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Optical Polarization Modulation and Gain Anisotropy in an Electrically Injected Spin Laser
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The effects of spin-induced gain anisotropy on output polarization and threshold current reduction of
electrically pumped spin-polarized lasers have been studied. Analytical forms of these parameters are
derived by considering diffusive transport from the spin injector to the active region. The calculated values
of the parameter are in excellent agreement with values obtained from measurements made at 200 K on an
InAs/GaAs quantum dot spin-polarized vertical cavity surface-emitting laser. Electrical modulation of the
output polarization of the laser is demonstrated with a peak modulation index of 0.6.
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The ability to dynamically switch between orthogonal
polarization states in spin-polarized semiconductor lasers
with the bias current, which are otherwise difficult to
predict, stabilize, or control [1-3], offers a novel and
elegant technique for secure communication in a lightwave
network. Other envisaged applications include reconfigur-
able optical interconnects, the study of vitamins, and asym-
metric photochemical synthesis [4]. Spin-polarized lasers
also promise reduced threshold current [5,6], enhanced
emission intensity, and optical communication with en-
hanced bandwidth [7].

In electrically pumped spin-polarized light sources, a
nonequilibrium spin population is injected from a magnetic
contact to the forward biased active region of a diode
consisting of nonmagnetic semiconductors [8]. The active
region can be a bulk semiconductor or quantum structures
such as quantum wells, wires, or dots [9]. The selection
rules for the conservation of angular momentum directly
relate the spin orientation of the carriers transported to the
active region to the polarization of photons emitted upon
their radiative recombination [10]. While these relations
hold for spontaneous emission, such as in a spin light
emitting diode, they do not reflect the output polarization
in a spin laser [5] due to the nonlinear dynamics and the
spin polarization in the gain medium (active region), which
gives rise to a large gain anisotropy at biases near thresh-
old. As a result, the output polarization can be much larger
than the spin polarization of the injected carriers. This has
been observed by us in quantum well spin lasers [6], but the
exact magnitude of the output polarization and the parame-
ters and dynamics upon which it depends have been hith-
erto unknown. In the present study, we have derived the
analytical form of the output polarization II ., the threshold
current I (H), and the threshold current reduction
Al /1y, as determined by gain anisotropy. In particular,
we have highlighted the role of the diffusive transport of
spin-polarized electrons from the ferromagnetic contact to
the active region. The calculated values of these parame-
ters are in excellent agreement with values obtained from
the first measurement of electrical modulation of a
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InAs/GaAs quantum dot (QD) spin-polarized vertical cav-
ity surface-emitting laser (VCSEL) with MnAs ferro-
magnetic contacts, schematically shown in Fig. 1(a). The
quantum dot active region allows high temperature opera-
tion since the spin relaxation time in the dots, limited by
the D’yakonov-Perel spin scattering process [11], is en-
hanced due to carrier confinement. The present study
provides a comprehensive insight to the operation and
characteristics of an electrically injected spin-polarized
semiconductor laser.

An important aspect which has to be taken into account
in any spin laser, edge- or surface-emitting, is the diffusive
spin transport from the ferromagnetic contact to the active
region. Spin polarization at a distance x from the ferro-
magnetic contact at x = 0 [see Fig. 1(b)] is governed by
[12]
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where Ay is the spin diffusion length in the transport
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FIG. 1 (color online). (a) Heterostructure of a GaAs-based spin
VCSEL grown by molecular beam epitaxy. The active (gain)
region consists of InAs/GaAs quantum dots placed in a GaAs A
cavity. The ferromagnetic MnAs/Alj;GayoAs tunnel injector
contact is regrown selectively on GaAs, as shown in the figure.
(b) Schematic representation of the variation of carrier spin
polarization with distance from ferromagnetic contact (MnAs)
in a VCSEL in accordance with the spin diffusion equation. The
barrier (cavity) is at distance x, and the quantum dot region is at
distance x,. In the barrier and quantum dots, the polarization
decreases from Py, 1 to Pgyino and Ilg; to I, respectively.
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spin-polarized carriers is neglected since the doping den-
sities in the transport region are relatively high (~5 X
107 em™3). These functions are valid from the contact
up to the barrier (cavity) region, i.e., x = x;. For x > x;,
the polarization is governed by the laser parameters. Also,
we know that the ferromagnetic contact polarization is
given by

Nt(x=0)—N (x=0)

Pcontact = H(X = O) = N+(x — O) + N*(x = 0)

2

The value of Py, 18 known from a measurement of the
out-of-plane magnetization of the MnAs contact as a func-
tion of H [13], the spin-dependent density of states of
MnAs [14], and the spin injection efficiency at the
MnAs/GaAs tunnel barrier [15].

The dynamics of carrier and photon densities in semi-
conductor lasers are governed by the coupled rate equa-
tions as outlined in Refs. [5,16]. The parameters used in the
model along with the values for our laser are listed in
Table I. The nonlinear gain in the active region is generally
expressed in terms of the gain compression factor € as
gn, S)=dg/dn (n — n,)/(1 + €S), where n(=n* +n")
is the total (sum of spin-up and spin-down electrons)
carrier density in the active region. Since the laser is
operated very close to threshold where the gain anisotropy
is a maximum, €S < 1, and hence g(n, S) = g(n).

The laser rate equations and the spin diffusion equation
are solved with the objective of obtaining analytical forms
of the threshold current (and hence the threshold current
reduction) and output polarization as a function of applied
magnetic field. In solving these equations, we define a set
of intermediate parameters. These are the spin polarization
at any point x(0 = x = x;), 1I(x), the quantum dot spin

TABLE I. Spin laser model parameters and their values for a
InAs/GaAs QD spin VCSEL at 200 K.

Parameter Symbol Value
Differential gain dg/dn 3.4 X107 cm?
Rad. recombination coeff. By, 9.4 X107 cm?s™!
Auger recombination coeff. C 1.5X107% cmbs™!
Carrier capture time Teap 45 ps
Spin-flip time in barrier Tob 300 ps
Spin-flip time in QD T 150 ps
Photon group velocity v, 8.7 X 10° cms™!
Optical confinement factor r 0.024
Spontaneous emission factor B 6X 1074
Photon lifetime Toh 1 ps
Threshold carrier density g, 4.66 X 10'® cm™3
Transparency carrier density Ty 4x10"7 cm™3
Ferromagnetic contact P ontact 0.31

polarization
Spin diffusion length Ayt 0.6 X 107* cm
Barrier volume Vi, 2.1 X 107" cm?
Active region volume Vap 2.8 X 1071 cm?

polarization IT, = (n* — n~)/(n™ — n™), and the average
barrier polarization Il , = (n,™ —n,”)/(n,™ —n,”),
where n; is the spin-up (spin-down) carrier density at
the barrier. On the other hand, the degree of circular
polarization of the output IT, = (ST — S7)/(S* + §57)
and the light output L = S* + S~ are measurable quanti-
ties, where S* are the density of the right- and left-
circularly polarized photons, respectively. By solving the
steady state laser rate equations [17] it can be easily shown
that the barrier polarization and the output circular polar-
ization are related to the carrier density through

Vb nb

Vo =v,[g(n*)S™ +g(n™)ST]+ Byn® +Cn’, (3)
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Similarly, the output circular polarization is related to the
carrier density through

S

Ug[g(n+)S7 + g(ni)S+:| = % BBspnzy (5)
FTph
+yo— ot T8 + -
v [g(n")S™ —g(n™)S ]=—F7—BBspn(n —n),
Tph
(6)
where S* are given by
I'8B n*
57 = Phath )

1/7p, — Tw,g(n™®)’

Combining Egs. (3) and (5), and noting that the pump

current /yym, = Iy, when n = ng /(1 + 11), we get
1 Sy, Byni(1 = B) Cn, ]
Iy(H) = qVop| = — ,
ot = Vo 122+ A G T
(€))

where Sy, is the photon density at threshold. It is found that
the cumulative contribution from the terms containing the
threshold photon density (Sy,) and the Auger recombina-
tion coefficient (C) in Eq. (8) is less than 10% of the
contribution from the term having the radiative recombi-
nation coefficient (By,), under all possible operating con-
ditions of a spin laser. Hence, knowing I, o, the percentage
threshold current reduction Al (H)/Iy, is reduced to a
simplified form given by

Alth(H) ~ Hv(Hs + 2)
Ipo — (1+TII)*°

(©))

It is of interest to note that this parameter is determined
exclusively by II. Therefore, parameters such as gain and
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differential gain of the active material or the quality factor
of the laser cavity will not play a role in determining
percentage threshold current reduction.

Similarly, the output polarization [as obtained by using
Eq. (7) and Eqgs. (5) and (6)] is given by

HC(H’ Ipump) 1+ FngPh%n“'

IT, 1 +Fvg7ph%ntr—rvg7ph%nm(l —1I,)
(10)
We also define a gain anisotropy parameter:
gln™) 1+1I,
H I =2 = . 11
gA( B pump) g(n_) 1— H_y ( )

The parameters (Aly, /o), &a. ., and dIl./d(1y,/I,0)
are plotted against the injection current and applied mag-
netic field and are depicted in Figs. 2 and 3. The device and
material parameters used and obtained from our own work
and from recent reports [18-21] are listed in Table I. The
calculated data will be discussed in detail along with the
experimental results to be presented next.

Measurements have been carried out on spin-polarized
quantumdot VCSELSs [Fig. 1(a)] grown by molecular beam
epitaxy. The active region is comprised of 10 layers of InAs
quantum dots. Circular post devices with mesa diameters
from 15 to 30 um diameter were fabricated by standard
processing techniques [13]. As illustrated in Fig. 1(a), a
MnAs (25 nm)/n"-AlyGagoAs (15 nm) Schottky barrier
heterostructure is selectively regrown after a mesa defini-
tion, to form the spin polarized electron injector contact
[22] and is critical in the context of electron spin injection
[23]. We have earlier measured the injected spin polariza-
tion at identical MnAs tunnel injectors to be 31% [15].
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FIG. 2 (color online). Data from a 15 um diameter
InAs/GaAs QD spin VCSEL at 200 K: (a) calculated and
measured reduction of threshold current with magnetic field
applied perpendicular (hard axis) to the plane of the MnAs
contact. The inset shows the calculated and measured percentage
reduction of threshold current with field; (b) calculated variation
of the gain anisotropy parameter, as defined in Eq. (9) (text) with
normalized pump current.

Identical control VCSELs were also fabricated with a
Ti/Au nonmagnetic contact replacing the MnAs injector.

The lasers were mounted in a magneto-optical cryostat
for measurements, which were done in the Faraday geome-
try. All measurements reported here were carried out on
15 pwm diameter VCSELs at the design temperature of
200 K where no offset exists between the photolumines-
cence gain peak and the distributed Bragg reflector (DBR)
reflectivity peak, and hence lasing with the minimum
threshold current is obtained. This temperature is carefully
chosen such that a large number of spin-polarized carriers
can still reach the QD active region. The current biasing to
the lasers was in the continuous wave mode. The measured
reduction and percentage reduction (Aly /Iy, ) of the
threshold current with the application of magnetic field
are plotted in Fig. 2(a) and its inset, and there is good
agreement with the calculated values of the respective
parameters. A maximum threshold current reduction
(Aly/I o) of ~8% is measured at H = 2.1 T, at which
field the saturation of the out-of-plane magnetization of
MnAs contact also occurs. No threshold reduction is ob-
served for the nonmagnetic VCSEL. The calculated varia-
tion of gain anisotropy with current [Fig. 2(b)] indicates
that spin-related phenomena are operative only for lasers
biased near threshold Iy, o. It may be noted that the gain
anisotropy (g4) is largest just below threshold. This is
easily understood by considering injection of spin-
polarized carriers in a laser biased slightly below threshold
Iy, 0. An application of magnetic field results in injection of
spin-polarized carriers which can preferentially enhance
the gain of one polarization mode above threshold gain,
while the gain of the other polarization mode still remains
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FIG. 3 (color online). (a) Calculated and measured modulation
of output circular polarization of a InAs/GaAs QD spin VCSEL
as a function of normalized pump current at different magnetic
fields. The inset shows calculated polarization for constant pump
current spin polarization, instead of the variation of Py, shown
in Fig. 1(b); (b) measured modulation index versus pump cur-
rent. The calculated values are shown for currents at and above
threshold.
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subthreshold, resulting in a large gain anisotropy and re-
duction in the threshold current. As the injection is in-
creased, the difference in peak gain of the two polarization
modes will decrease, and the gain anisotropy will also
steadily decrease. Needless to say, it is desirable to have
the highest possible value of g,. The maximum value of g,
attainable with a ferromagnetic MnAs spin injector is ~2,
under the ideal conditions of negligible spin flip during
transport of spin-polarized carriers to the active region. An
increase in spin injection efficiency will lead to higher gain
anisotropy [Eq. (11)] and hence enhanced threshold reduc-
tion and output circular polarization.

The output polarization characteristics of the spin laser
are discussed next. For a fixed bias current, the measured
value of II, as a function of the applied magnetic field
follows the measured out-of-plane magnetization of the
MnAs contact very closely. In comparison, the observed
polarization of the nonmagnetic VCSEL is negligible. The
modulation of the output polarization II. with bias current
was measured at different saturation magnetic fields, and
the data are shown in Fig. 3(a). Again, the agreement with
calculated results is very good. As the pump current
reaches threshold, the carrier concentration of the polar-
ized lasing mode with higher gain (say, S*) becomes
clamped at ny,. Further increase in pump current will
increase the carrier concentration of the mode with lower
gain (S7), until ny, is reached for this mode also and the
mode will lase. It is easily seen that the spin polarization in
the QD active region will steadily decrease as the injection
increases beyond the point where the first threshold (for
ST) is reached. This is also the overall threshold for the
laser. Intuitively, it is expected that, in the injection regime
between the thresholds for S* and S™, the output polar-
ization will steadily increase and then decrease after the
threshold for S~ is crossed. However, considering the
transport of injected spin-polarized carriers from the fer-
romagnetic contact to the active region by spin diffusion
and the steady decrease of the spin polarization in the
active (gain) region after the threshold of S* is reached,
the pump spin polarization Py, also decreases, as illus-
trated in Fig. 1(b). This leads to a decrease in output
circular polarization as soon as the pump current increases
beyond the threshold (for S*). Thus the intuitive picture of
the variation of output polarization would be valid only if
diffusive transport of injected carriers is neglected and
Py 1s held constant [inset in Fig. 3(a)]. This is the first
demonstration of electrical modulation of the output po-
larization of a semiconductor laser. We define a modulation
index as AIl,/A(I/1I), and this parameter is plotted in
Fig. 3(b) as a function of normalized current along with the
calculated data. The index goes through a maximum value
of 0.6 at I/I,o =1 and decreases rapidly for high bias

currents due to significant reduction of gain anisotropy in
this range.

In conclusion, we have studied the effects of spin-
induced gain anisotropy in spin-polarized lasers. Analytic
expressions have been derived for threshold current reduc-
tion, output polarization, and the gain anisotropy parame-
ter, taking into account the diffusion of spin-polarized
carriers from the ferromagnetic contact to the active region
and the spin-coupled laser rate equations. The validity of
the derivations is endorsed by excellent agreement of
calculated values of II. and Al (H)/Iy o with those ob-
tained from measurements made with spin VCSELSs having
InAs/GaAs self-organized QDs as the gain media.
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