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Giant photoinduced Faraday rotation due to the spin-polarized electron gas
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Faraday rotation up to 19° in the absence of an external magnetic field is demonstrated in an n-type bulk GaAs
microcavity under circularly polarized optical excitation. This strong effect is achieved because (i) the spin-
polarized electron gas is an efficient Faraday rotator and (ii) the light wave makes multiple round trips in the cavity.
We introduce a concept of Faraday rotation cross section as a proportionality coefficient between the rotation
angle, electron spin density and optical path and calculate this cross section for our system. From independent
measurements of photoinduced Faraday rotation and electron spin polarization we obtain quantitatively the cross
section of the Faraday rotation induced by free electron spin polarization o, = —(2.5 £ 0.6) x 10~'° rad xcm?
for photon energy 18 meV below the band gap of GaAs, and electron concentration 2 x 10'® cm™3. It appears
to exceed the theoretical value o = —0.7 x 10~"> radxcm?, calculated without fitting parameters. We also

demonstrate the proof-of-principle of a fast optically controlled Faraday rotator.
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I. INTRODUCTION

The rotation of the polarization plane of light upon
transmission through transparent media, either magnetized or
subjected to a magnetic field, is known as Faraday effect.!
Faraday rotation has been demonstrated in a wide range of
materials,” from paramagnetic glasses to interstellar media,’
and has important applications such as Faraday rotators, optical
isolators, and circulators.* The efficiency of the material in
producing Faraday rotation is characterized by the Verdet
constant V, such that the Faraday rotation angle 6 = V Bd,
where B is the applied magnetic field, d is the sample
thickness. By convention, the sign of the Verdet constant is
positive, if the rotation is clockwise for the observer looking
in the direction of the magnetic field.’

In semiconductors, two main contributions to the Faraday
rotation are related to two distinct polarization-sensitive
optical transitions mechanisms: free carriers or Drude tran-
sitions (far in the transparency region) and interband (or
excitonic) transitions close to the fundamental absorption
edge.®!" Verdet constants in nonmagnetic materials, such
as semiconductors, are normally small.'! It is also known
that Faraday rotation can change its sign in the vicinity of
absorption edge in some semiconductors, such as GaAs.”>!?
In contrast, semiconductors doped with magnetic impurities
(e.g., GaMnAs, CdMnTe) produce strong Faraday rotation.>!3
In these diluted magnetic semiconductors the sp-d exchange
interaction between the magnetic ion d states on one hand and
the conduction and valence band states on the other hand is
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responsible for giant spin splittings of electronic states and
strong enhancement of the interband Faraday rotation.

Another way to produce Faraday rotation in semiconductors
is optical orientation of carrier spins.'* Under quasiresonant
pumping with circularly polarized light, electron spin polar-
ization up to 50% in bulk semiconductors can be achieved.
Under these conditions the Faraday rotation is expected to be
proportional to the spin polarization of the electron gas and
the thickness of the spin-polarized area.'> Because the latter is
usually limited by the absorption length and quite small, the
experimentally observed values of Faraday rotation are of the
order of milliradian.'¢

In this work we use a planar optical cavity to increase the
Faraday rotation induced by the optically polarized electron
gas. This idea has already been fruitfully employed to study
Faraday rotation in quantum wells embedded in a microcavity,
where polarization was induced either by magnetic field'” or
by optical pumping.'® The enhancement of Faraday rotation
in a microcavity is due to multiple round trips of the light
between the mirrors. The number of round trips is given by
N = Qhpes/(4n L), where Q, L, and A, are respectively
the cavity quality factor, the thickness, and the resonance
wavelength inside the cavity, and it is quite large, N > 10°, in
the high finesse cavities, as a rule.

In the case of optical pumping the efficiency of spin-
polarized electrons to rotate the polarization plane is not
adequately characterized by the Verdet constant. Instead, in
this paper we employ the Faraday rotation cross section o,
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such that
91: = O'FSZd, (1)

where §; = %("T —ny) is the electron spin density, and 74
(ny) is the density of spin up (spin down) electrons in the
direction of propagation. By analogy with the definition of
field induced Faraday rotation, we adopt the convention that
rotations, which are clockwise for the observer looking along
the direction of spin polarization, are positive.

Here we study the photoinduced Faraday rotation in a
bulk n-doped microcavity. In the same sample we measure
independently Q, the degree of photoinduced polarization of
the electron gas p, and the photoinduced rotation angle 6.
This allows us to determine o quantitatively and to compare
it with the theoretical prediction. Finally, we demonstrate that
Faraday rotation induced by the the pump beam can be quite
fast: in our experiments the rotation of 10° is achieved in 70
ns, but it can be much shorter and is ultimately limited by the
rise time of the optical pulse.

The paper is organized as follows: In Sec. II we present
the sample and the experimental configuration used for the
three different variants of photoinduced Faraday rotation
experiments realized in this work. Namely, continuous wave
Faraday rotation (cw-FR) and electron spin lifetime measure-
ment by Hanle effect [Fig. 2(a)]; determination of electron
spin polarization from nuclear spin cooling experiments
[Fig. 2(b)]; time-resolved Faraday rotation (TRFR) under
pulsed excitation [Fig. 2(c)]. The results of photoinduced
Faraday rotation experiments and measurements of electron
spin lifetime by Hanle effect are described in Sec. III. The
spin polarization measurements by nuclear spin cooling are
presented in Sec. IV. In this section results of polarization-
resolved photoluminescence are also reported, in order to
check the results obtained by nuclear spin cooling. In Sec. V
we introduce the Faraday rotation cross section, give an
expression of this quantity within a microscopic model, and
then determine its value experimentally. Section VI describes
the time-resolved experiments, which provide the proof-of-
principle demonstration of optically pumped Faraday rotator.
This is followed by discussion and conclusion (Sec. VII).

II. EXPERIMENT

Figure 1 shows the microcavity structure used in this
study and the corresponding transmission spectrum calculated
using transfer matrix method. The sample is a 3581-A thick
Si-doped GaAs cavity sandwiched between two Bragg mirrors,
consisting of 25(30) AlAs/Aly1GagoAs pairs for the upper
(bottom) mirrors. The density of the electron gas in the cavity
layer is n, =2 x 10'® cm™3. The sample is grown on a
400-pm thick undoped GaAs substrate. The molecular beam
epitaxy grown cavity was wedge shaped in order to have the
possibility to tune the cavity mode energy by varying the spot
position on the sample. However, the wedge was small enough
to not compromise the measurement of the high Q-factor of
the cavity. The detuning between the energy gap of undoped
GaAs, chosen as a reference, and the cavity mode could thus
be varied between 16 and 22 meV. The sample was cooled
down to the temperature range from 2 K to 20 K either in a
helium bath or in a cold finger cryostat. The three variants of
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FIG. 1. (a) The n-doped GaAs microcavity sample with substrate
used in this study (a) and the calculated transmission spectrum of the
cavity. (b) We pumped at an energy of 1.59 eV and probed at the
cavity resonance, about 18 meV below the band gap.

the pump-probe setup used for measurement of cw-FR and
Hanle effect, nuclear spin cooling and TRFR are shown in
Fig. 2. In the three variants the pump beam is delivered by
a cw-laser diode emitting at 780 nm eventually chopped by
an acousto-optic modulator with switching time of 10 ns. The
probe laser is either a cw-Al,O5:Ti laser or a pulsed Al,O5:Ti
laser delivering 80 fs pulses. The diameter of both laser spots
on the samples were about 50 pm.

The first variant of experimental setup [Fig. 2(a)] was used
to measure the cw-FR and the Hanle effect. Optical spin orien-
tation of the electrons was achieved with a photoelastic modu-
lator (PEM) modulating the circular polarization of the pump
at the frequency f = 50 kHz in order to avoid the dynamic nu-
clear polarization by the optically oriented electrons. The spin
polarization of photoexcited electrons is partly transferred to
the electron gas, which gets polarized and induces a modulated
Faraday rotation of the probe beam Op(t) = 6y sin(2mw ft).
The Faraday rotation was detected with a linear polarization
analyzer and a photodiode. The total intensity seen by the
detector can be developed in a Fourier series /(¢) = Io(t)[% +
J1(20p) sin(2x ft) + odd harmonics of f], where Iy(¢) is the
transmitted probe intensity modulated by the chopper at
frequency f., and the analyzer is set at 45° with respect
to the transmitted probe polarization plane (when 6y = 0)
for maximum Faraday rotation signal. In our experiments
Or < 19° and the error made in replacing J;(26p) by 6y is
less than 6%. Thus simultaneous demodulation of the signal
at frequencies f and f. yields 6o = Cly/I;, where the
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FIG. 2. (Color online) The three variants of the setup used
in photoinduced Faraday rotation experiments (PEM: photoelastic
modulator; BS: Babinet-Soleil compensator; AOM: acousto-optic
modulator). Upper panel: (a) cw-Faraday rotation and Hanle effect;
(b) nuclear spin cooling for measurement of the Knight field; and
(c) time-resolved Faraday rotation induced by microsecond long
pulses. Lower panel: cryostat, Helmholtz coils used to apply lon-
gitudinal and/or transverse magnetic field, and detection setup used
is common in all three variants.

calibration factor is determined experimentally by rotating the
analyzer by a known angle.

A transverse magnetic field causes depolarization of the
electron spin (Hanle effect), which reduces 6. The spin
relaxation time of the electrons is extracted from the Hanle
curves, as discussed in Sec. I11.

The second variant of the setup [Fig. 2(b)] was used to
measure the Knight field induced by the spin polarized electron
gas and acting on nuclear spins. Since the Knight field is
proportional to the electron spin polarization, measurement
of the Knight field provides information about the electron
spin polarization density. Here we used a Babinet-Soleil
compensator to set a fixed pump polarization (either o+ or
o ~) and the linearly polarized cw-Ti:Sapphire laser was used
as the probe. In this variant the linear probe polarization is
modulated with the PEM set at a retardance of A/2, and the
Faraday rotation signal is extracted by demodulation at 2 f".

The third variant [Fig. 2(c)] was used for time-resolved
measurement of the Faraday rotation induced by a pump pulse.
Microsecond long pulses, with polarization set either as o or
o, rise time and decay time of about 10 ns, are shaped from
the cw-laser diode by an acousto-optic modulator (AOM). The
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buildup of electron spin polarization during pumping and its
decay after the pump is switched off are monitored via Faraday
rotation O (t) of the probe beam delivered by cw-Al,O3:Ti
laser. The intensity recorded by the detector I(r) = Io(t)(% +
Or(t)) is measured in this case with a fast acquisition card
sampling the signal at 200 MHz.

III. PHOTOINDUCED FARADAY ROTATION AND
ELECTRON SPIN RELAXATION TIME

The Faraday rotation and the depolarization of Faraday
rotation by a transverse magnetic field B, applied along x axis
(Hanle effect) are measured at 2 K with pump power varying
between 3 uW and 1 mW. The pump laser is focused on a
50-um spot diameter. The spin relaxation time is extracted
from the Hanle curves measured at different pump powers.
The Hanle effect detected via photoluminescence has been
routinely used to measure spin relaxation time of electrons
in semiconductors.'* Here we detect the depolarization of
the electron spin via Faraday rotation.'®!” The reduction of
the electron spin polarization, and thus of 6F, in a transverse
magnetic field is described by the Lorentz curve

1
1 + (gel'LBBx Tr/h)z ’

where u g is the Bohr magneton, T is the electron spin lifetime
and g, is the electron g factor.

In case of the n-doped semiconductor, the effective spin
lifetime is given by 1/7; = 1/7, + G/n,, where 7, is the
electron spin relaxation time, n, is the concentration of
equilibrium electrons and G is the carrier generation rate.”’
The full width at half maximum (FWHM) of the Lorentz curve
Brwam = (2h/g.upTy), is inversely proportional to the spin
lifetime. This allows for the measurement of the spin lifetime
and, by extrapolation to G = 0, the spin relaxation time.

Figure 3(a) shows the photoinduced Faraday rotation as a
function of the pump power density. One can see that Faraday
rotation increases sublinearly with power and at saturation
exceeding 10°. Figure 3(b) shows the FWHM of the Hanle
curves as a function of the pump power density. Using the
same procedure as Dzhioev,?’ we deduce a spin relaxation
time of 160 ns, close to the value reported by Crooker'¢ for
the same electron concentration.

To understand the saturation of 6y with pump power, we
note that in the spin-polarized electron system it is proportional
to electron spin density, S,.'> In our experiments the spin
density of photogenerated electrons is much smaller than
the resident electron density n., hence, the electron spin
polarization degree p, = (ny —n})/(ny +n,), where ny (n))
is the density of electrons with spin in the direction of (opposite
to) the light propagation direction, can be related with electron
spin density as

Or (B) o

@)

3

Therefore, the Faraday rotation is proportional to the spin
polarization of the electron gas

Or = ppe. “
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FIG. 3. (a) Left scale: cw-Faraday rotation as function of the
pump power (closed circles). Right scale: electron polarization
calculated with Eq. (5) plotted as a function of Gt,/n, (solid line).
(b) The full width at half maximum of the Hanle curves versus
pump power density. Extrapolation to zero pump power density gives
Brwum = 3.3 G, corresponding to spin relaxation time of 160 ns.
Inset shows the Hanle curve acquired at 0.3 W/cm?.

The proportionality factor p will be determined experimentally
in the next section, and used later (Sec. V) to determine the
Faraday rotation cross section.

From the rate equations for spin-up and spin-down electron
densities in the presence of optical pumping and recombina-
tion, and assuming that the excess carrier recombination time
is shorter than the electron spin relaxation time 7, one gets

e = PiGts/(n. + G1y), (5)

where p; is the initial spin polarization of photoexcited carriers
after they have thermalized to the bottom of the conduction
band. Since the initial kinetic energy of the carriers is relatively
large, of the order of 75 meV, they are likely to be partially
depolarized before they thermalize,?! so that p; < 0.5. We
note that similar to classical optical orientation experiments in
bulk semiconductors, the holes are assumed to be completely
depolarized almost immediately after photoexcitation.

In Fig. 3(a) the angle of Faraday rotation measured as a
function of power is compared to the calculation by means of
Eq. (5). Here we used the independently measured value of
the electron spin polarization p, = 0.11 at 50 W/cm? (see
next section) and t; = 160 ns (see above). In calculating
the generation rate G, we assumed absorption coefficient
a = 10* cm™! Ref. 22, the reflection coefficient R = 0.5,
and 50 um spot diameter. One can see that the observed
saturation of Faraday rotation is, indeed, well reproduced by
the saturation of p, and therefore S..>3
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IV. DETERMINATION OF ELECTRON SPIN
POLARIZATION

Because of the large negative detuning of the cavity mode
in our sample with respect to the GaAs energy gap, the
interband emission is strongly suppressed. Therefore, direct
determination of electron spin polarization from the degree of
circular polarization of photoluminescence was not possible.
For this reason we started with an indirect method based
on the cooling of the nuclear spin system in the electron
(Knight) field'+?*> (Sec. IV A). We have also measured the
degree of polarization of electron gas from the polarized
photoluminescence (PL) experiments, but in order to enable
the detection of interband emission, the upper Bragg mirror
was etched from the microcavity sample (Sec. IV B). Note,
however, that this may affect the measured spin polarization
for several reasons, such as degradation of the sample quality,
and change in the probability of photon recycling.

A. Measurement of the knight field

Under steady state optical pumping conditions in the
external field B, the reciprocal nuclear spin temperature
(By = 1/kpTy) can be expressed as'*

_ 41 (B+B.)-S/n,
Wi (B+B,)?+EBY

where I and p; are the nuclear spin and nuclear magneton
respectively, B, = 2b,S/n, is the electron field (Knight field)
exerted by the electrons on the nuclei, S is the electron spin
density, b, is the value of the Knight field at saturation of
electron spin polarization, By, is the nuclear local field and £ is
anumerical coefficient which depends on the type of spin-spin
interaction.
For delocalized electrons

8
b, = —n.upn, @)

31

where [ is the nuclear spin, and n = |1(0)]? with u(0) being
the amplitude of the Bloch function at the either Ga or
As site. Since these amplitudes are different at the Ga and
As sites, so saturation Knight field b, is different as well.
We take 1ga = 2.7 x 10% and 5as = 4.5 x 10° Ref. 26, and
obtain b5 = 2.8 G and b** = 4.6 G. We introduce effective
saturation Knight field which, in first approximation reads
b, = (bS* + b2)/2 = 3.7 G. One can see from Eq. (6) that
the nuclear spin temperature depends strongly on B + B,
and becomes infinite when the external field compensates the
Knight field (B + B, — 0). Measurements of the nuclear spin
temperature as a function of B allow for the determination of
the Knight field compensation conditions and thus the average
electron spin S.

These measurements were done with the second variant of
the setup shown in Fig. 2(b). We proceed in two stages as
shown in Fig. 4(a). First, the nuclear spin system is cooled
down by optical pumping (pump power is 500 uW) in a
longitudinal field B || z, |B| = B, during few minutes. This is
the cooling stage. Then, during the measurement stage, B, is
switched off and a small transverse field B, = 1.5G = 2.5G
is switched on. The pump power is set to 85 u'W, weak enough
to avoid any repolarization of the nuclei during this stage.

(6)

N
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FIG. 4. (Color online) (a) Scheme for optical cooling of nuclear spins at relatively large pump power in a longitudinal field (left) and
detection in a small transverse field at lower pump power (right). (b) Typical Hanle curve versus total field By = By + B,. Depending on
the initial value of By, Faraday rotation will exhibit different time evolutions as By relaxes to B,. (c)—(e) Time evolution of Faraday rotation
during cooling in a longitudinal field (yellow region), and detection in a weak transverse field B, =1.5 G, for the three cases shown in panel
(b) (red curves are fit to the data using Eq. (8)). In the shaded area (during cooling) the signal was not recorded to allow for a change in the
lock-in sensitivity. (f) The extracted nuclear field as a function of longitudinal field. The observed Knight field of about 0.4 G is independent

of sample temperature.

According to the Eq. (6), if an appreciable cooling is achieved
during the cooling stage, then, depending on the sign and value
of both B, and B,, the nuclei will repolarize either parallel
(By < 0) or antiparallel (By > 0) to the transverse field B,,
creating an effective nuclear (Overhauser) field By acting on
the electrons. If during the cooling stage the external field
is such that it compensates the Knight field (B ~ —B,) then
nuclear cooling is not possible and By = 0, By = oo.

The total transverse field experienced by electrons By =
B, + By. The presence of transverse field leads to a measur-
able modification of the electron spin polarization, with respect
to the polarization created by the pump. As long as the nuclear
spin system heats up, electron spin polarization varies with
time. It follows a part of the Hanle curve from By = B, + By
to By = B, when By is fully relaxed [Fig. 4(b)]. The resulting
electron spin polarization was monitored by the Faraday
rotation of the probe beam, as shown in Fig. 2(b).

Different kinds of depolarization curves [Figs. 4(c)—4(e)]
can be observed depending on the initial value of the total
field. If By < 0 [Fig. 4(c)], the electron spin polarization
as well as Faraday rotation angle 6y first increase, goes
through a maximum when Br = 0, then decreases as Br
decreases toward B, due to nuclear spin relaxation pro-
cesses. If 0 < By < By, then 6 monotonously decreases
[Fig. 4(d)]. These two cases will eventually occur when By

and B, are antiparallel (i.e., for positive nuclear temperatures
B > 0). Finally (case 3), if Br > B, (which takes place
for negative nuclear temperatures Sy < 0), Faraday rotation
angle Op increases steadily as By decreases toward B,
[Fig. 4(e)].

Assuming that the nuclear field decays exponentially, the
time evolution of Faraday rotation can be expressed as

By + By,e/T\*1!
ep(t)a[1+<—+ il )} :
Brwnm/2

where By, is the initial nuclear field, 7; is the longitudinal
nuclear spin relaxation time. Figures 4(c)—4(e) show the fits
of the data using this expression, from which we deduce
By, for each value of B;. The resulting values of By, for
each B, are shown in Fig. 4(f). One can see in the inset
of Fig. 4(f), that the field B, at which By, passes through
zero is slightly shifted from zero. This is a direct evidence
that the nuclei get polarized in the Knight field created by
the electrons, even without external field. From this shift we
estimate B, = (0.4 & 0.1) G, which gives an average electron
spin polarization p, = (11 &£ 3)%. At the same pump power
P =500 uW, corresponding to an intensity of 25 W/cm?,
we measured 0 = 10°, hence, from Eq. (4) u = 0r/p. =
—100° & 25°.

®)
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B. Polarized photoluminescence

The measurements of electron spin polarization from the
polarized photoluminescence (PL) were done on the piece of
the sample, where the upper Bragg mirror was chemically
etched. The excitation energy was 1.59 eV, which corresponds
to the energy of the pump in the Faraday rotation experiments.
The excitation intensity was modulated at about 300 Hz and
the PEM was used to modulate the polarization between o™
and o~ at 50 kHz. The photoluminescence was collected,
passed through a circular polarization analyzer, and then a
grating spectrometer. A photomultiplier tube connected with
two lock-in amplifiers was used to extract the signal. One lock-
in amplifier operated synchronously with the PEM to detect
the differential signal (/™ — I~) and the other lock-in operated
synchronously with the optical chopper to provide the total
signal (I™ + I7). Then the degree of circular polarization of
the luminescence p, = (I — I7)/(I" + I7), where I and
I~ are the intensity of the o and o~ polarized PL respectively.

Figure 5 shows the measured PL intensity and polarization.
The broad PL spectrum and the characteristic step in the
circular polarization seen on the higher energy tail of the
spectrum are typical of degenerate semiconductors.?’

Assuming a Fermi distribution of the electrons in a
parabolic band, as well as a flat dispersion of valence band,
the PL intensity reads

D(E)

HE) & =

©))
where B, = 1/kpT, is the inverse electron temperature, E g
is the Fermi energy, and D(E) o< E'/? is the density of states
of the conduction band. If the average electron spin S, is
small enough then by differentiating the thermal distribution
function we obtain the degree of circular polarization as

%ﬂeEFSZ

PE) = T R

(10)

At low energy the polarization goes to zero, while at high
energy the PL polarization degree tends to

P = 1B.EFS.. (11)
Tbalh = 2 K
1.0+ E, =159eV §1006
E) P.. =5mW a c
) o Intensity p 0_04'(%-
%’ o Polarization g
2 o5l 10K &
% 10.02 &
= 1
T 19K o
X 410.00
0.0 | gmumn x I
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Energy (eV)

FIG. 5. (Color online) The spectrum of PL intensity (open square)
and the PL circular polarization from the GaAs microcavity (open
circle). The solid lines are fit by the calculated PL intensity and
electron spin polarization assuming Fermi distributions of electrons.
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From the fit of the PL intensity (polarization) with Eq. (9)
[Eq. (10)] we get the electron gas temperature T,; = 10 K
(Te, = 19K), and p° = 0.03. The different electron tempera-
tures deduced from PL intensity and polarization indicate that
the interband emission model used here is too simple. Indeed
the observed spectrum is relatively complicated and contains
at least two components. However these fits give an estimate of
the electronic temperature in the range 10-20 K. From Eq. (11)
with Er = 4meV, we deduce the electron gas spin polarization
degree p, = 6 £ 2%, in reasonable agreement with the value
estimated from the Knight field.

V. FARADAY ROTATION CROSS SECTION
A. Definition

In nonmagnetic media Faraday rotation induced by an
external magnetic field applied along the light beam is usually
characterized by the Verdet constant, which is the Faraday
rotation angle per unit traveling length in the medium, and
per unit magnetic field. In case of photoinduced Faraday
rotation the magnetic field is absent, hence, this description
is not appropriate, and it is more convenient, and physically
sound, to introduce the concept of Faraday rotation cross
section o, in analogy with other more familiar cross sections.
If one considers linearly polarized light propagating along
z direction, and interacting with a single particle with spin
projection +# in this direction, then o is defined as the
induced Faraday rotation per unit surface of the beam cross
section. Hence, for a medium containing a large number of
spins with average spin density S, and effective thickness defr,
the Faraday rotation is simply given by

Or = opS,de. (12)

If we assume that a given spin density produces the same
Faraday rotation, whether it is induced optically or by a
magnetic field, then by identification the Verdet constant is
merely proportional to the Faraday rotation cross section, the
proportionality factor being the spin susceptibility. We will
see, however, in Sec. V C2 that such assumption is not valid,
in general, for conduction band electrons.

B. Calculation

In order to calculate the Faraday rotation induced by
spin-polarized electrons in bulk semiconductor we follow the
theoretical model of Aronov and Ivchenko,'® and calculate
first the contribution related with the state-filling effects. We
introduce the frequency-dependent dielectric susceptibilities
e+(w) for ot and o~ polarized light waves propagating in the
positive direction of z axis. In the vicinity of the band edge
(hw < Eg) the real part of this difference can be written as?’

de | peyl? Z ( Sipk) = f12(k)
méha)QQ 3 —~\w— Eo/h—nk? /2wy,

fi2k) = f-1/2(k) >
w— Eg/h —hk?/2u, )

Refey —e_}=

+ (13)

Here my is free electron mass, €2 is the normalization volume,
Pev 18 the interband momentum matrix element, @y, () is
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the reduced electron-heavy hole (electron-light hole) mass,
and f4,»(k) are the distribution functions of electrons with
spin projections £1/2 onto the z axis. The Faraday rotation
angle can be written as

Or = - Rele_ — & Jde. (14)
4cn
where n is the background refractive index.
We introduce the electron spin density as
1
Se =5 2500, (15)
k

where

s:(k) = [f12(k) — f-12(K)]/2.

In degenerate electron gas with low electron spin po-
larization the spin distribution function is proportional to
8(Ex — Er) and summation over the wave vector k in Eq. (13)
becomes simple. Using Eq. (12) we finally obtain

o ne’h 1 1
OfF = — m + m ’
3mcen Eg—i—%Ep—ha) Eg—i—EEp—ha)
(16)

where | pcv|2 /mo was related with the effective electron
mass m.

In the spin-polarized electron gas the exchange interaction
between electrons renormalizes their energies depending on
spin orientation. The energy shift is different for s, = +1/2
and s, = —1/2 electrons, hence Hartree-Fock effect can be
understood as interaction-induced effective magnetic field
acgng on electron spins.”® This effective field can be written
as

App(k) = =2 ) Vi _gs.(h),

k'

A7)

where V, = dme? [V x(q* + q%F)] is the Fourier trans-
form of electron-electron interaction potential with grp =
V6 Ne?/»Er being Thomas-Fermi screening wave vector
and » being background static dielectric constant. For the sake
of estimation one can neglect the wave-vector dependence of
Apgr and take its value of |k| = kg. Therefore, the Hartree-
Fock effect on photoinduced Faraday rotation can be evaluated

0
(a)
% -1 —— AE= 18 meV
b —— AE= 10 meV
T ——— AE=5meV
I
©
-2
Y A

3456 7 8 910
Fermi energy (meV)
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similarly to the calculation of the magnetic field-induced
Faraday rotation'? and Faraday rotation caused by nuclei in
semiconductors®® with the result [cf. Ref. 29 where two-
dimensional case is considered]

O‘HF _ 6271 Z/{kF
™ 48men /E, —how
2 3/2 2 - Ep
( 'uzhh> 1 — Zarctan |2
n b4 E, —ho
2\ 2 m
— 1 — — arct 18
+<h2) narcan E,—ho ,  (18)
where
Anr(k 27 e? 4k>
y = Swlke) __2men <1 n —F> (19)
S, skp qrtF

It is worth noting that the spectral behavior of the spin
signals caused by the state-filling and Hartree-Fock effects is
different. At relatively high detunings, A = E, —hw > EF,
the a}f o A~!, while Hartree-Fock contribution behaves as
ofF oc A712. In the vicinity of the absorption edge, the
singularity in the state-filling contribution, o'}, is smeared due
to the electron scattering, which results in the broadening of
the edge.

Figure 6(a) shows the ratio of the Hartree-Fock and state-
filling contributions to the Faraday rotation cross section. It
follows from Eqs. (16) and (18) that o1 and o*" have opposite
signs. Their ratio is controlled by the following parameters:
ratio of the Fermi energy and interaction energy Uy, and the
ratio of Fermi energy and detuning. Figure 6(b) schematically
shows the areas in the parameter space detuning—the Fermi
energy where state-filling effect or Hartree-Fock effect dom-
inate: in agreement with Egs. (16) and (18) the Hartree-Fock
contribution dominates at small Fermi energies and high
detunings.

Our estimations show that for experimental parameters:
E, —ho = 18 meV, Er ~ 4 meV (m = 0.067mo, n = +/13)
we get from Eq. (16) o}f ~ —1.9 x 1075 rad x cm? and from
Eq. (18) ofF ~ 1.2 x 107! radxcm?. The close magnitudes

25

(b)
2.0¢
State filling

1.5}

1.0

Hartree-Fock

0.5+

Fermi energy (meV)

0.0

5 10

Detuning (meV)

15 20

FIG. 6. (Color online) (a) Ratio of Hartree-Fock and state-filling contributions to the Faraday rotation cross section as function of electron
Fermi energy, calculated as functions of detuning, A E, after Eqgs. (18) and (16) respectively. The parameters of GaAs were used. (b) Schematic
diagram in the detuning. Fermi energy axes showing dominant contributions to spin Faraday rotation: filled area corresponds to |o'F| > |o*].
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of the state-filling effect and Hartree-Fock effect induced
Faraday rotation results from the relatively low electron
density: In low density electron gas the interaction effects
become important. As a result, theoretical estimate for the
Faraday rotation cross sectionis o =—0.7 x 105 rad xcm?.
We recall that the negative sign indicates a counterclockwise
Faraday rotation when the light propagates along the spin
polarization and away from the observer.

C. Experimental determination
1. Photoinduced Faraday rotation

In order to get an experimental estimate of or we use
the values of 67 and p, deduced from photoinduced Faraday
rotation and nuclear spin cooling experiments in the same
optical pumping conditions (see previous sections). In addition
we need to evaluate an effective interaction length inside the
microcavity, der. For a 3A/2 cavity the interaction length
defined as the double thickness of the microcavity 2L times
the number of round trips N = QAres/4nL = Q /67, is degt =
QL /3m. From interferometric measurements we obtained the
quality factor Q = 19280 =+ 480, and thus d.i = 0.7 mm. To-
gether with the measured value of © = —100° & 25° (Sec. I1),
we find the Faraday rotation cross section oy = 20 /n.defr =
—(2.54+0.6) x 1071 radxcm?, that is about three times
the theoretical value. Bearing in mind that the latter was
obtained within a simple model, which neglects electron-hole
correlation effects, and using well-known parameters of GaAs,
the agreement is reasonable. We note that the main uncertainty
in the determination of or comes from the uncertainty in
the determination of the electron spin density from the
Knight shift. The photoinduced Faraday rotation was found
to vary from 19° at the lowest detuning A = 16 meV to
14° at the largest detuning A =22 meV. Our results are
consistent with the expected inverse detuning dependence of
o}f, but the available detuning range was too small to identify
unambiguously the dominant contribution.

2. Field-induced Faraday rotation

In this section we wish to get an independent experimental
estimate of the Faraday rotation cross section of the electron
gas, from Faraday effect in an external magnetic field applied
along the z axis. The external field makes two contributions
to the Faraday rotation. The first one is related with the
diamagnetic effects, namely, with changes of conduction and
valence band orbital states induced by the magnetic field.
The second contribution is due to the magnetic field induced
(equilibrium) spin polarization of charge carriers.

We found that the diamagnetic effect makes dominant
contribution to the field-induced Faraday rotation in our
sample. Indeed, we also measured the low-field Faraday
rotation from the undoped substrate up to 200 G, and found
that it is nearly equal to the Faraday rotation of the whole
structure at the same wavelength. Thus, at least in the field
range below 200 G the Faraday rotation is entirely dominated
by the substrate, which exhibits the expected negative Verdet
constant at this wavelength (825 nm).’

In order to get rid of these effects, we extract the
temperature-dependent contribution by measuring 6 at differ-
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FIG. 7. (Color online) (a) Experimentally measured temperature-
dependent Faraday rotations as function of magnetic field at different
temperatures: HI%K (solid squares), 9§K (solid circles), 6 }OK (solid
triangles), 02X (solid stars). (b) Comparison between measured
Faraday rotation A8 (left scale, symbols) and calculated temperature
dependent spin polarization Ap2X, Ap3X, AploK (right scale, lines).

ent temperatures 2 K up to 20 K [Fig. 7(a)]. In this temperature
range one can ignore the temperature dependence of band
structure parameters,31 hence we assume that variations of
Faraday rotation angle with temperature reflects those of
electron spin polarization.

Figure 7(b) shows the differences A6 between 6] mea-
sured at different temperatures below 20 K, and 62°X. One
can see that at low field A@; remains almost constant and
starts to increase at B > 2 T [Fig. 7(b)]. Assuming that
the temperature-dependent Faraday rotation angle is solely
determined by the electron spin polarization, this can be
understood as follows.

The equilibrium electron spin induced by magnetic field
can be found by a standard method.’® We take into ac-
count that the dispersion of electrons with spin z com-
ponent +1/2 writes Ey(k;,np)= hzkg/(Zm) + hwc(ng +
1/2) + gup B /2, where k, is the wave vector of electrons along
the magnetic field, n; is the Landau level number and w¢ =
le| B/(mc) is the cyclotron frequency. In GaAs, the Landau
level energy separation exceeds by far the Zeeman splitting,
hwc/(lglnupB) = 60. The electrons in each spin branch of
each Landau level are distributed in accordance with the
Fermi-Dirac function f(E) = {exp [(E — u(T,B))/(kgT)] +
1)1, where wu(T,B) is the temperature- and magnetic field-
dependent chemical potential. At zero temperature and in the
absence of the magnetic field it coincides with the Fermi energy
©(0,0) = Ef and for a given electron density can by defined
from the condition

dk.
n, = Zi / SEDL B (k) (20)

where D, = 1/(271%) is the density of states at each Landau
level, I = +/hc/(Je|B) is the magnetic length. The electron
spin polarization p, in accordance with Eqgs. (3) and (15) is
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given by
gMBB Z/ —DLf ha)c(nL + l/2)+h2k2/(2m)]

ey

Here f/(E) = df/dE and we took into account the smallness
of Zeeman splitting.

In the weak field limit, where hwc < Er, w(T,B) ~
1(0,0) = Ep, the summation over Landau levels can be
converted in the integration. Therefore under conditions of
low field and temperatureiwc <K Ep, kT < EF the electron
spin polarization reads

3gugB

Pe= "4 E, (22)
The temperature effect in this case is negligible, since for
degenerate carriers their equilibrium spin polarization is deter-
mined by the ratio of the Zeeman splitting to the Fermi energy.
The situation becomes qualitatively different if the magnetic
field is so strong that iwc > Ef and all electrons occupy the
lowest Landau level. Due to singularity of electron density
of states at low energies u(7,B) < Ep. Therefore, even at
the lowest temperatures kg7 ~ (0, B) and the electron gas
becomes nondegenerate. Its spin polarization is given by

_ _8mnsB
Y

(i.e., depends strongly on temperature).

The critical magnetic field for the transition between
the two regimes can be estimated analytically from the
condition fiwe = (0, B) = h*n,/(8me*n B?), assuming that
all electrons occupy the lowest Landau level. This yields
B = 1.9T, close to the magnetic field at which the temperature
dependence shows up in the experiment. In the general case,
the dependence of p, on both temperature and magnetic field
is calculated numerically and shown in Fig. 7(b).

We get an estimate of the Faraday rotation cross section by
scaling the numerically calculated Ap! = pI' — p2°K with the
experimental A@%. We introduce the proportionality factor /g
such that

(23)

A6F = palp]. (24)

For the calculation of p! we assume a degenerate free electron
gas, and neglect any eventual field-induced metal to insulator
transition, as well as disorder and electron-electron interaction
effects. One can see in Fig. 7(b) that a reasonable agreement
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between experimental Faraday rotation data and calculated
spin polarization is obtained for pg = 100°.

From this we deduce oF = +2.3 x 10~ radxcm?, in
reasonable agreement with photoinduced Faraday rotation,
excepted for the sign. Indeed, for positive fields the electron
spin polarization p, > 0 (electron g factor in GaAs is neg-
ative), and the corresponding Faraday rotation A8~ > 0, in
contradiction with photoinduced Faraday rotation experiments
and theoretical predictions. The origin of this discrepancy is
not known. Understanding of the temperature dependence of
the Faraday rotation in GaAs requires further experimental and
theoretical study.

3. Spin noise

Interestingly, one can also estimate o from spin noise
spectroscopy experiments. In this case the root-mean-square
(RMS) fluctuations of Faraday angle 67" are related to the
RMS spin fluctuations of N noninteracting electrons contained
in the volume V = Ad probed by the laser, where A is the laser
spot area and d is the sample thickness. For noninteracting
carriers in equilibrium following the approach of Ref. 33 (see
also Ref. 34) one can write for the RMS spin density fluctuation

va fne

= (25)

Y Sl = fo1 | 3E
> [k 1,

takes into account that only spins in the vicinity of Fermi

level can fluctuate. Taking into account that RMS of Faraday

rotation angle, 67", is related with the spin density fluctuation

by Eq. (12) one can evaluate Faraday rotation cross section
from spin noise data as

Tms
Z

where factor

kpT < Ep,
kT > Ep,

f:

Qrms 29rms
op = ——— =L (26)
S;mbd  fne

From the measured spin noise power, and the calculated
ST we deduced o from two different works!'®32 (see Table I).
It turns out that the values of o estimated by spin noise spec-
troscopy exceed the value estimated by photoinduced Faraday
rotation. However, this is consistent with the finding that, at
detunings less than 40 meV, Faraday rotation fluctuations due
to spin noise increase more rapidly than Faraday rotation
induced by a small fixed spin polarization.'® Since in our

TABLEI. Comparison between measured and calculated Faraday rotation cross sections using either photoinduced or field-induced Faraday
rotation (see Sec. IV). Values deduced from spin noise spectroscopy are also given. Calculated values are shown in gray. Note, that in calculation
of the Faraday rotation cross section for the spin noise we neglected Hartree-Fock effect, which may be suppressed for localized electrons.

Spin
polarization Electron FR Detuning o ol
Experiment De density (cm™) Or (rad) AE (meV) radxcm? radxcm?
Photoinduced FR (this work) ~ 0.11 0.03 2 x 10'° 0.17 18 —(2.5+£0.6) x 10715 —0.7 x 1071
Field-induced FR (this work) 0.(B) 2 x 10'° 1.75 x p.(B) 12 +23x 107 —1.05 x 1075
Spin Noise® 6.8 x 107° 1.8 x 10'° 1.2 x 1073 25 +£3 x 1071 —1.2x 1075
Spin Noise'® 8.2 x 107° 1.4 x 10'6 1073 35 +2.9 x 107 —0.85 x 1071
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experiment the spin polarization is created within a 3581-A
thick layer, less than the absorption length, an eventual effect
of different spin polarization profiles in both experiments, as
invoked in Ref. 16, seems unlikely. The detailed studies of
the spin noise magnitudes is beyond the scope of the present
paper. To summarize, various estimates of Faraday rotation
cross section are given in Table 1.

Absolute values of Faraday rotation cross sections esti-
mated by photoinduced Faraday effect, and magnetic field-
induced Faraday rotation exceed the theoretical values calcu-
lated with Egs. (16) and (18). Faraday rotation cross sections
estimated by spin noise methods are also larger than theoretical
predictions of Eq. (16). Also, spin fluctuations seem to induce
larger Faraday rotations than a constant macroscopic spin
polarization induced optically or by a magnetic field, in
agreement with the findings of Crooker et al.'®

VI. TIME-RESOLVED FARADAY ROTATION
UNDER PULSED EXCITATION

In this section we show that Faraday rotation can be
switched on and off on the nanosecond time scale by weak
circularly polarized laser pulses and demonstrate the proof-of-
principle of a fast optically controlled Faraday rotator. In these
measurements, the magnetic field is not applied.

Figure 8 shows a single-shot time-resolved Faraday rotation
sampling, acquired with a fast acquisition card [variant 3
of the setup, Fig. 2(c)] under pumping by a train of laser
pulses. At T =2 K the Faraday rotation reaches 13° in
about 70 ns, and decays in about 250 ns. The decay time
is limited by the electron spin relaxation time. Its value is in
reasonable agreement with spin relaxation times deduced from
Hanle effect. In contrast, the rise time is determined by the
balance between the rate G/n,, at which electron gas gets spin
polarized in the presence of the pump, and the spin relaxation
rate. In our experiments the condition n,/G < t; is satisfied.
In this strong pumping regime the rise time does not depend
on the spin relaxation time and can be much shorter than .

-15

Pump ¢
160 W/cm®

_-104 1
B
o 70 ns
gt

0 I

off on off
0 2000 4000
Time (ns)

FIG. 8. (Color online) TRFR for circularly polarized 600-ns
pulses (open squares). The solid black lines superimposed on
experimental data are exponential fits of the rise and decay of the
Faraday rotation, and the solid green curve in the figure bottom shows
the train of pulses.
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FIG. 9. (Color online) Right scale: Faraday rotation angle
(crosses) and its fit (blue line) using Eq. (5) with measured spin
relaxation time. Left scale: Temperature dependence of decay time
(squares) and its linear fit.

The dependence of the decay rate on the temperature is
shown in Fig. 9. Surprisingly we observe linear growth with
temperature (solid line in Fig. 9), which is not expected in this
temperature range kg T < E .30 Further studies are needed
to understand this behavior. However, assuming linear growth
of the spin relaxation rate with temperature and using Eq. (5)
one can reasonably well describe the decay of the Faraday
rotation angle when the temperature increases, as shown in
Fig. 9. This simple model omits the temperature dependence
of the absorption edge (5 meV shift at 50 K) and the eventual
change of the quality factor with temperature.

These results show that a high-Q, n-doped microcavity can
be an efficient, fast, optically switched Faraday rotator at low
temperatures. Much shorter switching times could be reached
by using a pair of counterpolarized pump pulses.*®

VII. CONCLUSION

A high-Q planar 31 /2 n-doped GaAs microcavity has been
used to demonstrate a large Faraday rotation induced by a
spin-polarized electron gas. Faraday rotation angles 6 up to
19° were obtained by optical pumping, and for electron spin
polarization p, of only few percents. Independent measure-
ments of Or, p., and Q provide a quantitative determination
of the Faraday rotation cross section o, which relates 6p
to the electron spin density, and the thickness of the layer.
We found o = —(2.5 £ 0.6) x 10~ rad x cm? at 18 meV
below the band gap, larger than theoretical prediction. The
strong negative value of o found experimentally confirms that
photoinduced Faraday rotation is dominated by polarization-
dependent bleaching of absorption, while spin splitting of
conduction band induced by electron-electron interactions,
which contribute with the opposite sign, is probably less
important.

The comparison of different methods to obtain the Faraday
rotation cross section is performed. First, we extracted the
electron spin-induced contribution to the Faraday rotation
from the temperature dependence of the Faraday effect in
the external magnetic field. However, in this experiment the
spin polarization cannot be measured directly and is calculated
under some poorly controlled assumptions. Therefore, results
of field-induced Faraday rotation should be taken with caution.
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A similar value was obtained from such an experiment but the
sign of extracted O is positive, in contrast to that obtained
in theory and by direct experiment. This situation deserves
further analysis.

Secondly, we compared the value of o deduced from
our measurements, with values deduced from spin noise
spectroscopy on n-GaAs bulk layers of comparable electron
concentrations. We found that o obtained by spin noise
technique exceeds o from photoinduced Faraday rotation.
This conclusion agrees with the findings of Crooker et al.'®

Finally, we demonstrate fast optical switching of Faraday
rotation in submicrosecond time scale by sampling the Faraday
rotation in a one-shot experiment under pulsed excitation.
From the decay time of Or we deduce the electron spin

PHYSICAL REVIEW B 85, 195313 (2012)

relaxation time t; = 250 ns, slightly longer than the value
deduced from Hanle curves t; = 160 ns.
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