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Determining the sign of g factor via time-resolved
Kerr rotation spectroscopy with a rotatable
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Time-resolved Kerr rotation spectroscopy is used to determine the sign of the g factor of carriers in a semiconductor

material, with the help of a rotatable magnetic field in the plane of the sample. The spin precession signal of carriers at
a fixed time delay is measured as a function of the orientation of the magnetic field with a fixed strength B. The signal

has a sine-like form and its phase determines the sign of the g factor of carriers. As a natural extension of previous

methods to measure the (time-resolved) photoluminescence or time-resolved Kerr rotation signal as a function of the

magnetic field strength with a fixed orientation, such a method gives the correct sign of the g factor of electrons in

GaAs. Furthermore, the sign of carriers in a (Ga, Mn)As magnetic semiconductor is also found to be negative.

Keywords: g factor, time-resolved Kerr rotation, gallium arsenide, rotatable magnetic field

PACS: 75.40.CGb, 76.50.4g, 75.90.4+w, 78.67.-n

1. Introduction

In recent years, semiconductor spintronics has at-
tracted lots of attention and has been extensively in-
vestigated, with the aim to manipulate both the spin
and the charge degree of electrons in semiconductors
in order to make spin-based post-Moore devices for
even more powerful information processing.[!=5 The
method of g factor engineering is a candidate for ef-
ficient spin-manipulation(®” and it requires a knowl-
edge of the magnitude and the sign of the g factor of
the carriers. Though the magnitude of the g factor
can be routinely measured with time-resolved photo-
luminescence (TRPL) or time-resolved Kerr rotation
(TRKR) techniques,#9] it is not trivial to determine
its sign. Traditionally, the sign of the g factor can
be obtained by measuring the circular polarization of
photoluminescence (PL) with circularly polarized ex-
citation light in a magnetic field (Hanle effect), which
is used at an oblique angle to the growth axis.[!0—13]
Besides this, Kalavich et al.l'*] determined the g factor
by comparing the circular polarization of the TRPL
in an opposite magnetic field.'¥) For these methods,
the PL singals of semiconductors may have compli-
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cated origins. TRKR and time-resolved Faraday rota-
tion (TRFR) measurement have proved to be power-
ful techniques in semiconductor spintronics and they
are widely used to study the coherent dynamics of

1.8.9] They can accurately measure the electron

spin.|
spin Larmor precession and, hence, the magnitude of
the g factor. However, there are few reports about de-
termining the sign of the g factor with TRKR, among
which is the work by Yang et al.['5! In their experi-
mental configuration, the pump beam and the probe
beam had an angle and so the Kerr rotation curve of
B > 0 had a time lag relative to that of B < 0, thus

giving out the sign of the g factor.

2. Experimental details

Here we report on an alternative method to de-
termine the sign of the g factor via TRKR measure-
ment with a rotatable in-plane magnetic field. This
is a natural extension of the previous methods men-
tioned above by Snelling et al.,''] Kalavich et al.,['4
and Yang et al.!'%!

The experimental setup is sketched in Fig. 1. The
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TRKR measurement part is a typical pump/probe
configuration.[®1% The pump beam and probe beam
are both from one and the same mode-locked Ti: sap-
phire pulsed laser, which has a pulse width of 150 fs,
a repetition rate of 76 MHz and a tunable wavelength
between 700 nm and 980 nm. The pump beam is
focused onto a spot of 100 um in diameter and the
probe beam is focused onto a spot of 30 wm in diam-
eter. Both of them are located in a horizontal plane
(y—2z plane in Fig. 1), where the pump beam goes along
the z axis and shines normally on a sample and the
linearly polarized probe beam is incident at the same
spot on the sample with an angle of @ = 20° with
respect to the pump beam. The circularly polarized
pump beam is modulated by a mechanical chopper for
lock-in detection. The sample is located in an Oxford
microscope cryostat with a temperature range of 3 K-
300 K. The cold finger of the cryostat protrudes into
the hole of a permanent magnet magic ring (PMMR),
which provides a magnetic field in a range of 0.05 T—
0.95 T with full round 360° rotatablity in the sample
plane.l'” Measurements are done at 0.77 T unless oth-
erwise noted. The rotation angle of the magnetic field,
0, is defined as the angle between the orientation of
the magnetic field (from the north pole to the south)

and the positive y axis (§ = 0°) as shown in Fig. 1.

&N,

Fig. 1. Schematic diagram of the experimental configu-
ration for the TRKR signal measurement. The magnetic
field lies in the sample plane. The angle between the pump
beam and the probe beam is a = 20°. The PMMR forms
a rotatable in-plane magnetic field, which can rotate 360°
in the z—y plane.

3. Results and discussion

The spin precession of carriers, generated by the
pump beam, is monitored by the Kerr rotation of
the time-delayed linearly polarized probe pulse. The
TRKR signal is proportional to the projection of the
net spin along the probe direction, which may be de-

scribed as(t+19]

0 (AL, 8) = Aexp(—At/Ts)(cos p cos wAt
— sin p sinwAt sin 3), (1)

where A is a constant that describes the initial ampli-
tude of the spin, T’y is the spin lifetime, w = gupB/h
is the Larmor precession frequency (where g is the g
factor of carriers, up is the Bohr magneton, B is the
magnetic field and # is the Planck constant), and ¢ is
a phase shift that depends on the angle @ between the
pump beam and the probe beams, and determined by
the refraction law of light

sin o 1

= (2)

sing n

where n is the refractive index of the sample.

Two samples are used here. One is a thin layer of
GaAs grown by molecular beam epitaxy (MBE) on a
(001) semi-insulating GaAs substrate. Since the sign
of the electron g factor in such a material is known to
be negative, it is used to verify the equivalence of our
method to the previous methods.['*:12:15] The other is
a 200-nm thick dilute magnetic semiconductor (DMS)
(Ga, Mn)As with Mn mole concentration of 6%, which
is grown on a (001) semi-insulating GaAs substrate by
low temperature MBE. The sign of the g factor in such
a material is not known,!'8:19 yet despite that it was
argued to be negative.[']

The TRKR signals of the two samples were mea-
sured each as a function of the delay time under
four different orientations of the PMMR, as shown in
Fig. 2. We fitted the curves with the formula (1), then
we could extract the g factor of GaAs and (Ga,Mn)As
from the precession period w of the Kerr rotation data,
i.e., g =0.42 for GaAs and g = 0.2 for (Ga,Mn)As.

Two methods were used to obtain the sign of
the g factor. One is what was described by Yang
et al:"% the configurations of § = 90° and =
270° PMMR are exactly what were used in their
work. In that case, formula (1) should be 6y (At) =
Aexp(—At/Ty) cos(wAt + ¢) for 90° and 6 (At) =
Aexp(—At/Ty) cos(wAt — ¢) for 270°. As shown in
Fig. 2(a), the curve for the 90° configuration lags 5 ps
behind that for the 270° configuration, which corre-
sponds to a phase shift ¢ = 12° for a precession pe-
riod of 150 ps, thus indicating that the sign of the
electron ¢ factor in GaAs is negative. As described
by formula (2), the phase shift ¢ depends on «, which
is 20° in our experimental setup. With the refractive
index n = 3.6 of GaAs, the ¢ can be calculated to be
5.45°, and so the phase shift between 90° and 270°
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should be 10.9°, which is in good agreement with our

experimental result 12°.
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Fig. 2. The TRKR signals of the GaAs (a) and
(Ga,Mn)As (b) thin films with different directions of the
in-plane magnetic field. The direction 0° is along the pos-
itive y axis and the magnetic field is 0.77 T. For different
directions, the change in the TRKR signal of (Ga,Mn)As
is similar to that of GaAs, thus indicating that the sign of
the g factor of (Ga,Mn)As is the same as that of GaAs,
which is well known to be negative. Inserts show the mag-
nified rectangular region.

Although the sign of the electron g factor in GaAs
is well known to be negative,2921 the sign of the hole
g factor in (Ga,Mn)As is not that clear-cut.'®19 A
similar measurement is made with (Ga,Mn)As, and
the resulting TRKR signal is shown in Fig. 2(b). The
curve of the 90° configuration lags behind that of the
270°, indicating that the sign of the hole g factor is
negative in (Ga,Mn)As. The time lag between the
two configurations is approximately 13 ps: this corre-
sponds to a phase shift of 10° for a precession period
of 470 ps. The Mn mole concentration is just 6%,
and the refractive index n = 3.6 of (Ga,Mn)As is the
same as that of the GaAs. The phase shift of 10° is in
agreement with the calculated result 10.9°.

The sign of the g factor can also be determined
by measuring the TRKR signal as a function of the
orientation of the PMMR, at a fixed magnetic field
strength and a fixed time delay between the pump
pulse and the probe pulse. There is a simple relation-
ship between the Kerr rotation and the orientation of
the PMMR magnetic field when At is fixed, and it is
expressed as

0x () = 0x(0) — bsin 5, (3)

where 64(0) is the amplitude of the Kerr rotation
when 8 = 0°, and b = Aexp(—At/Ts)sin psinwAt.
Figure 3 shows the dependencies of TRKR sig-
nal on the orientation of the magnetic field at the

fix delay time for the GaAs and (Ga, Mn)As thin
films. For the GaAs sample At = 30 ps (Fig. 3(a)),

B = 0.77 T, the values of 6;(0) and b can be
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Fig. 3. Dependencies of the TRKR signal on the rotation
angle (8) of the magnetic field at the fix delay time. The
initial direction (0°) of the magnetic field is along the y axis
and the magnetic field is 0.77 T. Panel (a) is for GaAs film
at At = 30 ps, panel (b) for GaAs at At = 140 ps, panel (c)
for (Ga, Mn)As at At = 88 ps, and panel (d) for (Ga, Mn)As
at At = 315 ps. The black dots refer to the experimental
data and the black lines represent the fitting results with for-
mula (3), which are in good agreement with the calculations.
The dashed line in panel 3(a) denotes the theoretical result
with the sign of g being set to positive. The experimental
data are in good agreement with the g < 0 fitting results,
thus indicating that the g factor in GaAs is negative.
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calculated to be 1.25 x 1074 and 1.12 x 10~°, respec-
tively. Fitting the experimental curve with formula
(3), their values are 1.22 x 10~* and 1.12 x 1075, re-
spectively, in good agreement with calculations. With
the same method, we calculated the values and fitte
them to the corresponding curve for the At = 140 ps
(Fig. 3(b)), and the two curves are both in good agree-
ment with each other. For (Ga, Mn)As, we also cal-
culated the values for two different fixed delay times
(88 ps and 315 ps), as shown in Figs. 3(c) and 3(d).
We obtained a similar result, thereby indicating that
the sign of the g factor is also negative: the g factor
in (Ga, Mn)As has the same sign as that in GaAs.

For the GaAs At = 30 ps (Fig. 3(a)), if g > 0,
formula (3) should be 6x(3) = 6 (0) — bsin(—0). Fig-
ure 3(a) also shows a fitting curve (the dash line)
with the sign of the ¢ factor being positive, and
other parameters being the same as those used above
(0x(0) = 1.25 x 107 and b = 1.12 x 1075). As can
be seen, it has an entirely opposite shape in contrast
with the experimental data and the fitting curve with
g < 0 (black line), which again indicates that we can
determine the sign of the g factor with the phase-shift
and the sign of the GaAs ¢ factor is not positive but
negative.

4. Conclusions

According to a similar configuration to that of
Yang et al.'®! and a rotatable in-plane PMMR mag-
netic field, we extend the method to determine the
sign of the electron g factor with TRKR measurement.
At a fixed delay time, the dependence of the TRKR
signal on the direction of the magnetic field in the sam-
ple plane shows a sine-like form, which can be used to
determine the sign of the g factor of carriers. After
verifying this method with a GaAs sample, whose g
factor is well known to be negative, we also carry out
the measurement in (Ga, Mn)As and find that its g
factor has a negative sign.
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