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Effects of magnetic field and optical fluence on terahertz emission in gallium arsenide
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The excitation density dependence of magnetic-field-enhanced terahertz (THz51012 Hz! emission from
~100! GaAs is studied. It is found that THz power saturates at a higher optical-excitation density, when a
magnetic field is applied. This observation explains the different magnetic field enhancements that have been
reported recently. At low excitation densities the results are shown to be consistent with a simple model of
carrier-carrier scattering, whilst at higher densities surface field screening becomes important.
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Emission of coherent radiation has been achieved in
‘‘terahertz gap’’~0.1–20 THz! by using semiconductors ex
cited with subpicosecond pulses of interband~near-infrared
or visible! light.1,2 However, the need for brighter TH
sources has recently been illustrated by the demonstratio
biomedical applications of THz imaging,3,4 which stand to-
gether with traditional and well-developed applicatio
within solid-state physics, such as THz spectroscopy.5 In or-
der to achieve greater THz power, the physical mechani
limiting the efficiency of visible-to-THz conversion must b
understood and means for suppressing these mechanism
veloped.

THz radiation can be generated at semiconductor surfa
by optical rectification,6 lateral photocurrents in antennae1

or using surface-field photocurrents.7 In the latter case, THz
radiation is emitted when a photogenerated charge is ac
erated by the surface-depletion electric field found at an
semiconductor interface; the resulting transient photocur
radiates at THz frequencies. Many studies have shown
in a surface electric field, the total THz generated can
significantly enhanced by application of a magnetic field,8–11

but the origin of this enhancement has only been clarifi
recently.12,13 It has been demonstrated that the critical eff
of the magnetic field consists of a change in the direction
the carrier acceleration.12 Owing to the strong dielectric con
trast typically found at a semiconductor surface, this cha
of direction determines a significant enhancement in
transmission of the radiated THz field through the a
semiconductor interface. Thus, the observed magnetic-fi
induced increase in the emitted THz power results from
more efficient coupling of the THz radiation out of th
sample.

Here, an experimental study of the magnetic-field-induc
enhancement of THz emission from~100! GaAs is presented
together with a model of the THz generation process.
find that the effect of the magnetic field on the carrier d
namics depends critically on the optical~interband! excita-
tion density. This demonstrates that the magnetic-fie
induced enhancement also varies significantly with
excitation density—a point not fully investigated in previo
studies—and explains the discrepancies among differen
ported experimental studies.8,9,14We demonstrate that at low
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excitation densities, enhancement is limited by decohere
of the THz radiation induced by carrier-carrier scatterin
Further, at high-excitation densities, experimental data
Monte Carlo simulations indicate that the magnetic field
duces a reduction in the screening of the surface field.

The experimental apparatus used for this work has b
described in detail elsewhere8. Briefly, a Ti:sapphire mode-
locked laser is used to produce optical pulses with a rep
tion rate of 87 MHz. The pulse duration is 130 fs with cent
wavelength at 760 nm. The laser beam is focused on a
of diameter;600 mm and illuminates the sample, mounte
in a cryostat, at an incidence angle of 45°@see Fig. 3~a!#. The
maximum optical excitation power is;180 mW~optical flu-
ence 50.2 mJ cm22 per pulse!. The sample is ann-type
~100!-oriented GaAs epilayer of 10-mm thickness grown on
an undoped GaAs substrate: the carrier concentration is
31015 cm23 and mobility 7.73104 cm2 V21 s21 at 77
K. A magnetic field~B! between 0 and 8 T is applied or
thogonal to the incident visible beam and parallel to t
emitted THz beam. The emitted radiation is collected a
focused onto a He-cooled bolometer by means of off-a
parabolic mirrors.

The THz emission measured in the presence of a varia
magnetic field is reported in Fig. 1. Data refer to a tempe
ture of 200 K and an excitation density ofn;1
31016 cm23 ~fluence;210 nJ cm22). As expected from
the geometry of the experiment,7 at B50 T, the radiation is
completely TM polarized . As the magnetic field increases
TE component arises increasing faster than the TM com
nent and reaching a maximum near 4 T, while the TM co
ponent increases monotonically up to;6 T and then reache
a plateau. It is worth stressing, however, that significan
different trends have been reported in literature for the T
emission from GaAs and InAs in the presence of a magn
field,8,9,14 with critical parameters, such as theB value for
maximum THz emission and for saturation, not being co
sistent among different studies. Interestingly, we find that
dependence of THz emission on the applied magnetic fi
varies critically with the excitation density. Thus, we ascri
these inconsistencies to different excitation regimes be
used in the different experimental studies.
©2001 The American Physical Society04-1
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Data shown in Fig. 2 clearly demonstrate the critical
fect of excitation density on the magnetic-field-induced e
hancement in GaAs. The TM- and TE-radiated THz powe
measured for different magnetic fields and a variable exc
tion density, in the range 1014-1016 cm23. For the TM com-
ponent~top graph!, the radiated power increases monoto
cally with B all over the excitation range, but for hig
excitation densities~typically n.1015 cm23) the B-induced
enhancement becomes larger. Moreover, in the h
excitation regime, a clear saturation of the radiated powe
observed, which is stronger for lower magnetic-field valu
This saturation effect, which is also present for the T
radiated power, is discussed in the final section of the pa
with the aid of a Monte Carlo simulation. The effect of e
citation density on the TE-radiated power, plotted in the b
tom graph of Fig. 2, is even more important. Moving fro
the low to the high excitation regime, the dependence of T
emission on the magnetic field varies significantly. Forn
,231015 cm23, THz power is approximately constant fo
2 T<B<4 T and decreases for higher magnetic fields. F
higher excitation densities, the power radiated at 2 T sa
rates strongly and becomes smaller than the power atB>6
T: in this regime the emission peaks strongly at 4 T. Th
results are consistent with the measurements presente

FIG. 1. THz radiation from~100! GaAs as a function of the
applied magnetic field (T5200 K!. Circles and triangles represen
TE- and TM-polarized emitted power, respectively. Solid line is a
to TE data~circles! from Eq. ~3! with b50.8.

FIG. 2. Excitation density dependence of the TM~top graph!
and TE~bottom graph! THz power radiated at 0 T~solid circles!, 2
T ~empty triangles!, 4 T ~crosses!, 6 T ~solid triangles!, and 8 T
~empty circles!.
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Fig. 1 (n;131016 cm23), which shows a maximum in TE
power at 4 T. These experimental observations prove
critical role of excitation density in theB-induced enhance
ment of THz emission. Thus, in the following, we focus o
analysis on the effect of excitation density on the carr
dynamics, which is responsible for the emission of THz
diation in the presence of a magnetic field.

In order to study the physical process induced by the m
netic field, we consider the motion of carriers under the co
bined effect of the intrinsic surface field and the appli
magnetic field. In the absence of a magnetic field (B50 T!,
the carriers photogenerated at the surface accelerate a
the surface normal and acquire adrift velocity parallel to the
surface electric field. Because the electric component of
far-field radiation emitted from an accelerated particle is p
portional to the carrier acceleration,15 the radiated field at
B50 T is TM polarized.7 A magnetic field induces a
cyclotron-like motion16 in the plane orthogonal toB and
changes the direction of the carrier acceleration, resultin
an additional contribution to both the TM and TE polariz
tions. Figure 3~b! illustrates the motion of a carrier in th
plane orthogonal to the magnetic field. The carriers initia
move along cyclotron orbits of radiusr c with angular veloc-
ity vc5eB/m* , wherem* is the carrier effective mass. Th
average diameter of the orbit is determined by the kine
energy of the carriers associated with their drift motion in t
surface field (E), namely, by the drift velocity. In the deple
tion region, this velocity is two orders of magnitude larg
than the thermal velocity. In this process, one of the m
limitations on THz emission is decoherence of the emit
radiation owing to scattering of the accelerated carrier. B
cause of their fast time scale~typically 100 fs17,18! optical-
phonon scattering and carrier-carrier scattering are likely
be the most significant limiting processes. In the followin
we will assume that the latter is predominant. We will th
justify this assumption by comparing this model to our e
perimental observations. Carrier thermal motion induce
carrier-carrier collision after an average scattering timet,
which depends on the excitation carrier density~n! and the
thermal energy. For the density range usedn
51014-1016 cm23), Coulomb screening between electrons
significant and, as a result, carrier-carrier scattering is
stricted to nearest-neighbor interactions only.19 Conse-
quently, we expect the scattering time to scale as the ave
distance between nearest-neighbor carriers19 that are under-
going collective cyclotron motion, i.e.,d5n21/3, instead of
being proportional ton21, as observed in a Drude model in
hard-spheres approximation.20 Thus, we define the carrier
carrier scattering time as

t5b
n21/3

n th
, ~1!

wheren th5(3kBT/m* )1/2 is the carrier thermal velocity and
b is a proportionality constant. Between two collisions,
carrier travels over a portion of the cyclotron orbit (l in Fig.
3b! corresponding to a ‘‘scattering angle:’’

t

4-2



ic

a
e

T

ift

y-
e
at
ge
de
b
fo

de
ly

rie

tic

o
r
rm
r

ng

ad-
is

-

ses.
the
r

g ef-
he
unt

not
are

ig.
.
e

lds
r at
le
-

n
eld
f

ita-

a

e

ion
e
ing

ng

fits

EFFECTS OF MAGNETIC FIELD AND OPTICAL . . . PHYSICAL REVIEW B 64 205204
uS~n,B!5vct5b
eB

m*

n21/3

n th
. ~2!

Equations~1! and ~2! show that as the applied magnet
field is increased~at a constant excitation density!, both vc
and uS increase~see Fig. 6! and so the carrier completes
larger portion of the orbit with higher acceleration. In th
geometry of our experiment@see Fig. 3~b!#, the carrier cen-
tripetal acceleration rotates in thex-y plane, orthogonal to
the plane of incidence. Thus, it radiates both a TM and a
component, parallel tox and y, respectively, while the drift
acceleration in thex-z plane only emits a TM field. The
relative contribution to the TM radiated field from the dr
acceleration~orthogonal to the surface! and the cyclotron
acceleration~at 45° to the surface! changes withB. Monte
Carlo simulations13 demonstrate that, since the drift and c
clotron accelerations have a different orientation with resp
to the surface, the transmission of the corresponding radi
TM power at the air-semiconductor interface also chan
with the applied magnetic-field. Thus, the magnetic field
pendence of the TM component is significantly affected
the dielectric contrast at the semiconductor surface, while
the TE component this only results in a scaling factor in
pendent ofB. Thus here we analyze the TE component on
as it gives a direct measure of the rotation of the car
acceleration. Taking the instantaneous THz field10 and calcu-
lating the time-averaged power, we obtain for the magne
field-induced TE radiation:

PTE~n,B!}
n2E2

m2
3F12

sin 2uS

2uS
G . ~3!

Equation ~3! describes the THz power dependence
both applied magnetic fieldB and photogenerated carrie
densityn. When the magnetic field is varied, the second te
in brackets in Eq.~3! modulates the emitted THz powe
around an asymptotic value, which depends on the stre

FIG. 3. ~a! Orientation of the sample with respect to the exciti
visible beam and applied magnetic field.~b! Motion of the carrier
~black circle! in the plane orthogonal to the magnetic field (B): r c is
the average radius of the carrier orbit,l indicates the scattering
length, anduS is the scattering angle.
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of the surface field and on the excitation density (n). How-
ever, for an ensemble of electrons with a thermally bro
ened velocity distribution, the measured output power
given by an average ofPTE @Eq. ~3!# over a distribution of
different values foruS . Such a distribution smooths the sinu
soidal oscillation predicted by Eq.~3!.

When the photogenerated carrier densityn is increased for
a given magnetic field, the scattering angleuS decreases~see
Fig. 6! because the carrier-carrier scattering rate increa
As a result, the dependence of the emitted THz power on
excitation density in Eq.~3! deviates from a square powe
~expected in the absence of any scattering and screenin
fects!. It is worth stressing at this point that screening of t
surface field by moving charges is not taken into acco
here. As a consequence, the formulas we have derived do
describe the screening-induced saturation effects, which
observed experimentally at high excitation densities~see dis-
cussion of Fig. 4!.

Equation~3! has been used to fit experimental data in F
1 and Fig. 4 withb, introduced in Eq.~1!, as a fit parameter

In Fig. 1, showing theB dependence of THz power, th
quality of the fit~solid line! to TE experimental data~circles!
is good for magnetic fields up to;6 T. The deviation of
experimental data from our model at higher magnetic fie
is due to the fact that, experimentally, electrons scatte
different angles according to their velocity distribution, whi
in the fitting function a single value ofuS has been consid
ered. Moreover, in Fig. 1 an excitation densityn;1
31016 cm23 was used. As shown in Fig. 2, this excitatio
density leads to appreciable screening of the surface fi
@not included in Eq.~3!# and contributes to the deviation o
experimental data from the model.

The dependence of the TE-radiated power on the exc
tion density ~described in details with Fig. 2! can also be
modelled with Eq.~3!. For clarity, only the experimental dat
and corresponding fitting curves forB52, 4, and 8 T are
shown in Fig. 4. The quality of the fit is very good in th
low-excitation density regime up to;231015 cm23

(fluence;100 nJ cm22) for B52 T and to higher densities
for higher magnetic fields. This confirms the assumpt
used in deriving Eq.~3!, that carrier-carrier collisions are th
main scattering event. If instead optical-phonon scatter

FIG. 4. Excitation density dependence of the TE THz power:
~solid lines! to experimental data~symbols! for B52 T, 4 T, and 8
T are obtained from Eq.~3! with b50.8. Curves are offset for
clarity. Dotted line represents a square dependence~slope52! on
the photocarrier density.
4-3
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A. CORCHIA et al. PHYSICAL REVIEW B 64 205204
was predominant, then its scattering rate, and the scatte
angle uS defined in Eq.~2!, would be independent of th
density of carriers. As a consequence, the radiated T
power described by Eq.~3! would increase as the squa
power of the carrier density. However, our experimental d
clearly show that this is not the case. The dotted curve in
4 indicates a square power trend~slope52 in the plot!: when
comparing it to experimental data, it is clear that these h
a weaker dependence on the photogenerated carrier de
even for the lowest excitation density range, whe
screening-induced saturation should not be significant. C
versely, when the carrier-carrier scattering rate is used
model the radiated power, as in Eq.~3! in our model, a good
agreement with experimental data is achieved. Thus, we
clude that in the physical process leading to the emissio
THz radiation, carrier-carrier scattering is the dominant sc
tering mechanism.

However, in spite of the effectiveness of the model, d
viations do occur at higher-optical excitation densities ow
to screening-induced saturation of the THz emitted pow
@not taken into account in formulas~1!–~3!#. When the den-
sity of the photogenerated carriers is comparable to tha
the doping carrier density (ndop51.231015 cm23), the
screening of the surface field by moving charges is expe
to become significant and dampen the carrier accelera
Figure 4 demonstrates this explicitly. For high-excitati
densities, this effect counteracts the increase in photocur
~expected asn increases! and makes the THz emissio
mechanism less efficient. Interestingly, the higher the app
magnetic field, the weaker is the screening-induced sat
tion: 2 T data in Fig. 4 deviate from the fitting curve for
photocarrier density of about 431015 cm23, while at B54
T the ‘‘saturation density’’ is almost doubled.

FIG. 5. Monte Carlo simulation of the surface electric field af
photoexcitation (t50 ps!. Solid and dotted lines refer to an applie
magnetic field of 0 T and 8 T.
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Monte Carlo simulations confirm this experiment
observation.13 Here, the mechanism ofsurface-field photo-
conductionhas been modeled by using classical equation
motion for charged particles in a self-consistent electric fi
and a constant magnetic field. The key features of the si
lation are:~a! the motion of holes is not included and the
contribution to the photocurrent is neglected~because of
their heavier effective mass!; ~b! screening of thebuilt-in
surface field by moving electrons is considered;~c! in a
‘‘hot-electrons’’ picture17 the carrier mobility is assumed t
be mainly limited by carrier-carrier scattering for the fir
few picoseconds after photoexcitation. In Fig. 5, the sim
lated time evolution of the surface electric field is show
Solid and dashed lines refer to applied magnetic fields o
and 8 T, respectively. Up to 1 ps after photoexcitation,
simulation clearly shows that the surface electric field is
average stronger~i.e., less efficiently screened! at B58 T.
This occurs because the electrons moving to screen the
face field experience a perpendicular force induced by
magnetic field and are consequently accelerated away f
the direction of the surface electric field. This makes th
screening action less efficient. As a consequence, the la
the magnetic field, the weaker the screening of the surf
field ~see Fig. 4!. It should be remembered that most of th
energy of the THz pulse is released during the first cycle
the pulse with duration of about 1 ps. It is thus evident tha
reduction in screening over this time scale can contribute
the enhancement of THz emission observed in the prese
of the magnetic field at high excitation densities.

From fits in Figs. 1 and 4 the parameter valueb50.8 is
obtained.21 By using Eq. ~2! the corresponding scatterin
angle can be calculated. As shown in Fig. 6, for allB values
used in the experiment,uS,360°, which implies that in the
average carriers do not complete an entire cyclotron or
This is consistent with the fact that emission spectra m
sured on the same sample by electro-optic sampling~EOS!
~shown in Fig. 6 inset! do not show any clear narrow cyclo
tron features.22

By using Eq.~1!, the value of the scattering time as
function of the carrier density can also be extrapolated fr
experimental data. The value oft calculated withb50.8 is
plotted as a solid line in Fig. 7 over the carrier-density ran

r

FIG. 6. The scattering angleuS is plotted as a function of the
excitation density for different applied magnetic fields.uS is calcu-
lated from Eq. 2 withb50.8, as inferred from experimental data.
the inset, experimental EOS spectra are shown for an applied m
netic field of 2 T and 4 T; arrows indicate the corresponding cyc
tron frequency.
4-4
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EFFECTS OF MAGNETIC FIELD AND OPTICAL . . . PHYSICAL REVIEW B 64 205204
1015-1018 cm23. In Fig. 7 we also show the data measur
by Portellaet al.19 ~symbols!, who reported the first mea
surements of carrier-carrier scattering times in bulk GaAs
a function of the photogenerated carrier density. Porte
et al. used a pump-probe technique to achieve a tim
resolved measurement of the distribution of photoexci
carriers in thek space. Their measurements refer to hi
carrier densities in the range 831016-831017 cm23, while
ours are limited to 1014-1016 cm23, but the two sets of data
are in agreement. This is a significant confirmation of o
assumption that carrier-carrier scattering is the predomin
scattering mechanism in our experiment. Moreover, t

FIG. 7. Carrier-carrier scattering time as a function of the ph
togenerated carrier density. Solid line represents scattering time
culated from Eq.~1! with b50.8, as obtained from fitting experi-
mental data in Fig. 4. Symbols describe data reported by Port
et al.19
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proves that THz emission can be a powerful tool for t
study of subpicosecond carrier dynamics, providing imp
tant informations such as carrier-carrier scattering tim
which are not straightforward to measure otherwise.

In summary, we have presented an experimental stud
the effect of optical fluence on THz emission from~100!
GaAs in the presence of a magnetic field and compared
findings with both an analytical model and a Monte Ca
simulation. Different excitation regimes have been explor
showing different magnetic-field-related effects. In the ca
of low excitation densities (n,ndop), an increasing magneti
field increases the carrier cyclotron frequency and scatte
length. In the limit ofhigh excitation densities (n.ndop), in
addition to carrier-carrier scattering, screening of the built
surface field by photogenerated charges also occurs indu
saturation of THz power. The presence of a magnetic fi
reduces this saturation effect and so contributes to incre
the emitted power. Monte Carlo simulations confirm that
magnetic field slows down the screening of the surface fi
by about 1 ps, which is comparable to the typical duration
the main cycle of the emitted THz pulse. In conclusion, it
seen that the optical fluence plays a key role in the enha
ment of terahertz radiation in a magnetic field—a key iss
largely ignored in previous studies.

The work was partially funded by the EPSRC~UK!. EHL
and AGD acknowledge support from the Isaac Newton Tr
and the Royal Society, respectively.
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