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Spin Gunn Effect
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We predict that the flow of unpolarized current in electron-doped GaAs and InP at room temperature is
unstable at high electric fields to the dynamic formation of spin-polarized current pulses. Spin-polarized
current is spontaneously generated because the conductivity of a spin-polarized electron gas differs from
that of an unpolarized electron gas, even in the absence of spin-orbit interaction. Magnetic fields are not
required for the generation of these spin-polarized current pulses, although they can help align the

polarization of sequential pulses along the same axis.
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Spin-based semiconductor electronics (‘‘spintronics’)
requires the generation of spin polarization in nonmagnetic
semiconductors [1,2]. Approaches through the injection of
spin-polarized electrons or holes from magnetic materials
[3-7], and spin-filtered [8,9] or spin-selective [10—14]
currents using the spin-orbit interaction have been consid-
ered. These rely on an energetic difference between spin-
up and spin-down carriers in the some element of a circuit.
Here we identify a different approach.

We show that initially unpolarized electron current flow
in semiconductors can be unstable towards the spontaneous
formation of spin-polarized current pulses even without an
applied magnetic field. The mechanism we propose is
related to the charge Gunn effect [15], in which homoge-
neous charge current flow is unstable to the spontaneous
formation of high-electric-field domains, inhomogeneous
charge distributions, and current pulses. We predict the
“spin Gunn effect”” can be seen at room temperature in
GaAs and InP, and possibly [16] GaN. The dependence of
the electron drift velocity on spin polarization—from the
Pauli exclusion principle—drives the spin Gunn effect. A
room-temperature source of spin-polarized electrons from
a nonmagnetic semiconductor would significantly advance
spintronic devices. The high-frequency oscillatory nature
of these pulses suggests new possibilities, such as may
emerge from matching the oscillation frequency of a
spin-polarized source to the precession frequency of spins
in another material.

We consider a material in which a charge Gunn domain
[15] has formed in the ordinary way. Thermal fluctuations
lead to a small, randomly oriented spin polarization P =
(ny — ny)/n, where ny(ny) is the density of spin-up (spin-
down) electrons and n = n; + n;. At room temperature a
P ~ 0.01% in a small (I uwm?) region of GaAs doped to an
electron density of 10'® cm™3 costs kzT to excite, where
kg is the Boltzmann constant and 7 the temperature. The
application of an external magnetic field would preferen-
tially orient these fluctuations antiparallel to the field (the g
factor for GaAs is —0.44 so a magnetic field of 0.2 T would
polarize spins ~0.01%; a field of 0.5 T would dominate
over thermal fluctuations in a 1 um?® region). Spin-orbit
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effects [17] could also seed the initial oriented spin polar-
ization. Once P # 0, the amplifying effect described in this
Letter causes it to grow until it reaches a saturation limit
which can be near unity.

The amplification of this small initial spin polarization
originates from an electron velocity (v = wE, where u is
the mobility and E the electric field) that (1) depends on the
local spin polarization of the electrons, and (2) differs for
spin-up and spin-down electrons. The mobility depends on
the carrier density, and thus the mobility for spin-up car-
riers, uy = w(ny), differs from that for spin-down carriers,
w; = u(ny). The mobility near P = 0 can be approximated
as

iy = m(n/2)(1 + (—)aP), (1)
where

d B lim p(ny) — p(ny)

a = lim
2P pyy

P=0 2Py, P—0

: 2

and p,, = (muq + nyu))/n is the average mobility. For a
bulk parabolic band with effective mass m”,

_ € /c 53/27(6)(3fT(1)(6)/86)de
M) m 80 63/2(af1(1)(6)/86)d6

where f;)(€) is the Fermi occupation function at energy e
of spin 1 (]), 7(€) is the carrier scattering time, and e is the
electron’s charge [18]. The dominant spin-conserving elec-
tron scattering mechanism, which determines 7(€) (tabu-
lated in Ref. [18] for common mechanisms), determines
the value of o we calculate below.

Most semiconductors have a # 0. As shown in Fig. 1,
due to the Pauli exclusion principle the chemical potentials
of spin-up and spin-down electrons [f;(€) and f|(e)] in a
spin-polarized electron gas are different. Thus in a polar-
ized degenerate electron gas the energy distributions of
spin-up and spin-down electrons differ, and the mobilities
from Eq. (3) for P # 0 will differ from those for P = 0.
For scattering of conduction electrons from ionized impu-
rities, acoustic phonons via piezoelectric coupling, or lon-
gitudinal phonons via Frohlich coupling (LO-phonon

3)
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FIG. 1 (color). Scattering of spin-up and spin-down electrons.
(a) The electrons are unpolarized, and the mobility of spin-up
and spin-down electrons is identical. (b) The electrons are spin
polarized, and the mobility of spin-up electrons is either smaller
(a <0, see purple curve) or larger (a > 0, see green curve) than
the mobility of spin-down electrons.

scattering), the low-energy electrons are scattered more
than the high-energy electrons [18], as shown in Fig. 1.
In the spin-polarized electron gas the increased energy of
the spin-up electrons leads to longer scattering times and
thus a higher mobility than for spin-down electrons. This
situation corresponds to & > 0 in Eq. (1). If the dominant
scattering process involves acoustic phonons coupling via
the deformation potential (DP-phonon scattering), then the
spin-up electrons scatter more than the spin-down elec-
trons [18], as also shown in Fig. 1, and @ < 0. The only
common scattering process that produces o = 0 is neutral-
impurity scattering. Thus the mobility of electrons for P #
0 almost always depends strongly on the spin orientation,
even when there is no explicit spin dependence in the
scattering processes themselves. The spin-polarization de-
pendence of the mobility originates from the same energy
dependence of carrier scattering that produces a density-
dependent mobility w(n) [18], and thus should be generic.

Calculations for GaAs and InP for & from Egs. (2) and
(3), as a function of density at 300 and 500 K, and as a
function of temperature for n = 10'® cm™3, are shown in
Fig. 2. For these processes |a| increases with increasing n,
and decreases as T increases, with |a| > 0.1 for T <
500 K at n = 10'® cm™3. At and above room temperature,
LO-phonon scattering dominates and « > 0.

Electron-electron interactions produce a frictional inter-
action between differently moving spin-up and spin-down
electrons. This ““spin drag” [19] can be accounted for by
replacing a with a[1 — (2py/py)], where py, is the spin
transresistivity and py is the ordinary resistivity of spin-up
electrons. Calculations of the spin transresistivity in
Ref. [19] provide an estimate of (2py/pyy) = 0.002 for
T=500K and n = 10" cm™3, and justify neglecting
spin drag effects in our calculations.

GaAs InP

o 025 05 075 1 0 025 05 075 1

n (10 cm3) n (10'%m3)

Saf 4t 3
I 1 F 41

150 300 450 600 750 900 150 300 450 600 750 900
T K T (K

o

FIG. 2 (color). (a),(b) a(n) for GaAs and InP at 300 K (dashed
line) and 500 K (solid line). (¢),(d) a(T) for GaAs and InP
for n =108 cm™3. Green curves are LO-phonon scattering,
blue curves are ionized impurity scattering, red curves are
piezoelectric-phonon scattering, and black curves are DP-
phonon scattering.

We now consider the effect of @ # 0 on the spin polar-
ization of electrons in an initially unpolarized charge Gunn
domain. The Gunn domain itself moves in a self-sustaining
way—an inhomogeneous electric field moves the charge,
and the shifting space-charge region moves the electric
field—and the net result is the collective motion of the
electric field shape and the space-charge region through the
sample. A small difference in mobility between spin-up
and spin-down electrons means fewer electrons of one spin
species will flow in response to these electric fields. This
increase of P further enhances w; — u) (positive feed-
back), which drives a further increase in P. The electric
field is determined by the charge density through the
Poisson equation (independent of P), so the domain con-
tinues to move as before but now with P # 0.

The very short ( < 100 fs) electron momentum scatter-
ing time permits use of drift-diffusion equations [1] to
calculate the time dependence of the spin polarization,

_ 2
% __m nl_a(nTvT)+DT8 I’;T, @)
ot 2T, ox ox

_ 2
any _ _n "1_5(”1v1)+D Gnl’ 5)
Jt 2T1 dx 8x2

where T is the spin relaxation time of the electrons and D;
and D, are the diffusion constants for spin-up and spin-
down electrons, respectively. Using Egs. (1)—(5), keeping
only terms up to first order in P, neglecting pure diffusion
effects, and shifting to the domain’s frame (x' =
X — Vgoml, Where vy, is the domain’s velocity),
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This equation predicts spin amplification if y > T, . The
dP/dx" term describes the flow of inhomogeneous spin
polarization within the domain; similar terms describing
charge flow are ignored in treating the charge Gunn effect
itself [20], as they do not change any qualitative behavior.
Our treatment here neglects this term, which we estimate to
be over an order of magnitude smaller than yP.

The first observation about Eq. (6) is that the central
quantity vy is proportional to the spatial variation of the
drift current. dn,/dt = V - j,, where j, is the current of
carriers with spin s, so differing spin-up and spin-down
currents (from wu; # u|) produce differing spin-up and
spin-down density accumulation. vy is largest for situations
involving large charge imbalances (yet still less than the
material’s breakdown field). High doping levels produce
more localized domains and less microwave power in the
fundamental oscillation mode, so ordinary doping levels
are in the range of 10'¥~10'® cm™3 for charge Gunn de-
vices. For the spin Gunn effect, however, a higher density
leads to larger P.

We now quantitatively calculate the value of y for a
doping level of 10'® ¢cm ™3 at a 300 K lattice temperature in
GaAs and InP. We ignore higher-order effects and evaluate
—(a/n)o[nEu(n/2)]/ax' for P = 0. Hence

190 10
oy /"“i| (7)

e(n — ng)
= —auEl &80 el d
Y ar [ ndx" w ox

eE

where €, is the dielectric permittivity of the semiconductor.
Our calculation of n(x’) and E(x) for the Gunn domain
follows that of Sze [21] for a mature, steady-state domain.
We assume the electrons in the lower valley and the upper
valleys have the same temperature [22,23] and that the
diffusion constant is independent of the electric field, the
electron density, and spin. The time-dependent electron
current is equal to the displacement current,
an oE
J = env(E) — eD o € (8)
For a high-field domain propagating without a change of
shape, in the domain’s reference frame

Q @ — {I’l[U(E) — vdom] - nO(vR - vdom)}
€, dE :
The electron drift velocity outside of the domain, v, =

J/(eny), and the electric field at such points is Eg. The
solution of Eq. (9) is

£_1n<£>_1= E{[U<E')—vdom]

no ngo €7’l0D Eg

()]

n—ny

- vdom)}dE’. (10)

no

A self-consistent solution to Eq. (10) determines E(n).
E(x") can then be found from Poisson’s equation,
€ (E dE

X =xj+—= ,
e Edumn_no

(1D

where x|, is the location of the peak electric field in the
domain’s frame. The local electron temperature 7, is

kgT, = kgT, + (2/3)eT . wE?[1 + Rexp(—AE/kzT,)]™",
(12)

where 7 is the lattice temperature, 7, ~ 107! s the en-
ergy relaxation time, AE the energy separation between the
I" and L valleys, and R the ratio of the density of states in
the L to the I" valleys (values from Ref. [21]). Figure 3
shows solutions of Egs. (10) and (11) for n and E as a
function of position for GaAs and InP for 7, = 300 K.
The spin amplification factor vy is shown in Figs. 3(e)
and 3(f) for DP-phonon scattering, and in Figs. 3(g) and
3(h) for LO-phonon scattering. As T, varies with position
according to Eq. (12), @ must be evaluated as a function of
T, and n to determine y properly. The electric field, and
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FIG. 3 (color). Position dependence of the density n [(a) for
GaAs, (b) for InP] and the electric field E [(c) for GaAs, (d) for
InP] in the domain frame (x’ = 0 is the domain center). Spin
amplification rate y for DP-phonon scattering [(e) for GaAs,
(f) for InP] and for LO-phonon scattering [(g) for GaAs, (h) for
InP]. The three curves correspond to different drift velocities far
from the domain (different applied voltages to the Gunn diode):
black is 5.7 X 10° cm/s for GaAs, 2.6 X 107 cm/s for InP; red
is 5.0 X 10% cm/s for GaAs, 2.45 X 107 cm/s for InP; blue is
4.0 X 10° cm/s for GaAs, 2.4 X 107 cm/s for InP. Saturation
spin polarization Py, [corresponding to y(Pg) = T; '] (i) for
GaAs and (j) for InP.
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thus V - j,, is largest at the center of the domain. However,
T, is also greatest there, so the largest y occurs near but not
at x' = 0. For GaAs there is amplification for T; > 3 ps,
and for InP for 7| > 2 ps.

We propose Gunn diodes with n ~ 10'8 cm™3 for the
spin Gunn effect. For a lower doping density of 10'® cm ™3
the T, of GaAs at 300 K is 50 ps [24] and our calculated
¥ ~ 4 ns™!, so spin amplification is not expected to occur.
For n ~ 10'® cm™3 the T, at peak y(x') is 500 K, and the
T3 dependence of D’yakonov-Perel’ precessional relaxa-
tion [24] suggests 77 ~ 12 ps. Our calculated spin ampli-
fication rates of y > 0.4 ps~! are 5 times larger than this
rapid spin relaxation rate, providing confidence that spin
amplification will occur for room-temperature devices. At
these high temperatures the enhanced electron-electron
scattering [25] and the reduced mobility should also in-
crease T far beyond 12 ps. Although higher densities than
n ~ 10" cm™3 produce even larger y’s, the electric field
may exceed breakdown.

The spin Gunn effect is a pulse of highly spin-polarized
electrons located just before or just after a charge current
pulse, depending on the dominant orbital scattering pro-
cess. An estimate of the steady-state (saturation) values of
the spin polarization (Pg,) requires an estimate of a for
P # 0. Multiplying the expression in Eq. (2) by 1 — P?
yields the proper approximate behavior: amplification near
P =0 is unchanged, whereas amplification for P = *1
vanishes. Shown in Figs. 3(i) and 3(j) are P, estimated for
LO-phonon scattering determined by setting 7; = 10 ps,
using this modified form for a(P), and solving y(Pg) =
T;'. As a(P = 1) = 0, a changes 100% between P = 0
and P = 1. In contrast, n, u, and E change ~20%. Thus
we neglect nonlinear effects on n, u, and E in our calcu-
lation of Pg,. When y(P = 0) < T; !, P = 0. The larg-
est P, exceeds 80% for both GaAs and InP, and should be
directly visible in a Faraday rotation measurement (e.g.,
Ref. [26]). When there is a convincing electrical method of
spin-polarization detection in nonmagnetic semiconduc-
tors, these spin-polarized pulses will be detectable in that
way.

We have demonstrated that, even when carrier scattering
processes are entirely independent of spin, that the carrier
mobility depends on the spin polarization of those carriers.
This leads to a spin-dependent response of current flow to
inhomogeneous electric fields and carrier densities. In the
presence of a charge Gunn domain that spin-dependent
response generates spin-polarization amplification and
spontaneous spin-polarization generation. This spin Gunn
effect is robust to temperature and spin relaxation, suggest-
ing a wide range of potential applications and devices.
Potential uses of the resulting series of highly spin-
polarized pulses (each in register with a charge Gunn
domain) include generating a reservoir of spin-polarized
carriers within the semiconductor for spin-based logic,
modulating the optical properties of semiconductor de-

vices at high speed, and exploring resonant transport
through quantum dots. Ultrafast optical excitation of car-
riers typically involves the repetitive generation of carriers
every ~10 ns; our predicted electrically generated pulse
trains of spin-polarized current may have similar uses in
exploring the spin-dependent physics of various materials,
including those with unfavorable optical properties such as
silicon.
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