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A spin polarized laser offers inherent control of the output circular polarization. We
have investigated the output polarization characteristics of a bulk GaN-based microcavity
polariton diode laser at room temperature with electrical injection of spin polarized
electrons via a FeCo/MgO spin injector. Polariton laser operation with a spin polarized
current is characterized by a threshold of ~ 69 A/cm” in the light-current characteristics, a
significant reduction of the electroluminescence linewidth and blueshift of the emission
peak. A degree of output circular polarization of ~ 25 % is recorded under remanent
magnetization. A second threshold, due to conventional photon lasing, is observed at an
injection of ~ 7.2 kA/cm®. The variation of output circular and linear polarization with
spin-polarized injection current has been analyzed with the carrier and exciton rate
equations and the Gross-Pitaevskii equations for the condensate and there is good

agreement between measured and calculated data.



The output of a microcavity coherent light source is generally linearly polarized in the
emitter-cavity photon strong coupling regime in the absence of pinning caused by photonic
structural disorders [1-3]. However, it has been experimentally demonstrated that the orientation
of this polarization is stochastic and hence the polarization cannot be experimentally recorded in
the steady state [4, 5]. Linear polarization can be observed in the steady state output only by
pinning along a preferred crystallographic axis [6-10] and the degree of polarization decreases at
high pumping levels due to the depinning effect caused by polariton-polariton repulsive
interactions and self-induced Larmor precession of the Stokes vector of the condensate [11].
These trends in the linear polarization have been observed in polariton lasers pumped optically
[9] and electrically [10]. In the case of optical excitation, it is also possible to obtain a circularly
polarized output above threshold and this behavior has been verified experimentally in the steady
state at cryogenic temperatures [12-15]. The degree of circular polarization is determined by the
interplay of polariton thermalization by scattering (polariton-phonon, polariton-electron and
polariton-polariton) and polariton pseudospin precession in the effective magnetic field due to
the TE-TM splitting [2, 16]. Circular polarization has not been observed in the output of an
electrically injected polariton laser since carriers are injected with no net polarization [17]. The
output can be circularly polarized due to the interplay of spin-dependent polariton-polariton
interactions and stimulated relaxation of exciton polaritons at high injection densities where the
depinning of linear polarization is observed [9], but this circular polarization is small, random
and largely uncontrolled. On the other hand, it is possible to obtain a controlled and variable
circularly polarized output by electrically injecting spin polarized carriers with a suitable

ferromagnetic contact [20, 21] or a diluted magnetic semiconductor [22-24] acting as a spin



injector, as demonstrated with conventional photon lasers designed as vertical cavity surface-

emitting lasers (VCSELSs) [25-27] and light-emitting diodes (LEDs) [20-21, 28-29].

In the present study, we have investigated the output circular polarization characteristics
of a polariton diode laser where spin polarized electrons are injected by a ferromagnetic tunnel
injection contact. Such a device with controllable output circular polarization is useful for the
study of fibrous proteins, collagens and asymmetric photochemical reactions which are sensitive
to circularly polarized light. Information can be encoded onto both the intensity as well as the
polarization of light in an optical communication system, thus effectively doubling the
bandwidth of communication channels [27, 30]. There have been several reports of exciton-
polariton spintronic switches [31, 32] and circularly polarized polariton lasers [5, 12-14, 33]. In
particular, Amo et al. have demonstrated a non-local, all-optical exciton-polariton spin switch
based on a pump and probe scheme in a semiconductor microcavity, wherein a localized trigger
switches on a large pump area and thus controls the polarization of the full emission [31]. In all
these previous reports, the devices have been optically excited and their operation was limited to
cryogenic temperatures. We demonstrate here, for the first time, modulation of circular
polarization of the output of a GaN-based polariton laser at room temperature by electrical

injection of spin-polarized electrons using a FeCo/MgO tunnel spin injector contact.

We have characterized several identical electrically pumped bulk GaN-based microcavity
polariton lasers fabricated from a single epitaxially grown heterostructure sample schematically
shown in Fig. 1(a). Device fabrication is described in the Supplemental Material [34]. Two
significant changes are incorporated in our previously reported [10, 35-37] polariton laser diodes
to accomplish successful electrical spin injection and transport. First, the regular n-type ohmic

contact is replaced by n-type FeCo/MgO spin-injector contacts to introduce a net electron spin



imbalance in the laser diode. The spin polarization of the injection current is dependent on the
electron spin injection efficiency, for which a value of ~ 8 % has been reported for the
FeCo/MgO contact at room temperature [38]. Second, the diode heterostructure is grown on a p-
type substrate so that the FeCo/MgO spin contact can be formed on the n-GaN layer on top. This
reduces the transport length of the spin-polarized electrons to the active recombination region.
The longitudinal spin transport length is ~ 400 nm in these devices, which is approximately twice
that of the measured spin diffusion length at room temperature [38]. Since the microcavity
diodes have an edge-emitting geometry, wherein the direction of cavity resonance and current
injection are in mutually orthogonal directions, a parasitic contribution to the output circular
polarization arising from magnetic circular dichroism (MCD) is absent in our diode lasers. The
in-plane magnetization of FeCo enables the use of an edge-emitting geometry, which utilizes the
important advantages of ferromagnetic metals such as small coercive fields and high remanent
magnetization. These are the characteristics which allow nonvolatile spin manipulation using
modest magnetic fields and is thus a very practical consideration for device applications. Further,
the use of a bulk (three-dimensional) active layer ensures that the heavy-hole exciton pseudo-
spin can, in principle, be oriented along the direction of light propagation, as the electron spin
and the heavy-hole angular momenta can both be aligned along the edge. The device cross-
section being small, any difference in the measured characteristics between the devices is
attributed to the number of defects in the active region. The defect density in the active region is
~6.1 x 10® cm™ [37]. All measurements reported here have been done at room temperature. The
microcavity quality factor, Q, and the corresponding cavity mode lifetime, 1, are determined to
be ~ 3200 and ~ 0.6 ps, respectively, from microphotoluminescence measurements. Angle-

resolved electroluminescence measurements (Supplemental Material [34]) were made to



ascertain the strong coupling regime of operation of the devices and to determine the polariton
dispersion characteristics. The measurements were carried out at a low value of continuous wave
(CW) current injection, later confirmed to be ~ 0.95 Jy, where Jy, is the non-linear threshold
current density for polariton lasing. The data are shown in Fig. 1(b). From analysis of these data,
in the framework of the 2 x 2 coupled harmonic oscillator model, the cavity-to-exciton detuning
A and vacuum-field Rabi splitting Qygrs are found to be — 7.5 meV and 36.1 meV, respectively.
The dispersion curves are calculated with a measured exciton linewidth of ~6 meV. Additional
sets of sub-threshold angle-resolved electroluminescence characteristics measured in two
identical devices with ferromagnetic and non-magnetic contacts and corresponding polariton
dispersion curves are shown in the Supplemental Material [34]. The A and Qygrs values for these

devices are also very similar to the values quoted above.

The output light-current (L-I) characteristics of the devices were determined by recording
the electroluminescence in the direction normal (k~0) to the Bragg mirrors as a function of
continuous wave (CW) injection current. The measurements were made with the injection of
spin-polarized electrons via the FeCo/MgO contact in a remanent magnetization state. As shown
in Fig. 1(d) (for the device of Figs. 1 (a) and (b)), a non-linear threshold signaling the onset of
stimulated scattering is observed at a current density of Jy, = 69 A/cm? which is close to the value
reported previously in similar devices [10, 35-37]. The corresponding lower-polariton (LP)
density at the non-linear threshold is ~ 1.02 x 10'® em™, calculated with a measured excitonic
lifetime of ~ 0.71 ns (see Supplemental Material [34]). Similar L-I characteristics for another
device are shown in Fig. 2(a). With further increase of the injection current, the transition from
strong to weak coupling takes place and a second non-linearity, most possibly due to population

inversion and photon lasing, is observed at J ~ 7.2 kA/cm? (Fig. 2(b)). The threshold is shown



more clearly in the inset of this figure. The onset of non-linearity and polariton lasing threshold
are accompanied by an abrupt reduction of the LP emission linewidth and a blue-shift of the LP
electroluminescence peak energy (~ 9 meV at the polariton lasing threshold) shown in Fig. 2 (c).
The minimum measured LP emission linewidth amongst all the devices measured is ~ 970 peV,
which corresponds to a LP coherence time of ~ 4 ps. The spontaneous radiative recombination
lifetime of the lower polaritons in the condensate is estimated to be T p=,n/ |C(k; = 0)]* ~ 1.1 ps.
The polariton occupation in momentum space at different injection levels was also measured in
the same device by angle-resolved electroluminescence in several devices. The occupation is
calculated from the output power measured with an optical power meter. The polariton
condensate occupation numbers are very similar in all the devices. Representative data are shown
in Fig. 2 (d). A random and non-thermal LP occupation below threshold transforms to a peaked
occupancy at kj~0 above threshold, indicating the formation of a coherent bosonic condensate. It
may be observed, from Fig. 2(d) that there is no appreciable saturation of the thermal part of the
emitted LP intensity with injection beyond threshold. In general, for polariton lasers being
operated in the kinetic regime, no such saturation should be expected [39]. Further, the
population of certain excited states above the condensate may increase above the polariton lasing
threshold due to the interplay of the phonon-assisted polariton scattering and polariton-polariton
scattering. In the previous works on GaN-based polariton lasers, it has been observed that
polariton-polariton interactions give rise to non-linear increase of the emission intensity with the

pump intensity at large emission angles [40].

We measured the degree of circular polarization of the polariton emission in the normal
direction (k; ~ 0) (see Supplemental Material [34]) as a function of injection current in multiple

devices after the application of a suitable in-plane magnetizing field to the n-type FeCo/MgO



spin injector. The measurements were made in remanence with the magnetic field switched off.
The degree of circular polarization above threshold follows the measured in-plane magnetization
of a ~ 80 nm FeCo layer, which demonstrates that the observed electroluminescence polarization
originates from the FeCo contact (see Supplemental Material [34]). Figure 3(a) shows the
circular-polarization resolved LP electroluminescence intensities measured as a function of
injection after magnetization of the contacts with H ~ + 1.6 kOe. Below the non-linear threshold,
the degree of circular polarization of the microcavity emission is essentially zero because of
complete spin relaxation of the excitons. Above the polariton lasing threshold, with the onset of
stimulated LP-LP scattering, the dynamics which populate the LP condensate states become
much faster than competing spin relaxation processes and one of the spin-polarized components
of the condensate increases faster than the other giving rise to a net output circular polarization.
Any possible difference in threshold between the two components might be small and within the
limits of experimental error. Figure 3(b) depicts the measured steady state circular polarization of
the output LP electroluminescence of the same device as a function of injection. There is a non-
linear increase of the polarization at threshold and a maximum value of output circular

polarization of ~ 25 % is observed above the non-linear threshold.

We have also measured the steady state linear polarization of the output LP
electroluminescence as a function of the injected current density of the device whose L-I
characteristics are depicted in Fig. 2(b) (see Supplemental Material [34]). The trend of the
polarization is similar to what we have observed before with devices having non-magnetic
contacts [10]. Below the non-linear threshold, the degree of linear polarization is below the
detection limit of the measurement system. Above threshold, a maximum linear polarization of ~

33 % is recorded for an injection level of ~ 72.5 A/cm”. The linear polarization is found to be



preferentially oriented along the [1100] crystallographic axis in all the devices. At threshold,

there is a sharp increase in linear polarization due to the stimulated LP-LP scattering from the
unpolarized reservoir to the polarized seed condensate in the presence of a small linear
polarization splitting at k; ~ 0 This is followed by a peaking and a rapid decrease at higher
injection due to the depinning effect [9, 11]. The measured threshold for linear polarization is in
good agreement with the non-linear threshold in the light-current characteristics, within the

limits of experimental accuracy.

The circular polarization is superimposed on the linear polarization of the output to
produce a net elliptic polarization. We have analyzed the measured polarization results, with
some simplifying assumptions, with the object of verifying the build-up of circular spin
polarization due to the bosonic stimulation effect. We assume that the injected carriers are
partially spin polarized. We also assume that the ground state of the polariton condensate is
subject to the in-plane effective magnetic field originating from the splitting of X and Y
polarized polariton states. The spin-dependent polariton-polariton interactions in the condensate
are considered. Holes are assumed to be unpolarized and thus the spin polarization in the
electron-hole plasma originates entirely due to the spin-polarized electrons. We solve the rate
equations for free carriers and incoherent excitons as well as the Gross-Pitaevskii equations for
the polariton condensate written in the basis of spin-up and spin-down electron states and

corresponding optically active exciton states:
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Here N:,Nj,N;,N; are the electron and exciton reservoir occupation numbers corresponding

to spin-up and spin-down electron states, respectively, ‘PT,‘IN are the wavefunctions of spin-up
and spin-down polariton condensates, £ is the degree of spin polarization of the injection current
corresponding to an electron spin injection efficiency of ~ 8 % [38], P 1is the injected current

density; W ~0.1 ps” is the exciton formation rate, 7,,~40 ps is the electron spin

exc— form
relaxation time [38], 7, , ~0.2 ps is the exciton pseudospin relaxation time [41], 7, =1 ns is the

exciton non-radiative recombination time, a,, = 7 X 1071 ps'l, bexe =1071° ps'l are the phonon-

polariton and polariton-polariton scattering rates, 7,~1 ps is the polariton lifetime,
o, =4 ueV,o, =—0.4 ueV are the nonlinearity parameters describing the interactions of

polaritons with parallel and antiparallel spins, respectively, and 2=0.1 meV is the linear
polarization splitting that governs the effective magnetic field acting upon the polariton
pseudospin components [9].The calculated variation of circular polarization with injection is
shown alongside the measured data in Fig. 3(c) and a good agreement is observed. In contrast,
calculations performed assuming the weak-coupling regime of operation (zero magnitudes for

the interaction coefficients and the linear polarization splitting) cannot reproduce the measured
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data. We conclude that stimulated scattering of spin-polarized excitons to the polariton
condensate above the lasing threshold leads to the build-up of circular polarization of the
emission of polariton lasers which paves the way to realization of a low-threshold semiconductor
source of coherent circularly polarized UV to blue light. In contrast, spin-VCSELs have to be
magnetized along the hard axis of the spin-injector and thus require higher fields for operation
[25-27]. Further, while the operation of the spin polariton laser considered in the present study is
at room temperature, spin-VCSELs have been operated only at low temperatures. The threshold
current densities of previously reported electrically injected spin-VCSELs range from ~ 2
kA/cm? to ~ 8 kA/em® [25, 26]. The threshold current densities in the present spin-polarized
polariton lasers range from ~ 69 A/cm® to ~ 181 A/cm?, which are significantly lower. While we
observe a degree of output circular polarization of ~ 25 % in the present devices above threshold,
a degree of circular polarization ranging from ~ 8 % [26] to ~ 23 % [25] were observed in the
spin-VCSELs. Higher degrees of circular polarization (~ 55 %) were also demonstrated in the

spin-VCSELSs by adopting a specialized electrical biasing scheme [27].

In conclusion, we have demonstrated electrical spin injection from a FeCo/MgO Schottky
tunnel barrier in an electrically pumped spin polariton diode laser. The polariton lasing
characteristics have been measured with spin polarized injection current in remanence. The
measured output circular and linear polarization have been analyzed by solving the rate
equations for free carriers and excitons and the Gross-Pitaevskii equations for the polariton
condensate. The device represents a bias-tunable low energy coherent polarized light source

operating at room temperature.
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Figure Captions

Figure 1 (color online) (a) Schematic representation of the spin-polarized double heterostructure
GaN-based microcavity diode (not drawn to scale) in the quasi-Voigt measurement geometry; (b)
sub-threshold angle-resolved electroluminescence spectra recorded after in-plane magnetization
of the ferromagnetic contacts with H ~ + 1.6 kOe. The spectra have been vertically offset for
clarity. The dashed lines are guides to the eye representing the lower-polariton and excitonic
transitions; (c) corresponding polariton dispersion curves calculated using a coupled harmonic
oscillator model. The red (wine) circles represent the computed cavity photon (upper-polariton)
dispersion and the blue circles correspond to the “data points” in (b); (d) normal incidence (kj~

0) LP electroluminescence intensities recorded as a function of injected current density after in-

17



plane magnetization of the contacts with H ~ & 1.6 kOe. The vertical arrow indicates the onset of

non-linearity.

Figure 2 (color online) (a) Normal incidence (kj ~ 0) LP electroluminescence intensities
recorded as a function of injected current density; (b) two threshold lasing behavior with the
nonlinearities due to polariton and photon lasing. The inset shows an enlargement highlighting
the threshold at higher injection; (c) LP emission linewidth and blueshift of the LP
electroluminescence peak emission energy as a function of injected current density. The
resolution of the measurement (~ 4.6 meV) is indicated as a horizontal dashed line; (d) LP
emission intensities for different k states as a function of the energy difference E(k)) — E(k;~ 0),
determined from angle-resolved electroluminescence measurements at different injection
densities. The measurements were made after in-plane magnetization of ferromagnetic contacts
with H ~ + 1.6 kOe. The vertical arrows in (a) and (b) indicate the onset of the non-linearity due

to polariton lasing. The solid lines are guides to the eye.

Figure 3 (color online) (a) Measured normal incidence (k; ~ 0) circular polarization-resolved LP
electroluminescence intensities as a function of injected current density recorded after in-plane
magnetization of ferromagnetic contacts with H ~ + 1.6 kOe. The total light intensity S is the
summation of the right-hand (S") and left-hand circularly polarized (S’) LP emission intensities.
The arrow indicates the onset of non-linearity and the solid lines are guides to the eye; (b)
measured steady-state degree of circular polarization as a function of injected current density
recorded after in-plane magnetization of ferromagnetic contacts with H ~ + 1.6 kOe. The red
(green) solid lines in (b) represent the calculated values assuming strong(weak)-coupling in the

microcavity.
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