PRL 104, 246601 (2010)

PHYSICAL REVIEW LETTERS

week ending
18 JUNE 2010

Magnetoelectric Photocurrent Generated by Direct Interband Transitions
in InGaAs/InAlAs Two-Dimensional Electron Gas

Junfeng Dai,' Hai-Zhou Lu,"** C.L. Yang,"* Shun-Qing Shen,' Fu-Chun Zhang,"* and Xiaodong Cui'"’
1Department of Physics, The University of Hong Kong, Pokfulam Road, Hong Kong, China
2Centre of Theoretical and Computational Physics, The University of Hong Kong, Pokfulam Road, Hong Kong, China

3Department of Physics, Sun Yat-Sen University, Guangzhou, Guangdong, China
(Received 1 March 2010; published 14 June 2010)

We report the observation of magnetoelectric photocurrent generated via direct interband transitions in
an InGaAs/InAlAs two-dimensional electron gas by a linearly polarized incident light. The electric
current is proportional to the in-plane magnetic field, which unbalances the velocities of the photoexcited
carriers with opposite spins and consequently generates the electric current from a hidden spin photo-
current. The spin photocurrent can be evaluated from the measured electric current, and the conversion
coefficient of spin photocurrent to electric current is self-consistently estimated to be 1073~10"2 per
Tesla. The observed light-polarization dependence of the electric current is well explained by a theoretical
model which reveals the wave vector angle dependence of the photoexcited carrier density.
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Stimulated by the concept of nonmagnetic semiconduc-
tor spintronics devices [1], spin injection and detection by
optical means have attracted much attention [2—17]. One
way to generate spin current is to use linearly polarized
optical excitations in bulk III-V semiconductors and quan-
tum wells (QW) with asymmetric band structures induced
by the strong spin-orbit coupling (SOC) [11-17]. The left
and right circular components of the linearly polarized
light generate the same amount of carriers with opposite
spins and velocities, leading to a spin photocurrent accom-
panied by no electric current [18]. Because spin current
carries neither net charge nor magnetization, it is necessary
to convert the spin current to either electric current or
magnetization for measurement [6-9,12,13,19-21]. An
in-plane magnetic field may induce an imbalance of photo-
excited carriers with opposite spins in the spin-split bands,
resulting in an electric photocurrent. This field-induced
conversion was systematically studied by intraband tran-
sitions involving abundant spin-dependent excitation and
relaxation processes [16,17], and offered collateral evi-
dence for pure spin currents. Since the induced charge
current in the intraband transition is related to the scatter-
ing of carriers by phonon, impurity, or defect, it is difficult
to use the method to estimate the field-induced conversion.

In this Letter we report a measurement of magneto-
electric photocurrent generated via direct interband tran-
sitions in an InGaAs/InAlAs two-dimensional electron gas
by a linearly polarized light. The observed photocurrent
and hence the hidden pure spin current, are several orders
of magnitude larger than those via the intraband transition.
The spin current generated thus appears promising as a step
towards practical application. The simple picture of the
direct interband transition enables us to have a reliable
estimate of the pure spin current from the electric current,
with the conversion rate found to be 1073-1072 per Tesla.
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The estimated spin current is further confirmed by an
anisotropic photocurrent induced Hall effect when the light
sheds on the edge of the sample in the presence of a
perpendicular magnetic field.

We start with discussions of our experimental setup,
sample parameters, and the optical process. The experi-
ment is carried out on the modulation doped
In,Ga,_,As/InAlAs QW grown along [001] direction, as
shown in Fig. 1(a). The 40 nm InGaAs QW consists of
graded indium composition from x = 0.53 to 0.59. The
mobility and carrier (electron) density were measured as
Wy = 12000 cm? - V- !s land n, = 2.2 X 102 cm ™2 at
room temperatures by Hall measurements. The experiment
setup is shown in Fig. 1(b). A 1050 um long (L) and
50 um wide strip of 2DEG channel along [110] and
[110] directions was fabricated by standard photolithogra-
phy and wet etching. The linearly polarized light at | mW
normally sheds on the channel through a 10X objective
lens. The electric photocurrent J, passing through two
terminals is monitored via the voltage drop V, on a load
resistor Ry, = 3.9 kQ with a lock-in amplifier.

The band gap of 0.764 eV is extracted from the photo-
modulated differential reflectivity spectrum [22] as shown
in Fig. 1(a). The pump source is a DFB packed laser diode
at 1550 nm (0.80 eV), which excites the interband transi-
tion in the InGaAs channel. Since the photon energy is well
above the band gap and the two lowest interband transition
energies [marked by vertical dashed lines in Fig. 1(c)], the
dominant optical absorption mechanism here is the direct
interband transition, in which an electron in the valence
band with the wave vector k absorbs a photon of energy fiw
and transits to the conduction band with the same wave
vector.

In the analysis below we assume linear Rashba type
spin-orbit coupling only, which leads to the two spin-split
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FIG. 1 (color online). (a) [001]-oriented InGaAs/InAlAs
quantum well. (b) The experiment setup. A linearly polarized
light (downward arrow) is normally incident with a polarization
angle 6 with respect to x axis. (c) Photomodulated differential
reflectivity spectrum (blue solid curve) at 77 K with the pump
light of a DPSS laser at 532 nm. Dashed curve is the spectrum
analysis fitting curve [22]. The two lowest interband optical
transitions below the photon energy (0.8 eV) are marked by
the vertical dashed lines. (d) Shubnikov—de Haas (SdH) oscil-
lation beating pattern of longitudinal magnetoresistance R, at
T = 2.5 K. Inset: FFT spectrum of dR,,/dB as a function of
carrier concentration n, indicating two spin-split subbands (ver-
tical dashed lines).

subbands, consistent with our experiment. The Shubnikov—
de Hass (SdH) oscillation of the longitudinal magnetore-
sistance R, along the channel [23] is shown in Fig. 1(d).
The SdH beating pattern of the derivative of R,, and the
corresponding fast Fourier transform (FFT) spectrum in-
dicate the different carrier concentrations of the two sub-
bands [24], as shown in the inset of Fig. 1(d). From these
data, we estimate the Rashba coefficient to be o = 4.3 X
10712 eV - m [25].

Our main observations are summarized in Fig. 2, which
shows the electric photocurrents J, induced by the nor-
mally incident light as functions of in-plane magnetic
fields B along the y direction [(a)—(b)] and along the
x direction [(c)—(d)], respectively. J, is essentially zero at
B =0, and is linearly proportional to B. J, increases
linearly with the light intensity up to the maximum laser
power of 10 mW. Furthermore, J, has a clear light-
polarization dependence, as shown in Figs. 2(a) and 2(c).
The relation between the electric photocurrent, magnetic
fields, and polarization angle € can be summarized by

Jy(By, By, 0) = coB, + c¢,B,cos26 + c,B,sin26, (1)

where ¢, are all proportional to the light intensity. The
first term describes the polarization-independent part, and
is a dominant contribution to the magnetoelectric effect, as
we can see from Fig. 2. The second and third terms
represent the light-polarization dependences of the mag-
netoelectric effect, which are about 1 order in magnitude

1.0

(b)
0.5 1

0.0

-0.5

-1.0

7, [nA]

1 o.104
1 0.051

4 0.00 1

| -0.051

-0.10 1

-0.9 -06 -0.3 0.0 03 06 0.9
0 BIT]

FIG. 2 (color online). Electric photocurrent J, as a function of
the polarization angle 6 and in-plane magnetic fields B, along
y axis [(a)-(b)], and along x axis [(c)-(d)], respectively. B =
0.9 T in (a) and (c). # = 20° in (b), and # = 120° in (d). The
light beam with power of 1 mW from a DFB laser diode at
1550 nm is normally incident on the sample and the focused spot
size is about 10 pm.

smaller than the first term, and are consistent with the C,,,
crystal symmetry of the zinc blende QW grown along
[001] direction [17,26].

Below we shall first present a simple picture to qualit-
atively explain the magnetic-field-induced conversion
from the pure spin current to the electric photocurrent.
The picture [Figs. 3(a) and 3(b)] can be illustrated by a
valence band |v, k) and two spin-split conduction sub-
bands [¢ = *, k) with the band dispersions

h2 2 2 2
Eslk) =5 k= Viak, + b2+ (ak, — h)% (@)

m*

where k,, are the in-plane wave vectors, k* = k3 + k3,
oy, are the Pauli matrices, and h,, denote the Zeeman
energies of the in-plane magnetic fields. In k space, the
states involved in the interband transition form the constant
energy contours which, in the absence of magnetic fields,
are perfect concentric circles split by the SOC [Fig. 3(a)].
Because of the time-reversal symmetry, for each state on a
constant energy contour, there always exists another state
with opposite velocity and spin; therefore they cancel one
another to give no electric photocurrent, but a nonzero
spin photocurrent [11,14,15,18]. According to the above
E.(k), applying in-plane fields will lead to the Zeeman
shifts of the bands and distort the constant energy contours
to Fig. 3(b). This shift then breaks the balance of both
velocities and photoexcited carrier density on the constant
energy contours and leads to a finite electric photocurrent.
Besides the Zeeman effect, a shift can also be induced by
the diamagnetic mechanism [27,28], but the consequence
should be qualitatively similar.

Now we use a theoretical model to further explain the
experimental observation in Eq. (1). The electric photo-
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current density j, can be calculated by summing the veloc-
ities of the photoexcited carriers j, = —eY ., kPeukViks
where —e is the electron charge, p., x is the carrier density,
and v¥, denotes the x-axis velocity of |c, k). For conve-
nience, the summation over k can be rewritten into an
integral in polar coordinates

I = (277)22/ d‘”f kdkd(k = kep)pev Vi (3)

where the wave vector angle ¢ is defined as tang = k, [k,
k., are the magnitudes of wave vectors on a constant
energy contour. For small magnetic fields, we can expand
the velocity vi, = (1/h)0E.(k)/dk, up to the linear
order of the Zeeman energy ,(,) along x(y) axis as

sin2g . _ sin’e
h h,.
mk YT Thk

Vi, =~ (mik + %) cosg F @)
Similar to the second-order nonlinear optical susceptibility,
Pevk i Eq. (3) can be evaluated by the density matrix
formalism [11]. Simply speaking, as a second-order optical
quantity, p,, should be proportional to |E - r.,|> where
E = Ej(cos#, sinf) is the polarization electric field vector
and r,, = (x.,, Y.y) is the expectation value of position
operator between conduction and valence bands. Then
Py turns out to be well described by the form

Pevk = Py + PSP cos2¢ cos26 + piilsin2¢ sin26. (5)

As shown in Figs. 3(c)-3(e), p., x has an anisotropic ¢ de-
pendence. Putting the above p.,x and v, into Eq. (3)
immediately yields a current density in the same form as
Eq. (1) [29]. For example, one can check that the first term
of p.,x and the last term of vy gives the ¢yB, term of
Eq. (1). Above we neglect the hole contribution from the
valence bands, as the lifetime and spin relaxation time of
holes in the n-type well are much shorter than those of
electrons.

The theoretical model allows us to estimate the mag-
nitude of the zero-field pure spin photocurrent from
the measured field-induced electric photocurrent. The
zero-field spin velocities are defined as (flowing
along x, polarized along x and y axes) (s )ag =
< k| Ho, 0112 K), speciﬁcally, (sD)+k =
* 5 " fsin2¢ and (s3)s+y = (+ _kcos> g — %). The spin
currents can be evaluated by replacmg vy in Eq. (3)
x/y

) ek

with (sx Note that the zero-field spin velocity
<hk/m* and the magnetic-field-induced electron velocity
variation « h, /hk, their ratio % /h,, can be employed to
approximate the ratio of the zero-field pure spin current
over the field-induced electric current in strength. This
ratio could be further interpreted as “kinetic energy over
Zeeman energy.” The kinetic energy can be estimated to be
about 1072-10""! eV from the carrier density n, = 0.93 X
10" /em?, and the Zeeman energy h, is about 1.2 X

4 eV/Tesla (Landé g factor =~ —4 [23,30]). The

(e) Pi‘il sin 2¢

270°

FIG. 3 (color online). Schematic description of direct optical
excitations from a valence band |v, k) to the spin-split conduc-
tion bands |c = =, k) at magnetic field B=0(a)and B along y
axis (b). Dashed rings indicate the constant energy contours of
photoexcited conduction electrons, which are symmetric at B=
0 and shifted along k, (k,) in the presence of a magnetic field B,
(By). The circled arrows denote the relative spin orientations
which are in-plane and perpendicular to wave vector. [(c)—
(e)] Wave vector angle (¢) degendence of photoexcited carrier
density p.,x in Eq. (5) at B=0. Only the results on one
constant energy contour are shown. Dark (light) curves represent
positive (negative) values. pO, is always larger than p<o/*™
terms.

field-induced electric photocurrent density of about
1073 A/m can be found from the measured J, in Fig. 2.
Summarizing above gives a magnitude of the spin photo-
current density about 1073-10"2 A/m for a 1 mW incident
light, and a conversion coefficient from spin photocurrent
to field-induced electric photocurrent about 1073102 per
Tesla. In the above analysis, we replace the unit 72/2 of the
spin current with —e for direct comparison with the elec-
tric current.

In what follows, we shall describe a second method to
estimate the spin photocurrent by employing a photoex-
cited Hall measurement, in which the optical pumping acts
like a current source in the usual Hall measurement. Our
finding is consistent with and further supports the estima-
tion of the spin current from the magnetoelectric photo-
current. We apply an out-of-plane magnetic field B, and
scan the light spot across the channel along y axis (Fig. 4).
The light spot may generate photocurrents diffusing out of
the spot edge in all directions with the identical charge
current density j, (note that j, is completely different from
the field-induced electric photocurrent in Fig. 2). When the
spot is right focused on one edge of the sample, the
anisotropic diffusion leads to a net current Dj, (D =
10 pwm denotes the spot diameter) normal to the edge
and consequently produces a Hall voltage along x direction
under the magnetic field B,. Figure 4 shows V, as a
function of the spot position y,, (the scanning path is
marked by the dotted line). The positive and negative peaks
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FIG. 4 (color online). Hall voltage V, as a function of the spot
position yg,q, in the presence of out-of-plane magnetic fields B,
(=0.15T). The right sketch shows the experimental setup,
where a light is shed on the spot at edge of the sample. The
scanning path of yg,, is marked by the horizontal dotted line.
The dashed arrows indicate the Hall current trajectory induced
by B.. The bar size is 50 X 1050 um?, § = 0. The plateau at
Yspot = 20 is due to the in-plane magnetic field (B, = 0.86 T)

induced electric current as in Fig. 2.

correspond to where the light spot is located at the left
and right edges of the channel, respectively. If the spot is
away from the edges, the diffusion of the photocurrent is
isotropic and consequently the Hall voltage vanishes.
The plateau in Fig. 4 is attributed to the in-plane magnetic
field as those in Fig. 2. At the edges, Dj, is related to V, by
a transverse Hall resistivity p,, = 2B, /men,, then j, =
men,V,/2DB, =~ 2.4 X 1072 A/m at the peaks (|V,| =
6.5 uV) in Fig. 4. Roughly speaking, j, can be viewed
as j; + j, while the spin current as j; — jj, and (j; —
J/Gy+ j) ~An/n. With An/n =~ 0.027 [Fig. 1(d)],
the spin photocurrent is estimated about 0.7 X
1073 A/m, and agrees with the low bound by the magneto-
electric effect. Furthermore, j, can also be evaluated from
the conversion of the light power into the photocurrent. If
the sample reflectance of 0.3, photon-carrier yield of 30%,
and the absorption coefficient of 9 X 10° cm™! are as-
sumed, the spin current density is found to be around
1072 A/m, consistent with the high bound obtained by
the magnetoelectric effect. Comparing the above spin cur-
rent density range (0.7 X 1073~102 A/m) with the elec-
tric photocurrent signal owing to B, (the plateau in Fig. 4,
note when 6 = 0, B, and B, induced currents just add up
to one another), one could estimate the conversion coeffi-
cient of spin photocurrent to field-induced electric photo-
current at 1073-1.7 X 1072 per Tesla, in good agreement
with those by the magnetoelectric effect.

In summary, we have observed magnetic-field-induced
electric photocurrent via the direct interband optical ab-
sorption. We have estimated the conversion coefficient of
spin photocurrent to field-induced electric photocurrent to
be 1073-1072 per Tesla. Our experiment demonstrates that
optical injection via the direct interband transition is a

promising means to generate and detect spin photocurrent,
as well as a reference for future evaluation of pure spin
currents. This should stimulate further experiments to
study nonmagnetic spintronics towards its practical
applications.
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