulses are linearly polarized, while the pump pulses are sponding to an electron concentration of n = 3.25 x 101° cm~2.
modulated between left (6©) and right (6~) circular polarization This aimed to ensure the longest possible spin lifetime under
by an electro-optical modulator (EOM). Both probe and pump the given experimental conditions (note that this voltage does
pulses are collinearly focused on the sample surface through a not correspond to the PSH condition, as shown in Ref. 15).
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Figures 1(a)-1(c) show the spatial evolution examples of the mea-
sured spin polarization S, within three selected Hall-bar channels
of different widths. Here, the time delay between the initial pump
pulse and the scanning probe pulse was fixed to t = 570 ps. This
makes sure that the helical spin pattern has enough time to estab-
lish itself. The dimension of each respective channel is highlighted
by a dotted line. The existence of some signal outside of those
borders corresponds to the relatively big pump diameter of
3 4 0.1 um. Especially for the narrowest channels, this lies within
the order of magnitude of channel width d. Therefore, by using a
probe-stationary approach, spin polarization is induced by the remain-
ing overlap of the pump spot and embedded channel, although the
center of the pump pulse is already off.

To investigate the interplay of the channel dimensions and the
electron density in manners of spin dynamics, it is essential to map
the latter in both space and time. Given spatial constraints imposed
by the channel widths, the spatial resolution is limited to the y axis
(1D case), which aligns along the crystallographic axis [110].
Figure 2(a) showcases an example of spatiotemporal measurement
for the 8um channel and Upg = —1.55V. The broadening
and decay of the initial Gaussian shaped spin polarization S,(t, y)
is caused by diffusion and relaxation mechanisms, respectively.
To visualize the spin distribution amplitude and broadening in space
and time, five examples of spatial cuts are shown superimposed with
the original signal. At any given delay time ¢, the spatial spin distri-
bution is fitted with the phenomenological equation, which repre-
sents the product of a Gaussian function and a cosine function,
capturing both the diffusive broadening and the oscillatory nature of

Volume

S_(a.u.)

FIG. 2. (a) Spatiotemporal mapping of the induced spin polarization distribution
S,(t, y) of the 8 um channel and Ugg = —1.55 V. For better visualization five
arbitrary spatial scans are highlighted. For any given delay time t the spatial
dependence gets fitted to Eq. (1). Two of the resulting fit parameters (A, wy) are
used to display (b) the spin volume A - w, and (c) the square of FWHM. The z
axis is restricted to arbitrary units, and only the time axis is shared by all plots
throughout the figure.
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the spin precession (for more details, see Ref. 4)

4in(2) (yz—m)z 2 _
S(y)=A-e ™ cos <M) 6]

Aso

where A(t) is the amplitude of the spin polarization,
wy(t) is the FWHM of the Gaussian envelope, and
Aso(t) = ﬂyowy(t)z/(wy(t)2 — w}) is the momentary spin precession
length, whereas Aoy = 7h*/(m*|o + B|) is the precession length of
the long-lived spin helix. A more comprehensive discussion of 4¢
dependence on the back-gate voltage, including its theoretical back-
ground and experimental observations, can be found in Ref. 15.
Due to the significant spatial restrictions imposed by the investigated
Hall-bar channels, especially when it comes to the narrow channels,
we assume that spatial dynamics mostly occur only in one dimen-
sion. Therefore, the temporal evolution of the total number of spins
can be quantified by A - wy(¢). This expression accounts for all ini-
tially excited spins, not only those that are oriented along z at the
moment of detection and contribute to measured S, but also those
spins, which, due to the spatial precession, lie in the QW plane. This
total spin volume, whose time dependence is shown in Fig. 2(b),
allows us to retrieve the spin lifetime 1, by fitting it with a single-
exponential decay. Furthermore, the time-dependent square of the
Gaussian envelope FWHM, illustrated in Fig. 2(c), provides access to
the spin diffusion coefficient Dy via a linear regression of

w2 (t) = wy + 161n (2)Dst. )

When fitting the time dependencies of the spin volume and
FWHM, we restrict the data to delay times = 400 ps to avoid tran-
sient effects that occur at shorter times. These include the faster decay
of spin polarization due to its initial spread across the channel***’
and the formation of the spin-helix pattern.”’ The same procedure of
analyzing the experimental data is applied to all the subsequent mea-
surements done for each channel seen in Fig. 1(d).

This paper aims to investigate the dependence of the spin dif-
fusion coefficient, spin lifetime, and electron concentration # on
the channel width d and various back-gate voltages. Specifically, it
focuses on the relative changes in these parameters compared to
their behavior in the absence of spatial restrictions imposed by
channel width. To this end, measurements were conducted for dif-
ferent channel widths while varying the back-gate voltage Upg
between +0.5V and —2.0 V. Figure 3 presents the experimental
results as ratios relative to the corresponding parameter values
obtained for d = 20 um (the absolute values are given in Table S1
in the supplementary material), a channel width that does not
impose significant lateral confinement. These reference values are
denoted by a subscripted zero (Dy, 7). The first striking result is
that Dy/D, ratios increase drastically with limiting the spatial
dynamics in one dimension: the smaller the d, the higher the D;.
Additionally, when different Upg were applied, it can be observed
that this effect is further enhanced by decreasing the Ugg, i.e., by
reducing n. Hence, the range of amplification varies from only
~25% (for a Upg = 0.5V) up to ~150% (Ugg = —2.0 V) at the
narrowest channel width of 4 um. It gives the impression that the
narrower the channel, the greater the influence of the electron
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FIG. 3. Results from analyzing the interplay of the channel width d and back-
gate voltage Upg in manners of spin dynamic parameters: (a) spin diffusion
coefficient ratio Ds/Dy and the respective fits to Eq. (12), (b) spin lifetime ratio
T6/79, and () spin diffusion length ratio Ls/Le (L = +/Drs), where Do, Lo and
1 are the corresponding parameters obtained for the widest channel
d = 20 um. The lines in (b) and (c) serve as guides to the eye.

concentration on the acceleration of diffusion in one dimension.
In Fig. 3(b), the ratios of t,/1 are visualized. Here, the curve of
Upg = —1.55 V stands out as it shows a rather voltage-independent
ratio of 1.0 with a small deviation at d = 10 um. This can be
attributed to the maximum spin lifetime, which was observed at
this specific voltage during the characterization of the sample.
The remaining voltages tend to allow a small rise in the spin life-
time by reducing the channel width. The parameters obtained for
high electron concentrations (Ugg = 0.5 V) show large errors,
since the diffusion is slower and the initial spread across the
channel and the formation of the spin-helix pattern takes longer.
Finally, the ratio of spin diffusion length L¢/L, (where
L = /D1,) is displayed in Fig. 3(c). For low n (Ugg = —2.0 V)

ARTICLE pubs.aip.org/aip/jap

and small d (4 um), the ratio gets almost doubled, in comparison
with having no lateral restriction. Due to the rather stable lifetime
at Ugg = —1.55V, here the extension of L is not as pronounced.
Still, it is enhanced by 30%, due to the sudden increase of D; at
d =4pm. The ratios for remaining voltages lie in between,
although the spike for the smallest channel is suppressed. It emerges
as a rather steady increase by decreasing d.

To explain the above seen relation between Ugg, Ds, and
channel width d, we develop a theoretical description of spin dif-
fusion of the 2D electrons inside the channel —d/2 < x < d/2,
formed by the external potential U(x) and described by a spatially
inhomogeneous spin diffusion coefficient Ds(x) [see Fig. 4(a)]. We
suppose that the channel has a symmetric profile, so U(x) = U(—x)
and D,(x) = D,(—x).

The diffusion equation for the spin distribution function
S(x, y, t), accounting for the spin-orbit interaction, reads

oS 0 g 10U
> (Aa —a—m)Ds(Aa ‘a_ra‘?a_ra)s’ )

a=x.y

where tensor A, describes the spin rotation in the spin-orbit field,
AryS =2m"(B F a)e,, X /2. We also suppose that the electron
gas is non-degenerate and described by the temperature T

o
~—

Fit

2.5
2.0
1.5

a (um)

1.0
0.5

=3
~

-1.5 -1.0 —05 0.0 0.5
Upg (V)

—2.0

0.0

FIG. 4. (a) Spatial profile of the external potential U(x), which induces a spa-
tially inhomogeneous spin diffusion coefficient Ds(x). (b) Extracted fit parameter
a of Eq. (15) in dependence on the back-gate voltage Ugg.
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(measured in the energy units), as it was shown in a previous
study.'” The spin diffusion equation (3) should be accompanied by
the boundary condition,

=0, 4)
x=+d/2

which reflects the conservation of the spin at the channel edge.
We note that, due to the presence of the external potential U(x),
the differential operator on the right-hand side of the spin diffusion
equation (3) is not symmetric. Consequently, spin diffusion is
generally not reciprocal, meaning that interchanging the pump
and probe positions can lead to changes in the detected signal.
However, in our study of spin relaxation and diffusion along the
channel, we specifically positioned both the pump and probe along
the central line of the channel (x = 0). In this configuration, reci-
procity is restored, ensuring consistent measurements.

We search for the eigen solutions of the diffusion equation
that have the form,

Sk(x, 7 t) — e*U(x)/T+iky+Axx71"kth(x). (5)

Here, the spin polarization degree Pi(x) should be obtained
by solving the Sturm-Liouville problem,

dP(x)

d
— U LUt (o)

+ (k+ e MA, M) Dy(x)Py(x) = TPy (x). (6)

Since there is no analytical solution for this equation in the
general case, we use the perturbation theory, assuming |[A,w|| < 1
and following the approach of Ref. 32. First, we describe unper-
turbed solutions, i.e., for Ay = 0, which corresponds to the PSH
regime. The solutions with the lowest decay rate have a homoge-
neous distribution of spin polarization across the channel,
Pi(x) = p', where p is an eigenvector of A, and satisfies
Ayp'? = ikop'® with kg = om(a+ f), 0 =0, £1, and [p?” = 1.
The optically accessible modes, which have a nonzero spin compo-
nent along the z axis, correspond to 6 = =+ 1. Note that for k = ko,
the unperturbed decay rate of the modes vanishes I'y, = 0, which is
the signature of the PSH state. There are other solutions of the
unperturbed problem, which are described by the eigenfunctions
Py(x) that have n > 1 zeros and fast decay rates T'y ~ D,/d>.

To consider the deviation from the PSH regime, we rewrite
Eq. (6) as

d
—e U(x)/T eU(x)/TDS (x)

dPy(x)
dx

+ [(ko +iA,)* + V(x)] Dy(x)Px(x) = TPy(x), (7)
where

V(x) = {(ko + iA)), (K + e *¥iA e —iA,) }
+ (K + e ™A e — A, 8)

ARTICLE pubs.aip.org/aip/jap

K =k — ko, and {A, B} = AB + BA. We expand V(x) up to terms
quadratic in k" and A,x and get

V() = (K — ix[Ay Ay])

ix

2
+ {(ko + iAy)) (k, - i-x[AX) Ay] - 7 [Ax) [Ax> Ay]]) }
&)

Next, we determine the effect of the perturbation V(x) on the
unperturbed solution p'®. Note that for the considered mode
(ko +iA,)p'® = 0, so only the first term in Eq. (9) contributes.
The parity of the problem also constrains the mixing of the modes.
Up to the order ocd?, the mixing of the p'® with different o does
not occur. The mixing of the p!® mode with the fast-decaying
modes of the odd parity leads to the contributions to the decay
rate of the former of the order ccd*. Therefore, in the order ocd?,
the decay of the eigen solution p'® is determined by averaging the
first line of Eq. (9), which yields Ty, + k' =T + Dyk"%, with the
effective spin diffusion coefficient,

b — jDs(x)e*U(")/de

=g (10)
and the spin relaxation rate is
4 2 2 _ g2)? 2 —~U)/T
_ — — D,
B 16m* (1 — 6%/2)(a? — p?) " [ x*Dy(x)e dx (an

e e Ut dx

Finally, we suppose the spin diffusion coefficient is limited by
electron—electron collisions, thus inversely proportional to the elec-
tron density Dy(x) oc eVOIIT 15 e neglect here the possible effect
on Ds(x) of the electron scattering by impurities, phonons, or
channel edge imperfections. Then, for the optically accessible

modes with 6 = +1, the above expressions for D; and T are
then simplified to

d

DS:DSO >
7

(12)

B B 2m*4((x2 _ Bz)Zdz

[ = D, BT S (13)
where d is the channel width, U(0) = 0 is assumed, and the param-
eter a is

a= J(l — ¢ VWM gy (14)

quantifies the effective width of the channel regions where the
external potential deviates from zero, U(x)/T =1.

The simplest model of the U(x) profile is illustrated in
Fig. 4(a). In this model, the potential is assumed to be flat
[U(x) = 0] in the central region of the channel, which has a width
dp, while it increases near the channel edges. As a result, the
central region exhibits high electron density, leading to slower spin
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diffusion. In contrast, the lower electron density near the channel
edges causes faster spin diffusion in those areas. Then, the value of
a [Eq. (14)] is determined by the channel border only and can be
assumed to be independent of the channel width d, provided that
d > dy.

We use Eq. (12) to fit the experimental curves in Fig. 3(a)
with the fitted curves superimposed on the same figure. From these
fits, we extract the fit parameter a for different back-gate voltages.
The dependence of a on Ugg is shown in Fig. 4(b). With the increase
in Upg, the density of electrons grows, and they start to screen the
channel profile potential U(x), which becomes flatter. This leads to a
decrease in the effective width of the channel edge regions where
U(x)/T =1, and the decrease of parameter a [see Eq. (14)].

The change in the spin lifetime 7, = /T’ with the channel
width d, shown in Fig. 3(b), shall be explained by the competition of
the factor d? in Eq. (13) and the decrease in D;. To eliminate the
effect of D;, we plot in Fig. 3(c) the spin diffusion length
L= (Ds/l_")m, which, according to Eq. (13), should be described by

4
s = 2\/32% U AR (15)
m2lo? — pld

However, note that while the behavior of the diffusion coeffi-
cient Dy is well described by Eq. (12) in a wide range of channel
width d, the applicability of Egs. (13) and (15) is limited to the
small values of d only. Accordingly, only the initial part of the
experimental data in Fig. 3(c) follows the 1/d trend, while for larger
d, the spin diffusion length tends to a constant value, which corre-
sponds to the 2D diffusion in the absence of spatial restrictions
imposed by the channel widths.

IV. CONCLUSIONS

This study offers a detailed examination of spin dynamics in
quasi-1D channels within GaAs quantum wells, emphasizing the
relationship between the spin diffusion coefficient, spin lifetime,
and electron density under varying geometrical and electronic
conditions. Using TR-MOKE microscopy, the findings highlight
the significant impact of lateral confinement and back-gate voltage
modulation on spin transport. Specifically, the spin diffusion coeffi-
cient increases notably with narrower Hall-bar channel widths, reach-
ing up to a 150% enhancement in the narrowest channels, an effect
further amplified at reduced electron concentrations controlled via
back-gate voltages.

A theoretical framework corroborates these experimental obser-
vations, demonstrating how spatial variations in the electron density
influence spin diffusion and relaxation. The model suggests two dis-
tinct regions within the channels: a central region, where the electron
density is high and spin diffusion is slow, and areas near the channel
edges, where the lower electron density results in faster spin diffu-
sion. These spatially varying densities significantly shape spin trans-
port behavior.

The findings underscore the potential for optimizing spin
coherence and transport efficiency through careful tuning of electron
density and spatially constrained geometries. This has profound
implications for advancing spintronic devices. Future research could
focus on refining these strategies, including innovations in material

ARTICLE pubs.aip.org/aip/jap

design and external modulation techniques, to harness these insights
for real-world applications in spin-based technology.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional details on the
wafer structure, magneto-transport measurements, 2D spatiotem-
poral data, and the justification for using a single-exponential fit to
describe the time evolution of the spin volume signal.
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