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Pump-probe Faraday rotation magnetometer using two diode lasers
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A time-resolved Faraday rotation magnetometer using externally triggered pulsed diode lasers is
described. This device permits measurement of the dynamic properties of polarized electronic spins
in semiconductors. A nonequilibrium spin polarization is created in the conduction band electrons of
n-type GaAs using a circularly polarized laser pulse generated by a pulsed laser diode. A subsequent
linearly polarized pulse from a second laser diode probes the time evolved electronic polarization
via the Faraday effect. Since two different laser diodes are used for the pump and probe process, the
dynamics of optically pumped spins can be directly observed at arbitrarily long pump—probe delays
with a temporal resolution of 75 ps and a spatial resolution ofx&5 The signal-to-noise of the

laser diodes is sufficient to achieve a sensitivity on the order of 3000
spins.[DOI: 10.1063/1.1912688

Time-resolved Faraday rotatiofTRFR) is a powerful C-frame electromagnet. The field inhomogeneity was less
technique for studying the dynamics of spin-polarized electhan 0.5% over the entire area of the sample and essentially
trons in the conduction band of semiconductofavith this  zero over the optically sampled area. The applied field range
technique, two laser pulses are used to, respectively, pumpas +0.3 T. Due to the relative positions of the gaussmeter
and probe electronic spins in a material. First, a circularlyand sample, there is a 0.5% uncertainty in the absolute value
polarized pump pulse generates a nonequilibrium populatioof the measured field.
of spin-polarized carriers in the conduction band of the = TRFR measurements were performed as follows: Two
sample. Subsequently, a linearly polarized probe pulse tuneekternally triggered pulsed diode lasers provided the pump
to the absorption band edge is transmitted through theand probe pulses, as shown diagrammatically in Fig. 1. The
sample. Due to the circular birefringence induced by thdasers were produced by Advanced Photonic Systems, mod-
spin-polarized conduction band, the polarization axis of theels PiL 080G-TE(pump and PiL 082Q(probe.” These la-
probe pulse rotates in proportion to the magnitude and direcsers are not spectrally tunable; they were specifically chosen
tion of electronic spin polarization. to operate near the band gap of GaAs at cryogenic tempera-

Most TRFR magnetometers rely upon mode-lockedtures. As specified by the manufacturer, the pump and probe
Ti:sapphire lasers to provide the pump and probe pdisespulses have minimum temporal widtliiill width at half
Recently, Baueet al. developed a time-resolved magneto- maximum of 36 and 15 ps; however, the pulse width varies
meter for studying ferromagnetic materials that used a singlwith output power. The spectral widths of the pump and
pulsed diode laser synchronized with magnetic field pulses probe lasers are 2.5 ntd.6 meV) and 4 nm(7.7 meV), re-

We have extended this concept and developed a TRFR magpectively. A digital pulse-delay generator separately trig-
netometer that uses two externally triggered diode lasers tgered each laser so that the pulses were temporally separated
study magnetization dynamics in paramagnetic materialddy a periodt. Trigger rates up to 1 MHz were possible;
Our technique has the advantages of reduced cost, smalleingle pulses could also be applied. A 500 kHz trigger rate
size, and improved flexibility. was employed for the measurements presented here. The

We examined spin dynamics in buliktype GaAs[2  trigger jitter for each diode laser was 6 ps; the trigger jitter
X 10 Si/cn?, (100 surfacd. Similar materials have been for the digital pulse-delay generator was 70 ps. Pump pulses
extensivep/ studied with TRFR and other optical orientationwith a photon energy of 1.55 e\800 nm), chosen to be
methods® making it an excellent reference material to as-slightly above the absorption band edge of the sample, were
sess instrument performance. The 1xthcm sample was triggered att=0. Each pump pulse contained 16 pJ of en-
bonded to a glass substrate with ultraviolet-cured epoxy andrgy. The pump beam was circularly polarized using a linear
mechanically polished to a thickness=sf/5 um. polarizer in combination with a Soleil-Babinet compensator

The sample was mounted in a continuous flow liquidwith its retardance adjusted ¥/4. The beam was then fo-
helium cryostat that cooled the sample down to 4.8skke  cused onto the surface of the sample with a spot size of
Fig. 1). An external magnetic field was applied in the sample=~5000 um? and an angle of incidence10° from the sur-
plane along thex direction using a conventional air-cooled face normal. The two-dimensional intensity profile of the

focused pump spdtvhich was very non-Gaussipwas mea-
sured by positioning a charge-coupled deWC€D) array in
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FIG. 1. Diagram of the time-resolved Faraday rotation magnetometer. -20
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measured with the CCD array. The average flueihoéthe

pump beam at the position of the probe spot wasmg. 2. A pair of TRFR scans of bulk GaAs with varying applied magnetic
40 nJ cm?/pulse. The probe beam was normal to thefields. The solid lines are fits of E¢3) to the data:(@ B=0 mT, T,
sample. =107 ns.(a, inset B=0 mT. A closeup illustrating the risetime of the Far-
The probe pulses were detected with an opto-electronieday rotation._ To optimize t_he laser pulse width, f'aweake.r pump pulse was
bridae to measure the Faradav rotation a The detec- gsed for the inset; henge, it has a smalfBgr than is seen in the primary
9 - Yy o @*e . figure; (b) B=1.94 mT,T,=110 ns,g=0.43.
tor consisted of a Glan—Foucault polarizing beam splitter and
a pair of cooled, amplified, Si photodiodédetector size
1 cmx1 cm, 130 Hz bandwidth Using these large area (f X 0.70¢
photodiodes greatly simplifies the alignment of the probe =T
beam. The difference between the outputs of the two diodes
was detected with a lock-in amplifier synchronized to an op-Thus,Q:=0/N=10"'2 deg cnf. This is only a lower bound
tical chopper(20 H2) set in the pump beam path. A rotatable for the strength of the Faraday effect, understanding that
\/2-plate immediately in front of the detector was used tothere is some uncertainty in the area of the pump pulse spot,
rotate the polarization of the probe beam to balance the siggstimated to be approximately 20% of the measured spot
nal between the two diodes. Since GaAs has an absorptiggize. This uncertainty results from the difficulty in superim-
depth on the order of L.m for energies above the band gaap, posing the pump and probe beams. We also noteQpas a
the sample was sufficiently thick to act as a spectral filter testrong function of the probe wavelength and the size of the
prevent pump beam light from reaching the detector. A low-band gap, thereby implying that the measured sensitivity is
pass spectral filter was placed in front of the detector tespecifically for the particular probe beam parameters de-
reduce fluorescence from the sample and remove any scageribed above. We can estimate the absolute number of spins
tered pump light. The complete system had a polarizatiosletectedN X probe area 4 x 10°. From the angular rotation
rotation sensitivity of approximately 1®deg (17 urad). sensitivity given above, this implies that the minimum num-
Figure 2 presents the results of a series of measuremeniper of detectable spin®.4/53.7 X 4 X 10°~3000. Such ab-
of @ versust performed with the magnetic field nominally solute sensitivity to the spin polarization could be even fur-
zero (|B|<0.02 mT) and B=1.94 mT. In Fig. 2a), whent  ther enhanced by using a smaller probe pulse diameter, as the
<0, the probe pulse arrived before the pump; with nonet Faraday rotation is not affected by the probe pulse inten-
pumped spins in the sampl®g was nominally zero. At  sity. Reduction of the probe pulse size to the diffraction limit
=0, O suddenly rose and thereafter exponentially decaye@f =1 um? might improve the sensitivity by another factor
with a time constant given by the spin dephasing tifge of 100-700.
If a magnetic field was presefds in Fig. 2b)], the spins
. . immediately precessed in the-z plane upon the arrival of
Or(t) = Oge™T2= QcNe ™. (1) the pump pulse, with a rate given by the Larmor frequency
o, =|g|ugB/%=vB, whereg is the Landég-factor, ug is the
Here,N is the areal density of polarized spins in the sampled®Chr magneton, ang is the gyromagnetic ratio. Hence, the
area, andQr is the Faraday rotation per unit spin density. SPin polarization along the probe direction oscillated as it
Fitting the data from Fig. @ to Eqg. (1) vields T; dephased. The observed Faraday rotation is well described
=107+2 ns and®,=53.7+0.4 mdeg. (Unless otherwise Y
noted, all uncertainties are given in terms of standard uncer- _ T
tainty, i.e., the square root of the sum of the squares of the Or(B,1) = QeN cogyBl)e™2. 3)
individual deviations. The relatively long period2 ws) be-  For the data shown in Fig(8), B=1.94 mT. Fitting the data
tween the arrival of sequential pump pulses prevented spin® Eq. (3) yields an amplitudeQ:N=56.7+0.7 mdeg,T,
from earlier pump pulses affecting the measurement. =110+2 ns andg|=0.429+0.002(Since the instrument is
Reflectivity measurements show that 70% of the pumpsensitive only to the magnetization along the direction of the
pulse was absorbed by the sample; the other 30% was r@robe beam, it is insensitive to the signgf This is in good
flected off of the sample. Selection rules for GaAs dictateagreement with a previously published value of
that the spin polarization efficienay be equal to 508.We  =-0.44+0.02:° When measured over a wide range of ap-
can now estimate an upper bound for the spin density in thelied fields from 0 to 100 mT, the fitted values beE and
area sampled by the probe beam: QeN varied by roughly 10%; this is possibly due to long-

=5.6% 1019 cm™. (2)
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term noise in the laser output or drift in the position of thepower for each laser is=10 uW, and the maximum peak
focused laser beams. However, thactor is remarkably powers are 450 and 750 mW for the pump and probe lasers,
consistent over this range. While the absolute value of theespectively. If the output power is adjusted to minimize the
g-factor is limited by uncertainty in the value of the ap- pulse width of the lasers, the temporal resolution is limited
plied field due to the positioning of the sample, this un-by the following: the width of each pulsé~8 ps and
certainty is a constant percentage for all field valygsis =18 ps rms, the jitter on each lasei6 ps rm3, and by the
invariant with applied field within 0.1%. jitter in the digital pulse-delay generat6f0 ps rms. (These
The most important advantage of this system over earliegre quoted nominal uncertainties for each of these compo-
TRFR magnetometers is financial, with the cost of eacthents) Hence, the net rms temporal uncertainty is 73 ps. The
pulse diode laser over 1 order of magnitude less than gheasured rise timéime to change from 0.1 to 0.9 of the
Ti:sapphire laser. However, this system also provides severghal value of the Faraday rotation signal is 75 ps, indicating
inherent technical advantages. Most previous magnetometefisat this process is limited by the temporal resolution of the
have used a single Ti:sapphire laser to provide both the PUM@Magnetometefsee the inset of Fig.(d)]. Thus, the approxi-
and probe beam@lthough a few systems have been devel-mate 3 dB bandwidth of the magnetometer is 0.35/75 ps

oped that use two Ti:sapphire laséfsbeit at significantly =5 GHz2 For GaAs, this limits the range of applied field to
increased expenseUsing different photon energies for the |B[<0.8 T.

pump and probe pulses permits spectroscopic removal of the
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