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1. Quantum Well and Quantum Dot Spin Polarized Lasers

Comprehensive Summary of the significant work accomplished

Spin-polarized lasers are expected to outperform semi-conductor lasers whose operation
depends solely on electron charge. Spin-dependent effects such as ultrafast optical switching
[1], polarization control [2], and thresh-old current reduction [3] have already been
demonstrated in vertical-cavity surface-emitting lasers (VCSELSs) using circularly polarized
photoexcitation to generate spin-polarized carriers. The ability to independently modulate the
optical polarization and intensity in spin-polarized VCSELs (spin-VCSELs) make these lasers
suitable for a wide range of applications, including reconfigurable optical interconnects,
ultrafast optical switches, chiroptical spectroscopy, and telecommunications with enhanced
bandwidth.

Spin-VCSEL operation stems from optical selection rules which govern the conversion
between spin and photon angular momentum [4]. [Recombination of spin-up (spin-down)
electrons and heavy holes radiates left-hand (right-hand) circularly polarized photons.] The
fundamen-tal mode of a VCSEL may be described by two, circularly polarized lasing
transitions in which intermixing occurs through spin-flip processes [5], and spin-polarized
carriers will couple selectively to one circularly polarized mode to satisfy angular momentum
conservation. A randomly polarized current will feed both modes equally such that both modes
must reach threshold for lasing to occur. Consequently, both modes radiate equal intensities
which admix above threshold to form linearly polarized emission. A spin-polarized current,
however, will feed one mode preferentially such that the favored mode can reach threshold with
fewer total carriers. Lasing of the unfavored mode is effectively suppressed until the injection
current is increased sufficiently to satisfy lasing requirements for both circularly polarized
modes. The onset of lasing occurs with fewer total carriers as required for a randomly polarized
current, and the overall threshold current of the laser is effectively reduced. Injection of a 100%
spin-polarized current is expected to result in a theoretically maximal reduction of 50%.
Threshold current reductions have been demonstrated experimentally in optically pumped spin-
VCSEL:s at both low and room temperature [3,6]. However, electrically pumped spin lasers are
essential for practical applications. Confirmation of electrical spin injection in VCSELs is
nontrivial and complicated by a need to apply large magnetic fields to perpendicularly
magnetize most thin-film ferromagnets [7]. In this Letter, we report the first unambiguous
demonstration of an electrically pumped spin-VCSEL where an Fe Schottky tunnel contact is
utilized for electron spin injection into an InGaAs quantum well (QW) VCSEL. A net degree of
circular polarization of 23% along with a significant threshold current reduction of 11% are
observed. Rate equation analysis of the observed reduction provides a reasonable estimate of
the cavity spin polarization.

Most significant advancements and Conclusions (include equations & figures as
appropriate)

The laser sample is grown by molecular-beam epitaxy (MBE) and consists of a 29.5-
pair AlgsGag,As/GaAs distributed Bragg reflector (DBR) stack for the bottom mirror, a full-
wave GaAs cavity with an Ing>GaggAs multiple QW (MQW) active region, and a hybrid top
mirror formed from one quarter-wave pair of p-doped (N = 5x10'80m'3) AlggsGagrAs/GaAs
DBR and a 5-pair MgF,/ZnSe dielectric DBR stack [7]. For the bottom DBR mirror, only the
three AlpsGag2As/GaAs pairs nearest to the cavity are n-doped (Np= 7 x10" cm'3). Circular




post spin-VCSELs are fabricated using standard microfabrication techniques. We elect annular
intracavity contacts for electrical device connection which are interconnected to coplanar anode
and cathode bond pads. Such a configuration is commonly used in high-performance VCSELs.
An Fe/Alg1GaggAs Schottky barrier is deposited by MBE regrowth around the laser mesas on
the topmost n-GaAs layer, which is needed to reduce the transport length from the Fe contact to
the active region. We adopt a recipe reported by Hanbicki et al. [8], which results in spin-
injection effciencies of 30% over the temperature range of 90-240 K. Control VCSELs where
Fe is deposited atop nonmagnetic n-Ohmic metallization and nonmagnetic VCSELSs containing
no Fe are also fabricated to provide evidence of electrical spin injection in our Fe spin-VCSEL.

The polarization of VCSEL emission is determined by spin and cavity anisotropies,
which can either compete or cooperate to determine the laser polarization state [9]. Though
cylindrically-symmetric VCSELSs ideally lack a polarization anisotropy mechanism to select a
preferred polarization, linearly polarized emission aligned along a <110> axis is generally
observed and attributed to strain-induced birefringence [10]. This polarization preference is
relatively weak, leading to polarization switching induced by changes in temperature, injection
current, or stress. Measurements on our VCSELs find a highly linearly polarized emission
above threshold with the polarization axis aligned along a <110> direction. In this experiment,
we confirm that the spin anisotropy induced from spin injection can overcome unintentional
polarization preferences present in our design.

The degree of circular polarization, Il¢, of the Fe spin-VCSEL is analyzed using a
photoelastic modulator and linear polarizer combined with lock-in detection. The laser is biased
near threshold [1.2xIy 0 where Ing is the threshold current at zero magnetic field (H=0)] under
continuous-wave (cw) operation and characterized using the Faraday geometry. As shown in
Fig. 1(a), Ilc for a 15 pm diameter Fe spin-VCSEL is seen to very closely track the out-of-plane
magnetization of a 10 nm Fe layer, which demonstrates that the electroluminescence
polariza-tion originates from the Fe contact. Ilc saturates at nearly 23% for applied magnetic
fields greater than the out-of-plane saturation field for Fe (Hy = 2.2T), and the sign of Ilc is
indicative of majority spin injection. Since spin injection results in a net circular polarization,
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Figure 1 (a) Degree of circular polarization and (b) threshold current reduction versus magnetic field fora 15 pym

diameter spin-polarized VCSEL measured at 50 K. The normalized out-of-plane magnetization curve for a 10 nm

Fe layer is shown for comparison. Top inset shows the electro-luminescence spectrum, exhibiting a full-width at
half maximum of 0.36 nm at 50 K. Bottom inset depicts the Fe spin-polarized VCSEL design.

we conclude that spin anisotropy is sufficient to overcome other anisotropy mechanisms
introduced from cavity anisotropy, geometry, or wave guiding effects that impart a preference
for linear polarization in the Fe spin-VCSEL.

Longitudinal and transverse optical confinements are ensured by the DBR mirrors and
post geometry, respectively, such that the emission never passes through the ferromagnetic Fe




layer. Therefore, a parasitic polarization arising from magnetic circular dichroism (MCD) is
absent in our laser since the Fe layer is incorporated outside of the cylindrical resonator; this
assumption is verified through magneto-photoluminescence measurements [11]. More-over, a
[Ic < 1.5% is measured for magnetic fields up to 40 kOe in the control VCSEL, which is
significantly less than the saturation value of Ilc measured for the Fe spin-VCSEL. Parasitic
contributions from stray field or magneto-optical effects cannot account for the observed I¢ in
the Fe spin-VCSEL, which provides convincing evidence of spin injection, transport, and
detection in our Fe spin-VCSEL.

Semiconductor lasers are expected to exhibit a threshold current reduction when
pumped with a spin-polarized current. Any change in threshold current (Al) will be reflected
by a change in total light intensity (AL) for a fixed current bias, and the threshold current
reduction may be determined from Aly =AL/mp, where np is the differential slope efficiency.
Magnetic field dependent optical power measurements are performed in the Faraday geome-try
for cw-biased Fe spin-VCSELs. As H is increased from 0 to 40 kOe, an emission intensity
enhancement and cor-responding threshold current reduction are observed for a 15 pm diameter
spin-VCSEL biased at 1.2 L [Fig. 1(b)]. The threshold current reduction saturates for H > Hgy
at a value of 11%. The gradual decrease of Alp/Lino at high magnetic fields is attributed to the
slight decrease in total light intensity with increasing magnetic field, which is observed for both
spin-polarized and non-magnetic VCSELs. The mechanism responsible for this behavior is
currently unknown. Negligible threshold cur-rent reductions are observed for the control and
nonmag-netic VCSELs [11]. This finding proves that the threshold current reduction results
exclusively from electron spin injection by the Fe/AlGaAs Schottky tunnel barrier. As shown in
the inset to Fig. 1(b), placement of the spin injector around the laser mesa requires both
transverse and longitudinal spin transport for electron spins to reach the laser active region. The
separation between the Fe contact and laser mesa is ~1 pm. This results in an average electron
spin transport length of ~4.5 pm in a 15 pm spin-VCSEL. The observation of a sizable
threshold reduction is in accord with spin transport lengths exceeding 30 pm observed by other
groups [12,13].

To analyze the carrier-photon dynamics in our Fe spin-VCSEL, we employ a rate
equation model [3,6,14] which accounts for the spin-up and spin-down carrier densities in
the barrier, nb , and MQW active region, n, and the photon density for right-and left-circularly
polarized light, S.. The rate equations are as follows:

ﬁ - _ ﬂf 3 o Pspln Ipump n; —ny, (1)
at Teap 2 qV, Tsp
ant v, ni n*—n" nt(n* +n- nt(n* +n)?
— = ———L _y g(nt,s7)STF - By, ( 0 ( ) )
at VMQW Tcap T 2 2
ast nt(n* +n7) St
—— =Ty,g(n*,$t)St + 1By ———- - — 3)

at 2 Tpn
where tc,p is the carrier capture time, Pgiq is the degree of spin polarization of the pump current
(Ipump), Tsp is the spin-flip time in the barrier (QW), Vi, (Vmgw) is the volume of the barrier
(active region), By, (C) is the bimolecular radiative (Auger) recombination coefficient, v, is the
group velocity of light, I is the optical confinement factor, B is the spontaneous emission factor,
and Ty, is the photon cavity lifetime. The gain in the laser cavity is modeled as g(n,S)=dg/dn (n-
n,)/(1-eS), where dg/dn is the differential gain, n is the transparency carrier density, and ¢ is
the gain compression factor. The parameters used in our analysis are estimated from reports on
similar structures characterized at cryogenic temperatures and are as follows [15-22]: t.4p=45




ps, Tsp= 500 ps, T, =300 ps, dg/dn =1.1 x 10" cm/s, n, = (3.6-4.9)x10"" cm™ , € = 4.5x10"
cm”, cm, By, = 9.4 x10 "'* cm’/s, C = 3.8x10% cm%s, v, = 0.87 x 10'° cmy/s, ['=0.029, B = 6
xlOA, and T =1.25 ps.

A Py, of -19:8% corresponds to a threshold current reduction of 11% for the 15 um
diameter Fe spin-VCSEL discussed above. Figures 2(a) and 2(b) show the light versus current
(L-I) characteristics for Py, 0% and -19:8%, respectively, where the total light intensity is the
sum of the right-hand and left-hand circularly polarized lasing mode intensities. The threshold
currents for the circularly polarized modes I") separate as Pgpin increases,and the overall laser
threshold current is determined by the

“; -_'S' Ll d -"—YS" L i
8 [~ s 1 [ s
-5 -
F
& 717 4
Eftm s’ 1w/, ]
3 6 9 123 6 9 12
Current (mA)

Figure. 2 Theoretical light versus current characteristics for a 15 um spin-polarized VCSEL driven with (a) 0%
and (b) -19.8% spin-polarized pump currents. The solid line represents the total light intensity, S, which is the
summation of the right-hand (S*, dotted line) and left-hand circularly polarized (S, dashed line) modes.

favored mode. It can be seen in Fig. 2(b) that a kink in the L-I characteristics is introduced at an
injection current value equal to the threshold current of the unfavored mode.

The electron spin polarization in the GaAs barrier (Ilsp) and InGaAs MQW active
region (Ils) corresponding to Py, -19:8% and evaluated at threshold are approximately -16.8%
and -7%, respectively. The barrier spin polarization is found to be essentially independent of
bias, determined primarily by Pgyin, Tsph, and Tcap. In stark contrast, the quantum well spin
polarization is influenced by the value of g(n*;S*) and therefore depends strongly on bias. As
the pump current increases, .S is seen from the rate equations to decrease rapidly from -7%at
Lowp = Lus * to 0% at Ioump > I This phenomenon occurs since the carrier density for either
mode above threshold is essentially fixed at the threshold carrier density. Any additional
carriers recombine instantaneously—within the stimulated recombination lifetime —producing
stimulated photons. For a pump current Lymp >l >ln', both circularly polarized modes are
lasing and IIs is negligibly small. The Fe spin-VCSEL circular polarization will instead be
determined by Ils}, ( -16.8% for H>Hgy).

According to optical selection rules, the degree of electron spin polarization in the active
region corresponds to half the degree of circular polarization in bulk material and matches that
in quantum wells. While these simple linear relationships hold for spin-polarized light-emitting
diodes (spin-LEDs), they are invalid for spin VCSELs when biased above threshold due to
optical amplification. A narrow injection current window exists in which the spin-induced gain
anisotropy results in large degrees of circular polarization, even for small spin polarizations,
through stimulated emission amplification. This effect is demonstrated in our Fe spin-VCSEL
for which we measured a Il¢ (23%) larger than the cavity spin polarization estimated from the
observed threshold reduction (16.8%).

Because of the spin-induced gain anisotropy and result-ing threshold reduction, a spin-
VCSEL is expected to exhibit an increase in optical power for a given bias current under spin-



polarized pumping. Here we define the emission intensity enhancement as S= (S+S)/So, where
So is the total light intensity at H = 0. Figure 3 shows the bias and temperature dependence of S
for a separate 15 pm diameter Fe spin-VCSEL under 4.5 kOe. The transparency carrier density
is set to 4.9x10"7 | 4.4x10", and 3.6x10"” cm™ in order to match the threshold current measured
at 50, 75, and 100 K, respectively. We calculate S at these temperatures where Py, is used as
the only fitting parameter. Excellent agreement between the experimental and theoretical values
of S is found at 50, 75, and 100 K for pump current (cavity) spin polarizations of 5.3% (4.5%),
5.0% (4.2%), and 5.0% (4.2%), respectively. It is evident that § peaks at I,o where switching
from an unpolarized to a spin-polarized current can effectively switch the laser between
stimulated and spontaneous emission regimes—a form of spin-controlled laser modulation. A
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Figure. 3 (color online). Emission intensity enhancement versus normalized current (I=I) measured at (a) 50, (b)
75, and (c) 100K for a 15 pm diameter Fe spin-polarized VCSEL under 4.5 kOe. The solid lines represent the
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between theory and experiment for § may be seen at high bias in Figs. 3(a)-3(c). The rate
equations predict that the emission intensity for pump currents Ipymp > max{In*;I 1 } is the same
regardless of the exact value for Pg;,. We believe this to be a limitation of the model as higher
emission intensities are experimentally observed well-above threshold under spin injection.
Figures 3(d) and 3(e) show the change in total light intensity (AL) and the L-I characteristics,
respectively, as a function of magnetic field. The large AL (tens of uW) resulting from the
increase in slope efficiency with decreasing temperature enables measurement of small
threshold current changes. The threshold current reductions at 4.5 kOe as inferred from Figs.
3(d) and 3(e) are 3.8%, 3.8%, and 3.6% at 50, 75, and 100 K, respectively. These values are in
reasonable agreement with the reductions suggested from the L-I characteristics and from the
rate equation model. The theoretically predicted kink in the L-I characteristics is observed
experimentally [Fig. 3(e)] and is attributed to a separation of the circularly polarized lasing
modes induced by electron spin injection. We note that higher threshold current densities are
mea-sured for our 15 pm VCSEL:s than for larger mesa diameters, which is commonly observed
in etched-posted VCSELs. Scattering and diffractive losses as well as surface recombination
become dominant in small diameter etched-post VCSELs, causing the threshold gain to
increase [23]. Threshold reductions reported here are mea-sured for individual devices, so the
precise value of the threshold current density is unimportant.



Optical Polarization and Gain Anisotropy in an Electrically Injected Quantum Dot Spin
Laser Operating at 200 K

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 [4]. While these relations hold for spontaneous emission,
such as in a spin light-emitting diode (LED), they do not reflect the output polarization in a spin
laser (6] due to the non-linear dynamics and the spin polarization in the gain medium (active
region), which gives rise to a large gain anisotropy at biases near threshold. As a result, the
output polarization can be much larger than the spin polarization of the injected carriers. This is
intuitively understood and has also been observed by us in quantum well spin lasers [24], but
the exact magnitude of the output polarization and the parameters and dynamics upon which it
depends have been hitherto unknown. In the present project we have derived the analytical form
of the output polarization [1¢ , threshold current I;4(H), and the threshold current reduction Al
/o , 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 parameters are in excellent agreement with values
obtained from the first measurement of electrical modulation of a InAs/GaAs QD spin-VCSEL
with MnAs ferromagnetic contacts, schematically shown in Fig. 1. The QD active region allows
high temperature operation since the spin relaxation time in the dots, limited by the DP spin

5-pair ZnSe/Mg¥F, DBR
Al, .Ga, ,As/GaAs DBR nonmagnetic
GaAs 'cavity TiWAu-based metallization
InAs ODn

15 nm n*-Al, ,Ga, As (110" cm)

n-GaAs (7=10" em™)

emiinsulating GaAs(001) substrate

Figurc 1: Heterostructure of GaAs-based spin-VCSEL grown by molecular bcam epitaxy. The aclive (gain) rcgion

consisis of 10 periods of sclf-organized InAs/GaAs quantum dotsplaced in a GaAs - Acavity. The top DBR mirror

consists of 5 pairs of ZnSe/MgF, deposited by PVD. The ferromagnetic MnAs/Aly ;GaggAs tunncl injector contact
is regrown seleclively on GaAs after a mesa-etch stop, as shown in the figurc.

scattering process [25], is enhanced 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 ferromagnetic contact at x = 0 (see Fig. 2) is governed by
[26],

PN -N) N -N

ox’ A

where A is the spin diffusion length in the transport medium and N*(x) and N'(x) are

the spin-up and spin-down carrier densities at any point x. Drift of spin-polarized carriers is

neglected since the doping densities in the transport region is relatively high (5x10"7 em™) [12].
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Figure 2: Schematic representation of the variation of carriers spin polarization with distance from ferromagnetic
contact (MnAs) in VCSEL in accordance with the spin diffusion equation. The barrier (cavity) is at distance x; and
the quantum dot region is at distance x,. The spin polarization decreases with increasing pump current. In the
barrier and quantum dots the polarization decreases from Pn1 t0 Pyin 2 and Il to Tgy, respectively.

These functions are valid from the contact up to the barrier (cavity) region i.e. x = x;. For x>x1
the polarization is governed by the laser parameters. Also, we know that the ferromagnetic
contact polarization is given by,

N*(x=0)-N"(x=0)

N*(x=0)+N(x=0)

The value of Pconact 1S known from a measurement of the out-of-plane magnetization of the
MnAs contact as a function of H [27], the spin dependent density of states of MnAs [28] and
the spin injection efficiency at the MnAs/GaAs tunnel barrier [29].

The dynamics of carrier and photon densities in semiconductor lasers are governed by
the coupled rate equations as outlined in Ref. [6, 30]. The parameters used in the model along
with the values for our laser are listed in Table 1. The non-linear gain in the active region is
generally expressed in terms of the gain compression factor € as g(n,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, 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 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;), Il(x), the quantum dot spin
polarization, I, = (n*-n")/(n*-n’), and the average barrier polarization, [1;, = (ny*-ny M(ny"-ny ),
where ny" is the spin-up (spin-down) carrier density at the barrier. On the other hand the degree
of circular polarization of the output, I, = (§*-§)/(S*+S"), and the light output L = S*+§ are
measurable quantities, where S$* are the density of the right- and left-circularly polarized
photons. By solving the steady state laser rate equations [31] it can be easily shown that the
barrier polarization and the output circular polarization are related to the carrier density
through,

P =T(x=0)=

contact
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V, n - . W
v—"r—"=vx[g(n )S' +g(n )S' ]+Bspn2+Cn3 3)
QD %cap
,—n, 2
-V—"M=vx[g(n+)9_—g(n_)9+]+(n+—n' Bspn+Cn2+— (4)
VQD Tcap Ts
Similarly the output circular polarization is related to the carrier density through,
[ +lo- - +] S 2
Ve g(n )S‘ -+ g(n )S‘ = - Bspn (5)
I'r,
+\o- o+ S+ =3 + -
v, [g(n )S' —g(n )S‘ ]= - — —ﬂBspn(n —-n ) (6)
ph
Where §* are given by,
T'BB._n*n
Si = ﬂ sp - (7)
l/rp,l —I“vxg(n )
Combining Eqns. 3 and 5, and noting that the pump current I, m,=1I,, when n=n,/(1 + I15) we get,
B _n:(1- 2
1,(H)=qVyp li*’ spnlh( A) Cny (8

ez, (+,(H) (@+10,(H))
where Sy, is the photon density at threshold. It is found that the cumulative contribution from
the terms containing threshold photon density (S;;) and the Auger recombination coefficient (C)
in Eqn. (8) are less than 10 % of the contribution from the term having radiative recombination
coefficient (B,;), under all possible operating conditions of a spin laser. Hence, knowing I,
the percentage threshold current reduction, Al (H)VI, is reduced to a simplified form given by,

Allh(H) = Hs(ns + 2)
= 2 ©
Ilh,O (1+I—Is)

It is of interest to note that this parameter is determined exclusively by /7s.
Similarly, the output polarization (as obtained by using Eqn. 7 and Eqns. 5 and 6) is given by,

dg

141y, 0 5 —an,
0 (H, ) «Toh g -

I dg dg

s 14Ty, 7, —>n, —Tv, 7, = n,(1-11,)
We also define a gain anisotropy parameter,
gln™) 1+11

H,I = = £ 11
gA( pump) gn— l—I-[s ( )

The parameters (Aly/lino), 8a, Ilc, and dIl/d(14/lIinp) are plotted against injection current and
applied magnetic field and are depicted in Figs. 3 and 4. The device and material parameters
used and obtained from our own work and from recent reports [32-35].
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Measurements have been carried out on spin-polarized quantum dot VCSELs. In
particular we have measured the reduction in the threshold current due to spin injection of
electrons and the electrical modulation of the output polarization. We also choose an operating
temperature of 200 K, which is low enough to allow enough spin polarized electrons to reach
the QD active region from the MnAs Schottky tunnel contact. The laser heterostructure shown
in Fig. 1 is grown by MBE.

The lasers were mounted in a magneto-optical cryostat for measurements, which were
done in the Faraday geometry. All measurements reported here were carried out on 15 um
diameter VCSELs at the design temperature of 200 K where no offset exists between the
photoluminescence gain peak and the distributed Bragg reflector (DBR) reflectivity peak and
hence lasing with the minimum threshold current is obtained. This temperature is carefully

‘é 3.3 ® Measured J__1.08}T =200

— —— Calculated| o

e 3.2} a g:

o 0 o

= » Measured 51.04}

8 31 P | Calculated d 8

e -

B anla? <1.02

230p {0

o Dl:no 0.7 14 21 (a) 8 (b)

.E 29 A M.agne_q_c FBP 'H(Tl) A A 1-00 -1 A i A ]

F"%.0 07 14 21 0.91.01.11.2
Magnetic Field, H(T) (1, )

Figure 3 : Data from 15 pm 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 gain anisotropy parameter, as defined in Eqn. (7.9) (text) with normalized pump current.

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 (Al/I,4) of the threshold current with application of magnetic field are
plotted in Fig. 3(a) and its inset and there is good agreement with the calculated values of the
respective parameters. A maximum threshold current reduction (Aly/I;n0) 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 observed for the non-magnetic VCSEL. The calculated
variation of gain anisotropy with current (Fig. 3(b)) indicates that spin related phenomena are
operative only for lasers biased near threshold, /,59. It may be noted that the gain anisotropy
(ga) 1s largest just below threshold. This is easily understood by considering injection of spin
polarized carriers in a laser biased slightly below threshold, /,50. 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 sub-threshold, resulting in a large gain anisotropy and reduction in the threshold
current. As the injection is increased, the difference in peak gain of the two polarization modes
will decrease and the gain anisotropy will also steadily decrease. The maximum value of g,
attainable with 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
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injection efficiency will lead to higher gain anisotropy (Eq. 11) and hence enhanced threshold
reduction 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 non-magnetic VCSEL is negligible. The modulation of the output
polarization I1. with bias current was measured at different saturation magnetic fields and the
data are shown in Fig. 4(a). As the pump current reaches threshold, the carrier concentration of
the polarized lasing mode with higher gain (say S*) becomes clamped at n,,. Further increase in
pump current will increase the carrier concentration of the mode with lower gain (5), till 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

e ————
< 2 ——Cald
5 .(a) é:a 606 ® Expt-
515 B %15 _cc:"c:tt:m::; 1 E [(b) ;
@© " Bs 0 72 77 4 _0 4+ E
o A\’ Nomaized Current i1, )| &Y
a.10f e 1T 12 |o
o s 152
(@) 5L ® s 2T _ 'DO Zr -
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%' s g— 7l |

1 " M r = M 0‘0 PR W YAy
005 0 11 12 0.9 1.0 1.1 1.2
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th,0

Figure 4: (a) Calculated and measured modulation of output circular polarization of 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 P,,;, shown in Fig. 7.2; (b) measured
modulation index versus pump current. The calculated values are shown for currents at and above threshold.

the first threshold (for S*) is reached. Intuitively, it is expected that in the injection regime
between the thresholds for S* and S, the output polarization will steadily increase and then
decrease after the threshold for § is crossed. However, considering the transport of injected
spin-polarized carriers from the ferromagnetic 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 illustrated in Fig. 2. 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, is held constant (inset
to Fig. 4(a)). This is the first demonstration of electrical modulation of the output polarization
of a semiconductor laser. We define a modulation index as AIl/A(//I,,) and this parameter is
plotted in Fig. 4(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;,p =1 and decreases rapidly for high bias
currents due to significant reduction of gain anisotropy in this range.
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2. Amplification of Spin-Current Polarization

Comprehensive Summary of the significant work accomplished

Electrical injection and control of large spin polarization in semiconductors are
indispensable for the realization of useful spintronic devices. [1-3] Electrical spin injection has
been demonstrated in all-metal devices,[4,5] ferromagnet/semiconductor based lateral spin-
valves, and also electrically injected spin-polarized lasers.[6-8] Despite these advances,
achievement of current spin polarizations of 100%, or more, and electrical control of such
polarizations have remained elusive. An electrically controlled spin-current amplifier is a
desirable solution to this problem. Theoretical proposals for such devices have been made,[9-
16] but experimental demonstration is lacking. Here we propose and demonstrate a novel
electrically controlled three terminal spin-polarization amplifier using a dual-drain lateral spin-
valve configuration, which can provide large current spin polarization for both majority and
minority spins, independent of the injected (source) polarization. The device amplifies the small
injected polarization in a semiconductor channel to a large value, which can be extracted at the
second drain contact. The sign and mag-nitude of the amplifier gain can be controlled both at
the input and output terminals to achieve a desired polarization. The device also generates a
pure spin-current with zero charge current. This aspect can be used to envisage a new class of
spintronic devices.

When a current flows in a ferromagnet/semiconductor/ferromagnet lateral spin-valve,
the electrochemical potentials of spin-up (u1) and spin-down (u)) electrons split in the
semiconductor channel. The splitting (Ap = pt - py) depends on the relative directions of
magnetization of the two ferromagnetic contacts. It is large when the two contacts (we call them
source and drainl) are magnetized in opposite directions, and small (with a crossover in the
center) when the contacts are magnetized in the same direction. If a point contact (drain2) is
then placed at the center of the semiconductor channel (Lchan) of the spin-valve with anti-
parallel magnetization of source and drainl contacts, its potential can be varied between pt and
ul, enabling a controlled collection of spin-up and spin-down electrons. It is important to note
that the two spin-currents flow in opposite directions and the current polarization can be
controlled by varying the drain2 bias. It is necessary to ensure that the drain2 contact acts as a
high-impedance probe, so as to minimize any perturbation of the channel potentials.

Most significant advancements and Conclusions (include equations & figures as
appropriate)

A simple two-channel model for the spin-current amplifier is shown in Fig. 1(a) The
source and drainl ferromagnetic contacts are magnetized in opposite directions. The spin-up
(spin-down) conductivities of the ferromagnet and the tunnel barrier are shown as Rtg (RiF )
and Rt (Ryts), respectively. The resistance of the semi-conductor channel is R,. The ideal
drain2 point contact is at the center of the semi-conductor channel. The electrochemical
potentials for spin-up (ut) and spin-down (ul) electrons are split at x = 0. The drain2 voltage
Vp2 can be varied between p1and p) enabling a controlled collection of spin-up and spin-down
electrons. The two spin-currents Ip2t. and Ip2y. can flow in opposite directions depending upon
the value of Vpy, yielding spin polarization gain greater than unity.
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Figure 1: (a) The two-channel model for the spin polarization amplifier, which is a dual-drain lateral spin-valve.
The polarizer and analyzer are magnetized in opposite directions. (b) Schematic diagram of a spin polarization
amplifier (not to scale). All three contacts S, D1 and D2 have magnetic easy axes along the "y direction (GaAs

[(011] direction). The center of contact pad D2 is also the center of the effective channel L,,. A fixed current bias

Iias establishes the spin-up and spin-down electrochemical potentials in the channel. The drain2 voltage Vp,
controls the spin-current in contact pad D2.

A schematic of the typical dual-drain lateral spin-valve is shown in Fig. 1(b). The
ferromagnetic source contact (S) injects a spin-polarized current into the non-magnetic channel
through a Schottky tunnel barrier,[16-17] which is collected at one of two ferromagnetic drain
contacts (D1 and D2). The contact D2 is, however, distributive in nature (compared to the ideal
point contact) and exactly centered within the effective channel between S and D1. The D2
terminal is operated near zero-bias with respect to the channel potential and the contact pad area
is made much smaller than that of S and D1. Such operating conditions and pad dimensions
ensure that the current collected at D2 is very small, compared to that collected at D1, and the
potential in the channel is primarily determined by the current bias (Ipi,s) between S and D1.
The geometric aspect ratios for S, D1 and D2 are chosen appropriately such that the coercivity
1s the largest for S and the smallest for D2. This particular choice allows various magnetization
alignment conditions between S, D1 and D2 to be realized by sweeping the magnetic field B.

Figure 2 schematically shows the relative orientation of magnetization in S, D1 and D2
as B is swept from a large negative (positive) to a large positive (negative) value. The distinct
states of magnetizations (M1-M4) and the corresponding D2 current (Ipy) are also shown for the
-B to +B sweep. When the magnetic field is largely negative, S, D1 and D2 are all aligned in
the same direction as B (state M1). The contacts D2 (state M2) , D1 (state M3) and S (state M4)
then flip, in that sequence, as the magnetic field sweeps through zero in the positive direction
because of the relative magnitude of the coercivities. If a bias current (Iy;ss) is applied between S
and D1 having parallel magnetizations, it can be shown by solving the coupled spin drift-
diffusion equations [16, 18-20] that the electrochemical potentials for spin-up (ut) and spin-
down () electrons in the channel are split. Higher doping in the channel and low current bias
(hence, low electric field) operation in our devices ensure that drift is negligible.[21] In absence
of drift, it can be shown that the electrochemical potential splitting is antisymmetric with
respect to the center, X = Lohan/2 ,which is also the center of contact pad D2. Hence, a bias
voltage equal to the cross-over potential for spin-up and spin-down electrons in the channel can
be applied at D2 (Vp; = Vpui) to make current Ip; = O for states M1, M2 and M4 in Fig. 2.
Under this condition, spin up (Ip2t) and spin-down (Ipz() currents are both equal to zero.
However, Ip; will be non-zero under the same bias condition for state M3 where S and D1 are
anti-parallel, for which the electrochemical potentials pt and py are split at x = 0. The current
spin polarization
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Figure 2: The magnetization direetions of the three ferromagnetic eontaet pads S, D1 and D2 as the magnetie field
B is swept in both direetions. Eaeh group of three arrows (left to right) represents the magnetization direetions of
S, D2 and D1 contaet pads, respectively. The distinct states of magnetizations M1-M4 and the eorresponding Ip,

values for each state are shown for -B to +B sweep. A non-zero drain2 current Ip, flows in state M3,

is conventionally defined [16-19, 22] as op2 = Ip2,spin/Ip2.charge=(In21 -Ip2)/( Ip21 +Ip2L). Thus the
current spin polarization at the D2 terminal can be much larger than that of the channel,
resulting in a spin-current gain in the system. For a fixed Iy, in state M3, Vp, can be varied to
control the spin polarization gain (amplification). The gain can also be controlled with Vp, =
Vi and variable Ipiss. It may be noted that the design of the device facilitates lateral diffusion
to compensate for any decrease in A in the channel due to carrier extraction at D2.

In our experiment, we fabricate dual-drain lateral spin-valves from a ferromagnetic
Manganese Arsenide (MnAs) (90 nm thick), n* -doped (~ 10'-10" c¢m®) Gallium Arsenide
(GaAs) transition layer and n-doped GaAs (Np = 10" cm™) heterostructure, [8,23] which is
grown by MBE on a semi-insulating (SI) (001) GaAs substrate. The n-doping profile in the
GaAs channel region and the GaAs/MnAs transition layer is shown in Fig. 3(a). The S, D1 and
D2 contacts are made ferromagnetic by patterning them on MnAs. The source contact injects
spin-polarized electrons through the heavily doped spin-selective Schottky tunnel barrier into
the n -doped GaAs channel, which are subsequently collected at D1 or D2 through an identical
tunnel barrier. The presence of a tunnel barrier is confirmed from temperature dependent
conductivity measurement. Eight devices with different channel lengths (Lchan) and aspect ratios
for the contacts pads were fabricated. The D2 pad is centered within the channel in all the
devices. It is observed that the devices with smaller channel lengths give a larger spin-current
amplification. Devices with aspect ratios different from those reported here exhibit exactly the
same be-havior, except the response is observed at a different magnetic field due to their
different contact coercivities. The device shown in Fig. 2 is fabricated as follows. In the first
step, the channel is defined on n -doped GaAs by etching away MnAs and n* -doped GaAs
layers leaving only the S (L x W =50 uym x 2 um), DI (L xXW =50 pm x 4 pm) and D2 pads
(L xW =1 pm % 2 pm).
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Figure 3: (a) Doping profile in the GaAs channel and GaAs/MnAs transition layer. The zero of the x-axis is the top
surface of the semi-insulating GaAs (001) substrate. This confirms the graded doping and the heavily doped GaAs
region beneath MnAs, necessary for the Schottky tunnel contact. (b) An SEM image of the spin-current amplifier
after delineating source, drain] and drain2 contacts by wet etching.
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Next, silicon dioxide (SiO,) is deposited as a passivation layer and via holes are created
by dry etching. Finally, Ti/Au metal is evaporated by PVD and contacts are formed in a lift-off.
process. An SEM image of the device is shown in Fig. 3(b). The spin-selectivity of the
MnAs/GaAs tunnel barrier conductance, B = G1/Gy is determined to be 1.9 from channel length
dependent magnetoresistance measurements on MnAs/GaAs/MnAs lateral spin-valves. The
conductivity of the n -doped GaAs channel (G,) is four orders of magnitude lower than that of
MnAs (or ) in the temperature range of operation of our devices. Identical control devices with
non-magnetic D2 were also fabricated and characterized.

The device operation is based on a spin-valve with source and drainl magnetized in
opposite directions. The magnetoresistance measurement is done to ensure basic spin-valve
behavior in these devices. Figure 4 shows the measured magnetoresistance as a function of
magnetic field at 10 K (circles). The drain2 current of a spin-current amplifier is also shown
alongside (squares). The peak values are normalized to unity. The resistance is low when source
and drainl are magnetized in the same direction at high magnetic fields. The magnetoresistance
is high when they are magnetized in opposite directions (H =1.5 kOe). This confirms the basic
spin-valve characteristics in these devices. The anti-parallel configuration for spin-current
amplifiers can therefore be achieved at H = 1.5 kOe. The complete overlap between the
magnetoresistance and the drain2 current confirms that the peak Ip; coincides with the peak
anti-parallel alignment between S and D1. Control experiments were also done to ensure spin-
dependency of the observed effects.
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Figure 4: The magnetoresistance of a MnAs/GaAs lateral non-local spin-valve (circles) and drain2 current ID2 of a
spin polarization ampli.er (squares) as a function of applied magnetic field B at 10 K. The filled (open) symbols
correspond to -B to +B (+B to -B) sweep. The polarizer and analyzer dimensions of the MnAs/GaAs lateral spin-
valve are same as that of S and D1 contact pads of the spin polarization amplifier, respectively. The peak values

are normalized to unity. The overlap confirms that the peak Ip; coincides with the peak anti-parallel alignment
between S and D1.

The spin-current amplifier characteristics are measured by mounting the samples in a
cryostat placed between the poles of an electromagnet. Figures 5(a) and (b) show current Ip,
measured as a function of in-plane magnetic field B (directed along the y axis) for different
temperatures T (Ipias = 100 nA) and ;55 (T = 10 K), respectively. The voltage Vpy; is set to the
corresponding null voltages (Vau, Which depends on T and Ipias) in each case. A typical value
for Vyun at 10 K and Lias = 100 pA is ~21 mV. The peak of Ip; coincides with the peak anti-
parallel alignment between S and DI at B = 1.5 kOe, which corresponds to state M3 in Fig. 3.
The sign of current Ip; changes when the roles of S and D1 are reversed for the same value of
B. This indicates that Ap (= ut - nl) and spin dependency of the effect change sign. The current
decreases with increasing T and decreasing lya.s. Magnetoresistance measurements with
conventional and non-local spin-valves show a peak at the same value of B, which also
confirms that Ip; is sensitive to the spin-degree of freedom only. No response is observed for
the control devices, with a non-magnetic D2 contact pad.

The experimental observations are explained by invoking the spin-diffusion model. The
electrochemical potential in the channel region is described by the spin-diffusion equation as

0% (u — ) - o
iz X
where A is the spin-diffusion length in the channel region. The small contribution from spin-
drift is neglected because of the high doping in the channel region.
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Figure 5: (a) Current Ip; as a function of magnetic field B for different Ibias with Vp, set to their corresponding
null values (V1) at 10 K; (b) current I, as a function of magnetic field B for different temperatures T with
Iiaes=100 pA and Vp; = V1. The filled (open) symbols corresponds to —B to +B (+B to —B) sweep.

The above equation is solved with the boundary conditions that the spin-currents are continuous
at x = 0 and x = L¢pan (assuming there is no spin-flip scattering at the interface) as given by,

j1(0)= Gt [ur (0°) - p1 (0)] (2)

ju(0)=Gu [ps (0%) - pu (O))] . (3)

j1(0) - j1 (0)=j1 (0%) - ju (0 4)
where the current in each spin-channel is calculated as,
1] O

O = oy )

These equations are also written for x = Lcpan. The solution of the spin-diffusion equation for
the spin-up and spin-down electrons in S and D1 lateral MnAs/GaAs/MnAs spin-valves yields
the electrochemical potentials in the channel as,

jxe x X —ik
Py =—+ (- )— [yexp (———) + exp ( ——Cm)l (6)
On Asf Asf

where j is the current densnty in the channel, e is the electron charge, and 7y is +1 (-1) when
magnetizations of S and D1 are anti-parallel (parallel). The constant K is determined from the
boundary conditions as:

jeo, 1+ a 1—-a
K=] n f f]/y+exp chan 7
8 Gy
where o (~ 0.5) is the spin polarization of MnAs[26]. The current IDz is then obtained as:
L2
Uy
Ip; = f [Gt (VDz = —) + G, (VDz - —)] Wpadx (8)
L1

where L1 are L2 are the bounding x coordinates of contact pad D2.

Figure 6(a) shows the measured peak Ip; as a function of I, in state M5 of the device.
Theoretically calculated values of peak Ipy, using Eqn. 7 and a value of Ay =7 um, are also
shown alongside the measured data. Figure 6(b) shows the estimated spin-diffusion length as a
function of temperature. The good agreement provides further evidence for the spin-dependent
effects in these devices. The electrochemical potential difference between spin-up
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and spin-down electrons is plotted as a function of position along the channel in Fig. 7. ur and
u, remain anti-symmetric in the channel, making Ip; zero for all T and lyjss With Vpy = Vi,
when magnetizations of S and DI are parallel.
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Figure 7: The anti-symmetric (symmetric) electrochemieal potential difference (Ap) between spin-up and spin-
down eleetrons in the channel when S and D1 eontaet magnetizations are parallel (anti-parallel) for two different
temperatures T and I;,s. Ap decreases in the channel at higher temperature due to enhaneed spin relaxation. It
inereases at the souree/channel interface (x = 0) for higher IL;,, due to enhanced spin-splitting.

On the other hand, when the magnetizations of S and D1 are antiparallel, the difference Ap
decreases with decreasing Inias and increasing T, which results in reduced Ip; in spite of
increased tunnel conductance at higher T .

We calculate the current spin polarization op; as a function of Iy, and Vp, from
measured values of Ip,. Figure 8(a) shows the current spin polarization gain (opy/oy ) as a
function of Vp, for different lyas. The voltage Vp, is varied in steps of 5 uV for the
measurement of Ip; in this case. The gain curve shifts along the Vp, axis with increasing Ipias
due to the increasing value of V. Figure 8(b) shows the gain curves as a function Ipi,s for
different values of Vpy. The current Iy, is varied in steps of 0.5 pA during this measurement.
The plots show that
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Figure 8: Dual control of the spin polarization gain. The open (closed) symbols represent nega-tive (positive) gain.
(a) Spin polarization gain as a function of Vp, for varying I;,s at 10 K. The gain increases with increasing l;,s; (b)
spin polarization gain as a function of I, for varying Vp, at 10 K. A constant offset voltage, Vo = 19.565 mV is
subtracted from each of the Vp, values. The gain curves exhibit singularities along the Vp, and I, axes when a

pure spin-current flows through contact pad D2 (Ip; = 0).

the magnitude and sign of the polarization gain can be varied by changing the value of I;,s. The
gain curves exhibit several singularities along the Vp, and Ii;,s axes. These occur when the
charge current at D2, Ip;=0 (Ip21 =-Ip2!) and a pure spin current, Igin (=Ip21 -Ipat) flows through

this contact. [12,14] The peak gain that can be measured is limited by the

smallest possible

increment of Vp, and Iy, around these singularities. Hence, a combination of Vp; and I, can
be used to electrically control the spin polarization gain. The gain can be made negative or

positive by external bias, independent of the polarization of S and D1.
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3. Electrically Driven Spin-Dynamics of Paramagnetic Impurities: A Spin
Capacitor

Comprehensive Summary of the significant work accomplished

Electrical spin injection, manipulation and detection in non-magnetic materi-als have
gained interest in recent years for the possibility of realizing spintronic devices [1]. The
successful operation of spin-valve and spin-torque devices [2-6] is dependent on minimizing
spin-scattering during transport through non-magnetic metals, semiconductors and hetero-
interfaces [7]. In contrast, in this paper we report experiments on a lateral MnAs/GaAs/MnAs
spin-valve structure (Fig.1) [8,9] with paramagnetic Mn impurities that are deliberately
in-troduced into the channel region. These Mn impurities cause spin-flip

2
L
y —— 4 60 nim MnAs

|y
L//m) Iy
Figurc 1: Schematic cross-section (not to scale) of a typical Mn-doped spin-valve. The channel region is n-type
and it is lightly co-doped with Mn impurities. The arrows indicate the initial unpolarized Mn impuritics.

scattering and, since they do not have any significant alternative means of relaxation [10], get
polarized in the process resulting in a decrease in the spin-flip current and hence the terminal
current. This transient response in the terminal current due to an electrically driven impurity
polarization is the subject of the present study. The study demonstrates electrical detection and
manipulation of the spin-magnetic moment of bound magnetic impurities in semiconductors,
which may be useful in envisioning new devices [11]. The observed phenomenon should be
scalable to very few magnetic impurities, which will be useful for the realization of quantum
information processing devices. The study also provides an easy method to determine the spin-
spin scat-tering time constant between various magnetic impurities and delocalized conduction
electrons.

We demonstrate experimentally, for the first time to our knowledge, that (1) the
impurities can be polarized when the spin-valve is operated in the anti-parallel configuration
but not in the parallel configuration, and, (2) this polarization leads to a transient response in
the terminal current. Both these features appear to be in good agreement with the model
proposed in refs. [11] and [12] where it is shown that the spin-polarization of the channel
electrons is negligible in the parallel configuration but is much larger in the anti-parallel
configuration and the resulting spin-flip current polarizes the Mn impurities. This is similar in
principle to the well-known Overhauser effect (or dynamic nuclear polarization (DNP)) [82] but
it is driven by the exchange interaction between the conduction band electrons in GaAs and
localized Mn impurity spins rather than the hyperfine nuclear interaction. To our knowledge,
neither (1) the dynamic impurity polarization nor (2) the use of anti-parallel spin-valves to drive
it electrically (with no external magnetic field) have been demonstrated before.
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Most significant advancements and Conclusions (include equations & figures as
appropriate)

The heterostructure samples in the experiments are grown by molecular beam epitaxy
on semi-insulating GaAs (001) substrate and consist of a ferromagnetic type-A manganese
arsenide (MnAs) (60 nm) layer, n*-doped (= 1 cm'3) GaAs transition region (30 nm), and n-
doped (Np = 10'7 cm®) GaAs channel region (h = 500 nm), which is lightly co-doped with Mn
impurities (Nmn = 1.4 x 10"°%m™). The growth procedure is as follows. A 500 nm
GaAs:(Si,Mn) channel layer is grown at 580 °C on a (2x4)-reconstructed surface using a growth
rate and V/III beam equivalent pressure ratio of 0.72 um/hr and 25, respectively. A 30 nm
graded-doping n*-GaAs contact layer is then grown with the Mn flux shuttered to form a
triangular tunnel barrier. The substrate temperature is ramped down to 400 .C under an Asy
over-pressure, and the surface reconstruction transitions to a c(4x4) pattern as indicated by
reflection high-energy electron diffraction (RHEED). The As4 flux is shuttered, and the
substrate temperature is ramped down to 200 °C. Once the temperature has stabilized, the
surface is soaked with an Asg flux of 5%107 Torr for 90 s to form a template suitable for growth
of type-A MnAs [13]. A 60 nm MnAs film is grown using a low growth rate (10 nm/hr) and
substrate temperature (200 °C) during deposition of the first few monolayers of MnAs. After
the nucleation phase completes, the growth rate and substrate temperature are both increased to
40 nm/hr and 250 °C, respectively. Analysis of the RHEED pattern indicates growth of a type-
A MnAs film with the following epitaxial relationship: [1120]MnAs//[110]GaAs.

The devices are fabricated by using conventional photolithography, dry etching, metal
deposition and lift-off techniques. The Mn concentration in the channel is sufficiently low such
that significant donor compensation or formation of MnAs precipitates cannot occur [13). The
effective donor density in the channel region is, ng = Np - Nmp = 8.6 % 10" cm™. The Mn
doping density is verified by secondary ion mass spectroscopy (SIMS), shown in Fig. 2.
SQUID measurements on the (Si,Mn)-doped channel region does not show any hysteresis
(shown in the inset to Fig. 2). This confirms the absence of ferromagnetism in the Mn-doped
channel region. The lightly doped Mn atoms in GaAs behave as paramagnetic impurities
[10,14]. Identical control devices without Mn impurities in the channel region were also
fabricated and characterized. The heavily Si-doped (n*) region beneath the MnAs contact pads
forms a Schottky tunnel contact for efficient spin injection into semiconductors [15]. The basic
MnAs/GaAs/MnAs spin-valve behavior of both Mn-doped spin-valves and control devices is
confirmed through conventional and control measurements using a four probe ac lock-in
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Figure 2: The doping densities of silicon (n-doping) and Mn versus channel depth are shown. Mn atoms behave as
acceptors and partially compensate the n-doping. Inset shows the SQUID measurement on (Si,Mn) doped channel
region grown on semi-insulating GaAs(001) substrate. The absence of remanent magnetization indicates lack of
ferromagnetism in the channel region.

technique [8]. Figure 3 shows the measured magnetoresistance as a function of applied
magnetic field H for a Mn-doped spin-valve. The two peaks correspond to the anti-parallel
alignment of analyzer (A) and polarizer (P) at H = 500 G, which is confirmed by low
temperature MOKE measurements, also shown in Fig. 3. A peak magnetoresistance of ~1.3%
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Figure 3: MOKE measurements (left y axis) on analyzer and polarizer contact pads, and magnetoresistance

measurements on the Mn-doped spin-valves (right y axis) versus applied magnetic field at 10 K. The
magnetoresistance data show two peaks which correspond to the antiparallel magnetization alignment of analyzer
and polarizer contact pads. The MR loop closely follows the hysteresis of the analyzer contact pad. The arrows
indicate the magnetic field sweep directions for the hysteresis plots. Contact pad magnetization data are shown for
sweep (1)-(6). The MR loop is shown for sweep (1),(2),(4)-(6).

is measured at 10 K, which is close to the value reported earlier [8].

Transient current measurements are performed by mounting the samples in a cryostat,
placed between the poles of an electromagnet. An in-plane variable magnetic field (along the
magnetic easy axis of MnAs, GaAs [110] direction) is swept quasi-statically from -5 kG to 500
G, which sets the polarizer and analyzer magnetization in opposite directions (Fig. 8.3). The
magnetic field is then swept back to zero. The polarizer and analyzer retain the anti-parallel
magnetization configuration due to the remanence of ferromagnetic MnAs contact pads. A
voltage bias is applied and the current through the device is measured as a function of time.
Figure 5.4(a) shows the measured data for T = 10, 15 and 20 K. The current is initially large at
99.94 u A, before it saturates to a lower value of 98.86 pA at T = 10 K. The measurements are
repeated for T = 15 and 20 K. It is observed that the relative change [AI = I(t = 0) - I(t =0)]
decreases from 1.08 pA to 0.55 pA as the temperature increases from 10 K to 15 K. The effect
disappears for T > 20 K. No transient change in current was observed for control devices at all
temperatures. The external magnetic field is zero during the transient measurements, which
prevents spurious polarization of Mn impurities from external magnetic fields.

Similar measurements were carried out with polarizer and analyzer magnetized in the
same direction. In this case, an in-plane -5 kG (larger than the coercivity of both the contact
pads) magnetic field is applied to magnetize both contacts in the same direction. The magnetic
field is then quasi-statically made zero. A pulse bias is applied as before and the transient
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current through the device is measured. Figure 8.4(b) shows the measured current as a function
of time at T = 10, 15 and 20 K. No noticeable change in the current level is observed under
these conditions. Figure 8.4(c) shows the magnetoresistance, MR =(Ip - Iap )/1ap as determined
from Figs. 5.4(a) and (b).

Almost all the experimental features can be explained in terms of the circuit diagrams in
Fig. 5 (adapted from Figs. 3(a) and (b) of ref. [12]), where the elements in the “shunt arm” g,
gy and Iy represent spin-flip processes that try to restore the imbalance in the electrochemical
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Figure 4: The measured transient current through the device as a function of time with (a) anti-parallel and (b)
parallel magnetization of analyzer and polarizer contacts. The current is initially large before it saturates to a lower
value for the anti-parallel configuration. No significant change is observed for the parallel configuration; (c)
magnetoresistance, MR =(Ip -I5p )/1ap as a function of time. The solid-lines show MR(t) as determined from the
model using appropriate model parameters. An external trigger is generated at t = 0. There is a delay of ~150 ns for
the voltage source and the electrometer to respond to this trigger, which leads to the the shift in the origin for the
time axis by the same amount.

potentials ut and u; in the spin-up and spin-down channels. First, the transient terminal current
1s observed only for the anti-parallel configuration and not for the parallel configuration (Fig.
4). This can be understood by noting that the contact conductances, in the parallel
configuration, form a balanced “Wheatstone Bridge” (Fig. 5(a)), which results in negligible
potential difference ur - u; between spin-up and spin-down channel electrons. By contrast, the
anti-parallel configuration results in a significant imbalance potential u+ - u;, which gives rise
to spin-flip processes that polarize the impurities leading to transient behavior in the terminal
current. Second, the terminal current in the anti-parallel configuration decays with time with a
time-constant ~(kgT )': This is understood by noting that as the Mn impurities get polarized (F;
- Fy increases) the spin-flip current (through gy and I,) and hence the terminal current decreases.
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Parallel Anti-parallel
Figure 5: Equivalent circuit diagram of the SCT structure: g, , g, Gty » Gicd)ar 8as 880 T B1(dy and, I are spin-
flip conductance due to Mn impurity, spin-flip conductance independent of Mn impurity, polarizer conductance for
up(down)-spin, analyzer conductance for spin-up(down) electrons, majority-spin tunnel conductance, minority-
spin tunnel conductance, polarizer to analyzer area ratio, average chemical potential for spin-up(down) channel
electrons, and, total spin-flip current respectively. The current source I, ocIdE{fT (1 -f)+fL (1 -f1)}(Fr-Fy),
where, f1(1) and Fr(, are the average energy (E) distribution of spin-up (down) electrons having chemical potential
nt) and fraction of impurities having up(down)-spin respectively.

So the transient behavior in the terminal current is, in essence, the signature of the dynamics of
polarization (Fy - F,;) of the Mn impurity spins. Assuming that the Mn impurities have
negligible spin-lattice-relaxation [10] the time constant (t) for impurity polarization through
exchange interaction with conduction band electrons has been shown, according to NEGF
treatment, to be inversely proportional to I(iE{fT (1 -f)+ f, (1 -f)}=kgT for ur - p; < kgT
(Egn. 5.6 and the associated discussion in [12]). Our model thus suggests that t ~ (kgT y'is in
agreement with experiment (120 ns at 10 K, 80 ns at 15 K). As the temperature increases we
expect the effect to get smaller because g, increases (increased spin-orbit relaxation) while gy
decreases (fewer Mn impurities are present within a spin-diffusion length which gets shorter
with temperature). While this is in qualitative agreement with experimental observations we do
not have a full quantitative explanation for the disappearance of the effect at 20 K. One of the
possible reasons may be that the phonon assisted spin-lattice relaxation of Mn impurities in
GaAs becomes dominant at the higher temperatures. Interestingly our model predicts that as t
— oo the Mn impurities get polarized and do not contribute to spin-flip scattering any more,
suggesting that a spin-valve with and without Mn impurities should show approximately the
same temperature dependent magnetoresistance determined by the spin-orbit term (gs,). This
seems to be in agreement with experimental observations [8].

For a quantitative model, we have adopted two approaches: one based on the Non-
equilibrium Green’s Function (NEGF) method [12] and one based on the drift-diffusion method
[16,17]. Both can be approximately mapped onto the circuit model of Fig. 5 and lead to similar
quantitative results. Here we present results from the second model, which is based on the spin-
diffusion equation,

%nyy _ Omy , myy—Mu 1
D e at( ) 4+ fft)l(lt)( ) 4+ ez_hGT(l) [[11(1) = eV] (D
where D is the effective diffusion coefficient, ntyy(x, t) is the spin-up (spin-down) electron
density, Gry)(x) is the spin-up (spin-down) tunnel conductance, V (x) is the applied voltage, and
nre (X, t) is the electrochemical potential for spin-up (spin-down) electrons. Also, the relation,
nt (x, t) + n; (X, t)= no holds. The time dependence of the spin-.ip current, L = It o -I+p with
spin-dynamics is determined by integrating Eqn. 1 as:
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s = 1150 = L+ EL @

where N1, are the total number of spin-up (spin-down) electrons in the channel. Equation 2

helps to decouple the spin-scattering due to Mn impurities and the scattering due to Mn-

independent processes. We define a parameter 8 which correlates nyy, with py, through Fermi-

Dirac distribution and density-of-states functions, and which is approximated by a linear

function obtained from Taylor series expansion as,
My —Mo/2 [a"T(l)]

Hry — Ho a Uy

3)
Hrdy=Ho
where pg is the electrochemical potential for the unpolarized electrons, nt = n; = ng/2. The high
doping in the channel, large contact resistance and low bias operation lead to negligible drift in
these devices [17]. The model parameters, determined at 10 K, are as follows: (1) from Hall
measurements, p = 3000 cm2/V.s; (2) from the Fermi integral, De/ukgT = 8.3 [17]; (3) tunnel
conductance and spin-selectivity of the tunnel barrier are determined by analyzing the
experimentally measured magnetoresistance data (assuming t+; = Ty+= 13 ns [18]) with the spin-
diffusion model. Thus G + Gy = 2.5 x 10" Q'm™ [19]; (4) from Fermi-Dirac distribution and
density-of-states functions, B = 0.2-(ng/2kgT ).

Figure 6(a) shows the estimated time dependence of the spin-flip current in the
antiparallel configuration as determined by using Eqns.1 and 2 on the experimental data shown
in Fig. 4. Note that the change in spin-flip current Al at different temperatures is larger than
the change in the terminal current .I, as we would expect from the circuit diagram of Fig. 5
which

S kS
1

L (O () (nA)
w W
o

O=2NWh

[N.(t)-N.(0)] x10°

400 600 800 1000
Time, t (ns)
Figure 6: (a) Estimated spin-flip current as a function of time, for T = 10 and 15 K. The spin capacitive effect is
reduced at higher temperatures due to enhanced spin-relaxation from native GaAs lattice atoms; (b) charging of
Mn paramagnetic spin as a function of time.

0 200

gives Al /AL = (1/P){ 1+ (r - 1)*(1 - PcH/(4r)}, where, P. =(gq - 28)/(ga + 28)=(G1 - G)/(G1 +
Gy). Using experimental values (P, =0.39 and r =1/6) we find Aly /Al to be 4.8, which is
reasonably close to the value of 3.6 obtained from the detailed numerical calculation (see Figs.
4 and 6). Time constants (1) associated with the charging of the spin-capacitor (Fig. 6(b)) as
determined by using Fig. 6(a) and Eqn. 2 are found to be 120 ns and 80 ns at 10 K and 15 K,
respectively. The estimated value for T (120 ns) is close to the value of the spin-spin relaxation
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time-constant (100 ns) reported earlier for an interaction between conduction electron spin and
a paramagnetic defect in a silicon field-effect-transistor [19].
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4. A Monolithically Integrated Magneto-Opto-Electronic Circuit

Comprehensive Summary of the significant work accomplished

Semiconductor spintronics is aimed at improving the operation and functionality of
conventional devices in terms of speed, power and packing density [1-3]. Significant advances
in this area have been made, such as the demonstration of discrete devices like spin-valves [4-
7], spin-current amplifiers [8], spin capacitors [9], spin LEDs [10], and spin lasers {11] using
ferromagnet/semiconductor heterostructures. Most of these devices have been demonstrated
with GaAs-based platforms, on which matured microelectronic and optoelectronic technologies
also exist. For future applications with new paradigms and functionalities, it is of interest and
importance to monolithically integrate spintronic devices with microelectronic and
optoelectronic devices, to form a MOEIC. To cite a couple of applications, the spintronic
devices will make the MOEICs inherently reprogrammable and will enable them to be included
in the important class of reconfigurable integrated circuit (IC). The MOEIC will also allow spin
information to be transmitted over distances much longer than the spin-diffusion length. In
analogy with micro-electro-mechanical systems (MEMS), the integration of spintronic devices
with other conventional devices can have multiple benefits. We demonstrate here, for the first
time, the characteristics of a MOEIC on GaAs, which is realized by the monolithic integration
of a spin valve, an amplifier circuit containing high electron mobility transistors (HEMTs) and
passive elements, and a LED. Variation of magnetic information is amplified and read out by
photons emitted by the LED.
The integration of magnetic, optoelectronic and electronic devices is facilitated by the fact that
the fabrication steps for semiconductor spintronic devices are analogous to the conventional
micro-fabrication techniques. We present here an MOEIC wherein a lateral semiconductor spin-
valve, a cascaded HEMT amplifier and an LED are monolithically integrated to demonstrate a
magneto-electronic switch. A spin-valve has two ferromagnetic contacts acting as polarizer and
analyzer [4]. The resistance of the spin-valve is low if both polarizer and analyzer are
magnetized in the same direction and high if they are magnetized in opposite directions. The
magnetoresistance resulting from parallel to anti-parallel magnetization configurations is
usually small and at times difficult to detect. The cascaded HEMT amplifier in the integrated
circuit amplifies the magnetoresistance [15]. A change in the gate-to-source voltage of the
HEMT changes the drain-to-source current and hence the device acts as a transconductance
amplifier. A cascaded configuration is used to increase the amplifier gain. The large change in
the current of the second HEMT is used to drive the LED. The light intensity of the LED
changes in proportion to the change in the drain-to-source current [16] of the second HEMT.
Hence, the circuit operation can be described in the following sequential steps: (1) a magnetic
field (H) changes the resistance of the spin-valve; (2) the magnetoresistance is amplified by the
cascaded HEMT ampli.er to a large change in current; and (3) the LED light intensity is
modulated by the changing current. The MOEIC therefore converts the spin-polarization in the
channel region of the lateral spin-valve to an equivalent change in light intensity of the LED.
The circuit operates as a magneto-electronic switch which modulates the light intensity of the
LED.
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Most significant advancements and Conclusions (include equations & figures as
appropriate)

The circuit diagram of the MOEIC is shown in Fig. 1. The spin-valve [resistance R(H)]
and resistor R, are connected in series between gate and source terminals of the first HEMT
(HEMT)). A current bias I is applied, which creates a gate-to-source bias voltage, Vgs; = Ig(R
+ Rj). A small change in resistance AR (magnetoresistance, MR = AR/R ) changes Vggs; by vgq,

LED

Figure 1: A schematic of the magneto-opto-electronie integrated eircuit. A magnetic ficld changes the resistance of
the spin-valve. The magnctoresistancc is amplified by the cascaded transconductance HEMT amplifier to a large
change in drain-to-souree current which modulates the light intensity of the LED. The resistors R1 and R2 are used
to correctly bias the cascaded HEMT amplifier in the linear region.

which in turn changes the drain-to-source current, Ipg; by igs;. These quantities are related by
the transconductance (gmi = 0lps1/0Vgs) of HEMT as, igs1 = gm1Vgs1 = Is(8m1AR), where gmiAR
is the gain of the first stage of the cascaded amplifier. The output of HEMT, is connected to the
gate terminal of HEMT,. The change in the gate-to-source voltage of HEMT; is given by, vg =
-igs1R2, where R is the bias resistor in the HEMT, drain terminal. The negative sign is due to
the fact that an increase in igs; decreases vgs. The gain of the second stage amplifier is gm2Ra,
where gm is the transconductance of HEMT,. The change in the drain-to-source current of
HEMT; is therefore given by igs2 = -Ig(g8miAR)( gm2AR), which is also the change in the current
flowing through the LED. If the slope of the light-output versus input-current (L-I)
characteristics of the LED is nj (=AL/AI), the resultant change in the light output is given by,

AL = -Ig [gmiAR][gm2R2]n (N
Hence, the change in the light intensity is directly proportional to the change in resistance in the
linear region of operation of the amplifier. If the quiescent (Q) drain-to-source current of
HEMT?2 is Ips, g, the fractional change in light intensity is given by,

AL/Ly = -1 [gmiAR][gm2R2] 1 /L(Ips2.Q) (2)
where Lo = L(Ips2,g) is the light-output at the quiescent drain-to-source current Ipg, . When the
amplifier operates in the linear region, HEMT, operates in the saturation region. Ips2q is
therefore independent of R and the fractional change in light intensity (Eqn. 2) is also
independent of R. Hence, the magnetoresistance amplification is primarily dependent on the
external circuit parameters and independent of the absolute value of MR.

A schematic of the MOEIC heterostructure grown by molecular beam epitaxy (MBE) is
shown in Fig. 2. The heterostructure consists of epitaxially grown layers for the MnAs/GaAs
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lateral spin-valve [4], the GaAs/Alp2GapggAs multi-quantum-well LED [16], and the
Alp2GaggAs/ Ing>,Gag gAs pseudomorphic HEMT [15], all separated by undoped GaAs buffer

10x{-\

aAs (5x10% cm=, 300 nm) Cap Layer
n+ Al ,Ga, ,As (10" cm, 50 nm)
Undoped Spacer Al,,Ga, ,As (5 hm)

Undoped In, ;Ga, ,As (15 nm) Channel

[ Semiinedlating Gaks (007) substate |,/ [110] GaAs

Figure 2: A schematic of the MOEIC heterostructure grown by MBE. The heterostructure consists of epitaxially
grown layers for the MnAs/GaAs lateral spin-valve, the GaAs/Aly;Gag gAs multi-quantum-well LED and the
Al ,Gag gAs/Ing,Gag gAs pseudomorphic HEMT separated by undoped GaAs buffer layers.

layers. The spin-valve is grown as the last (uppermost) device which has ferromagnetic MnAs
as the top layer. This avoids the necessity for epitaxial growth on MnAs, which is very difficult.
The LED heterostructure is grown beneath the spin-valve to minimize out-diffusion of Be from
the p-doped layer during subsequent thermal cycling. The heterostructure for the HEMT is
grown first and is therefore at the bottom. The fabrication of the MOEIC circuit is done in the
following sequence: spin-valve, resistance Ry, LED, HEMT, resistance R,, interconnect and
contact metallization. The nominal value for R; and R, are designed to be 175 € and 1 kQ,
respectively. Figures 3(a) and (b) show a three-dimensional (3D) schematic and a micro-
photograph (before the final interconnect and metallization steps) of the MOEIC, respectively.
The circuit layout ensures good surface morphology. Circuits with additional contact terminals
for individual access to the circuit elements are also fabricated to trace signal flow as it moves
from input to output. Control devices were also fabricated to confirm spin dependency of the
observed effects.

Measurements are done by mounting the MOEIC samples in a cryostat, placed between
the poles of an electromagnet. Figure 4 (a) shows the spin-valve characteristics as the magnetic
field is varied from -2 kG to 2 kG. It can be seen that the resistance is low when polarizer and
analyzer are magnetized in the same direction for large magnetic fields and high when they are
magnetized in opposite directions (JH| = 1.2 kG). A peak magnetoresistance of 0.33% is
measured at 20 K. The Hanle effect (spin precession in a perpendicular magnetic field)
measurement were also done to ensure spin
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(a) (b)
Figure 3: (a) A schematic and (b) a micro-photograph of the fabricated MOEIC (beforc the final interconncction
and metallization step). The resistors R1 and R2 are delineated on undoped GaAs buffer layers by physical vapor
deposition and lift-off technique.

dependency of the observed effect (Fig. 4(b)). The measured magnetoresistance is smaller than
reported earlier [19] and is due to the fact that annealing of HEMT source and drain contacts
introduces undesirable MnAs/GaAs interface mixing, which reduces spin injection and
detection efficiencies. Control measurements were also done to ensure spin dependency of the
effect [4,8]. Figures 5(a) and (b) show the measured characteristics of an isolated HEMT which
has undergone all the processing steps as the MOEIC. Figure 5(a) shows gy, as a function Vgg
for Vps = 2 V . measurements were also done to ensure spin dependency of the effect [19, 71,
114]. Figures 8.5(a) and (b) show the measured characteristics of an isolated HEMT which has

undergone all the processing steps as the MOEIC. Figure 8.5(a) shows gy, as a function Vgg for
Vps=2V.

2037 | Antiparale T=60K
So3o}
80.22
s
3 0.15}
o

£0.07}
& Parallel

200 0 200 400
B, (G)

Magnetic Field, H (kG)
(a) (b)

Figurc 4: (a) The spin-valve shows two magnetoresistance peaks corresponding to the case whenthe polarizer and
the analyzer are magnetizcd in opposite directions. The magnetoresistance decreases with increasing temperature
duc to decreasing spin-relaxation time; (b) non-local voltage as a function of perpendicular magnetic field in a
spin-valve. The spin precesses due to Hanle effect which leads to the change in spin accumulation. The asymmctry
is due to a small misalignment of the sample and presence of a small axial magnetic field.

The threshold voltage V1y is determined to be -1.9 V. Figure 5(b) depicts gm as a function of
temperature for Vps = 2 V. These characteristics confirm that the HEMTs function as a voltage
controlled current source. Figure 6(a) shows the measured L-I and I-V characteristics of an
LED. Figure 6(b) shows the L-I characteristics as a function of temperature. The quantum
efficiency and hence 7 increases with decreasing temperature. The individual circuit elements,
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therefore, exhibit the desired characteristics. It is also observed that the HEMT and LED
characteristics do not change for magnetic fields |[H| < 3 kG.
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0 . vw=-2v 200.le=2\! \
824101 0 100 200 300
Ves V) T(K)
(a) (b)

Figure 5: (a) Transconductance gm of the HEMT as a function of gate-to-source voltage. It reaches peak at Vgg = -
0.9 V; (c) transconductance of the HEMT as a function 1emperalure. I1 increases with decreasing lemperature due
10 increasing mobilily.

The MOEIC circuit operation is then measured by biasing it with voltage and current
sources, as shown in Fig. 1. Both the HEMTs are biased with, Vgs;o = Vags2 =-1.5 V and
Vbsi.o = Vps2,g = 2 V at 40 K. Transconductances gm) and gmz are then both equal to 175
mS/mm under this bias condition. Consequently, the quiescent currents through the HEMTs
and LED are equal and are given by Ipsi o = Ips2.0 = ILep = 5 mA. The measured R = 2.17 kQ,
and hence a current bias Ig = Vgs1,¢/(R + Ry) =-640 pA is applied to the input terminal. The
drain bias voltage Vp is determined as, Vp = Ipsi o R2 + Vpsi1 o = 7 V. The source voltage for
HEMT; is then determined as, Vs = Vpsi,g - Vas2q = 3.5 V. The voltage across the LED is
given by, Vigp = Vp - Vps29 - Vs = 1.5 V. It is to be noted from the I-V characteristics in Fig.
6(a) that I ep(Viep = 1.5 V) = 5 mA = Ips2,o- Hence, the circuit is correctly biased at a stable

operating point. A magnetic field is then swept and the LED light intensity is measured as a
function
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Figure 6: (a) LED light output and 1erminal voltage as a function of bias current; (b) light output versus bias
current of the LED as a function of temperature. The quantum efficiency increases with decreasing lemperature,
hence, the slope increases.

of H at various temperatures with a silicon photodetector (Fig. 7). The light intensity
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Figure 7: MOEIC characteristics. Modulation of LED light intensity as a function of magnetic field. The light
intensity modulation shows exactly the same magnetic field dependence as the spin-valve characteristics. The
magnetoresistance amplification is determined to be = 20 in the region of operation. The MOEIC acts as a
magneto-electronic switch which varies LED light intensity in response to an external magnetic field.

modulation shows exactly the same magnetic field dependence as the spin-valve characteristics,
as predicted by Eqn. 2. This confirms the spin-dependency of the observed change. The overall
MOEIC gain, (R/L)x(0L/R) is determined to be ~20 in the temperature range of operation. As
expected, the MOEIC amplifies the magnetoresistance of the spin-valve and acts as a magneto-
electronic switch which modulates the LED light intensity in response to a varying magnetic
field. The modulated light intensity, which can be transmitted over a long distance, bears the
signature of spin-polarization in the spin-valve channel region.
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