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Magnetic field dependence of terahertz emission from an optically excited GaAgs-i-n diode
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The magnetic field dependence of the coherent tetrahertz radiation emitted by @p-GaAlode excited by
femtosecond optical pulses has been investigated in the limits that the cyclotron frequency is greater than and
smaller than the scattering rate. The variation in emitted power with magnetic field in different polarizations
and geometries is in good agreement with the predictions of a simple, quantitative Drude-Lorentz transport
model taking into account the radiative properties of electric dipoles at a dielectric interface and the effects of
screening and source size. Absolute power measurements are also in agreement with a simpler model based on
discharge of the sample capacitance.
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[. INTRODUCTION perature in tilted Faraday and Voigt geometries. In the tilted
Faraday geometry the component of electron kinetic energy
Terahertz radiation produced by femtosecond optical exalong the magnetic field can reach the threshold for LO pho-
citation of semiconductor surfaces has been intensively stud?on emission within a few hundred femtoseconds and inter-
ied in the last decade in an effort to use it as a probe o¥alley transfer in~a picosecond for typical field strengths
carrier dynamicsand to exploit it for applications such as ~10° Vm~*. Thus, the authors inferred the existence of a
spectroscopiand imaging® A variety of different processes second-order nonlinear contribution to the cyclotron emis-
have been proposed in order to account for the emission ifion, possibly associated with difference frequency mixing
different systems and under different excitation conditionsbetween adjacent Landau levéfs.
In p-i-n diodes, for example, Hertzian dipole radiation asso- Recently, interest has been aroused by reports of high av-
ciated with photocurrent surges in the intrinsic region tend€rage power tetrahertz emission frawtype InAs surfaces
to dominate at low excitation power densityltrafast field — excited by femtosecond near infrared radiation under mag-
Screening in semiconductors can also impu]sive|y excite ranetiC fields of several TeSH%bUt the emission mechanism is
diative plasmons and phonoh&Yet another possibie contri- hot yet fully understood? Surface states pin the Fermi level
bution arises from the time varying displacement current asabove the conduction-band edge, which leads to the exis-
sociated with the creation of real and virtual electron-holetence of a surface accumulation regionnitype and an in-
pairs in states with nonzero dipole moméithis effect can  version layer inp-type material some tens of nanometers in
be large compared with that associated with the current surgxtent and the possibility of plasma oscillations involving
mechanism for small electric fields and excitation near thé)oth surface and bulk carriers. In addition the excitation en-
band gaf At high excitation density, typically above 1 ergies used so far have greatly exceeded the band gap. Con-
GW cm 2 where the dc field is effectively screened out, op-sequently, a highly nonequilibrium carrier population is cre-
tical rectification becomes dominant in noncentrosymmetricéted within a few tens of nanometers of the surface and
crystals and radiation then arises from the time Varyingef_fects such as_hot electron diffusion and intervalley transfer
second-order polarizationrP®=X@|E(w)|2. On (100 mlght play an important role. For the;e reasons we have
GaAs surfaces the latter is nonzero only for non-normal inStudied the variation of tetrahertz emission power with mag-
cidence and is highly anisotropic with respect to rotation ofhetic field for a GaAg-i-n diode. This system is simpler in
the plane of polarization about the surface norfal. that it has low(background doping in the active region, is
The first study of the influence of weak magnetic fields onmore homogeneous and can be excited closer to the band
the emission of coherent tetrahertz radiation from semicon€dge with available femtosecond laser sources. This has al-
ductors illuminated by femtosecond optical pulses was relowed us to compare our results with an elementary quanti-
ported by Zhanget all® They studied GaA9-i-n diodes tative mpdel and thus gstabllsh some of the important eﬁeqts
illuminated at normal incidence and subject to magnetid@Sponsible for controlling the emission power in a magnetic
fields in the plane of the sample at room temperature. It wabeld.
found that the tetrahertz emission power in the forward di-
rection varieq quadratic_:ally vyith magnetic field upt®.2 T . Il EXPERIMENT
reflecting a linear relationship between electron acceleration
and magnetic field. This was followed by the work of Some The sample consisted of a Gafs-n structure with lay-
and Nurmikkd®*?who studied photoexcited electron cyclo- ers grown by molecular-beam epitaxy in the following order
tron emission with a dephasing time of several picosecondsn a semi-insulatingl00) GaAs substrate: 500 nm undoped
from GaAs epilayers and doped heterostructures at low ten3aAs, 200 nmn-5x10cm 3 GaAs, 500 nm undoped
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FIG. 2. (a) Experimental(Golay cel) and theoretical variation

) ) ) of emission power with magnetic field for same conditions as Fig. 1
FI_G. 1. (@ Exper_lme_ntalp-pola}rlzed tetrahertz receiver traces except for larger fluence of 60 nJ ¢ (b) Experimental and the-
for different magnetic fields applied at 45° to the sample surfacgetical variation of integrated square of receiver current with

and in the plane of incidencexcitation energy 1.55 eV, tempera- magnetic field. Data was obtained under same conditions as that
ture 5 K, pump fluence 30 nJ c). (b) Calculated receiver traces in Fig. 1.

at the same magnetic fields.

the aid of a beam profiler. The exponentially damped sinu-

GaAs, and 200 nnp-5x 10" cm™ 2 GaAs. Tetrahertz emis- soidal oscillations arise from the impulsive excitation and
sion was excited withp polarized (i.e., electric vector in subsequent dephasing of cyclotron motion. The cyclotron
plane containing excitation and detection ax&9-fs pulses frequency w.=eB/m corresponds to an effective mass
from a mode locked Ti:sapphire laser at 82 MHz repetition=0.067n, and the dephasing time is2—3 ps. The receiver
rate. Samples were mounted in a split coil superconductingurrent is proportional to the tetrahertz electric field that is in
magnet containing mirrors in the bore such that magneti¢urn proportional to the time derivative of the transient pho-
fields could be applied at 45tilted Faraday geometfyor  tocurrent in the sample. The gualitative shape of the trace in
90° (Voigt geometry to the sample surface and in the plane Fig. 1(a) at zero magnetic field is thus understood as follows.
of optical incidence while maintaining a pump angle of inci- The large positive peak and subsequent smaller negative dip
dence of 45°. Measurements were made without electricaleflect the derivative of the steplike increase and slower de-
bias. We note that attempts to control the field using an exerease in the photocurrent following photoexcitation. The
ternal bias were not successful under illumination. Time re-nitial negative dip is associated with the frequency depen-
solved coherent detection of the tetrahertz electric field radidence of the tetrahertz beam focal diameter relative to the
ated in the specular reflection direction was achieved usindipole length of the receiver antentfaUnder magnetic field
an optically gated photoconductive antenna. ThestHong  there is a reversal of the polarity of the main péséen more
dipole antenna was fabricated on an ion implanted silicontlearly in Fig. 3a)] and an increase in amplitude. The polar-
oxide/silicon substrate and had a noise equivalent power dfy reversal reflects the change in the average direction of
~100 aW/Hz and a useful bandwidth in excess of 3 THz. acceleration in the horizontal plane relative to the dipole an-
Time-integrated detection was performed using a diamondéenna and the increase in amplitude the fact that the accel-
window Golay cell which has an essentially frequency inde-eration tends towards the sample surface with increasing
pendent responsivity above 0.1 THz. The Golay cell wadield. This behavior is dependent on the magnetic-field ge-
calibrated using three independent methods and is believesmetry and is reproduced by model calculations such as
to be accurate ta=20%. Optical coupling of the tetrahertz those shown in Fig. (b) which are discussed in Sec. Ill.
emission to the receiver was achieved using off-axis para- Figure Za) shows the variation in detected tetrahertz
bolic mirrors and a hyperhemispherical silicon substrate lenpower with magnetic field measured directly using the Golay
in the standard configuration. The polarization of the tetracell under the same conditions used in obtaining Fig 1
hertz beam was defined using a free-standing wire grid. Thexcept for a doubling of the fluence to 60 nJ¢nThis
photoconductive receivers, which are intrinsically polariza-increase in fluence quadrupled the emission power and made
tion sensitive, can be rotated about the optical axis to detecccurate measurements with the Golay cell, which has a
both p- and s-polarized emission from the sample. Optical noise equivalent power of 3 nWHz at a chopping fre-
paths were purged with dry air so as to minimize absorptiorquency of 8 Hz, more accurate. Thepolarized power, cor-
by water vapor. rected for detector collection efficiency and reflection losses

Figure Xa) shows p-polarized tetrahertz traces in the from the high-resistivity silicon magnet windows, reaches a
tilted Faraday configuration with excitation at 1.55 eV. Thisweak maximum of 17550 nW at 2.5 T. Figure (») shows
data(later referred to as low fluence datmas obtained at 5 a measure of the emitted power obtained indirectly by squar-
K with an average pump power of 0.18 W, 3-mm-diametering the photoconductive receiver tradésg. 1(a)] and inte-
pump beam(full width at half maximum, and a fluence of grating with respect to time. The strong peak in integrated
30 nJcm 2 Fluence figures refer to powers measured outsignal at~1.5 T is an artifact of the finite antenna band-
side the cryostat. The illuminated area was measured witlvidth. The variations of both the directly and indirectly mea-
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FIG. 3. () Experimentalp-polarized tetrahertz receiver traces

for zero magnetic field and for a magnetic field of 6 T applied at 45° 0.1 0.14

to the sample surfacgxcitation energy is 1.65 eV, temperature 5 P

K, pump fluence 3.5uJ cmi?). Calculated receiver traces fd) 0 . 0 ' bt

7s=0.5 ps, »=25 and(c) 7s=0.3 ps, »=5. 0 1 2 3 4 5 6 0 1 2 3 4 5 6
Magnetic Field (T) Magnetic Field (T)

sured emission power with magnetic field are reproduced in
model calculations illustrated in Fig. 2 and described in Sec. FIG. 4. Experimental variation of integrated square of receiver
Il where we refer to the above measurements as the lowurrent with magnetic field ia) tilted Faraday andb) Voigt ge-
fluence data. ometriessame conditions as for Fig(8].

In the data presented above, the cyclotron frequency is
|arge Compared with the Scattering rate. The opposite |imiferna.| electric field of the diode initiated by the Screening
can be achieved by increasing the temperature, excitatiofffect of the photoexcited carriers. They do not exactly fol-
energy, or fluence. For example, increasing the excitatiofPW an exponentially damped sinusoidal trend because a dis-
energy to 1.62 eV, while keeping the other parameters fixedfibution of plasma frequencies is produced by inhomoge-
reduces the dephasing time te0.8 ps. We attribute this to Neous excitation. At low fluence, the mean frequency, as
rapid intraband relaxation by the emission of optic phononsdetermined by Fourier transformation of the transients, in-
Figure 3a) shows receiver current measurements made at 16éases in proportion to the square root of the fluife.
K with excitation at 1.62 eV, a pump power of 0.36 W, 400- S(b)] The solid curve in F|g @) shows the predicted varia-
um-diameter pump beam, and a pump fluence of 3.8ion in oscillation frequencyEg. (6) in Sec. Il] assuming
wJ cm 2. The magnetic field was at 45° to the surface in thethat the photoexcited carrier density is over estimated by
same tilted Faraday geometry used in obtaining Figs. 1 anfi0%. This gives some idea of how well we know the carrier
2. The combination of 2 order of magnitude increase in fludensity. In the calculation we take account of reflection
ence and larger excitation energy leads to a much reducd@sses from cryostat windows and sample and the change in
scattering time of~0.3—-0.5 ps and the heavily damped cy- €xcitation beam profile due to the 45° angle of incidence.
clotron oscillations are barely discernable in the receiver sig- A key parameter affecting the tetrahertz emission power is
nal. The extra damping effect at the larger fluence is thoughhe electric field in the intrinsic region of thei-n diode. The
to arise from increased carrier-carrier Scatte]ﬁraj the pho_ magnitude of this field at the start of each laser pulse is much
toexcited electron density 0b810'® cm™3. We did not mea- Smaller than that expected in the dark because of the screen-
sure the absolute emission power in the high fluence case
and instead studied the emission with the photoconductive T~
receiver (Fig. 4). In the tilted Faraday configuration, Fig.
4(a), the integrated receiver signal increases with magneticz
field and passes through a broad maximum in hp#nds
polarization. There is no signal at zero magnetic fieldsin =~ £
polarization because the photocarrier acceleration then haﬁg 01
no component along the polarization axis of the detectionz
system. Figure @) shows results for the case of magnetic &
field parallel to the surface and in the plane of the excitation
and detection axeévoigt geometry. In p polarization the
integrated signal decreases with magnetic field. This de- -150'— ' . : 0 O
crease stems from the fact that, with increasing magnetic s 0 s 0 02040608 1‘21‘2 14
field, the component of photocarrier acceleration along the Pelay ) Fluence (uJem™)
polarization axis is reduced at the expense of that along the g 5 (3 Photoconductive receiver signals obtained at zero
orthogonal axis. We henceforth refer to the results shown imagnetic field for different pump fluence for excitation energy of
Figs. 3 and 4 as the high fluence data. 1.55 eV and temperature of 10 K. The dotted trace is a calculation

Figure Ha) shows photoconductive receiver traces ob-for a fluence of 65 nJ ciif made using the model described in Sec.
tained at zero magnetic field for varying pump fluence afji. (b) Variation of mean plasmon frequency with pump fluence.
1.55 eV. The structure in the signal following the initial tran- The solid curve shows the frequency predicted using (Egand
sient is associated with radiation from oscillations of the in-parameters discussed in the text.
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5 Ill. MODEL

In this section we present a quantitative model for the
tetrahertz emission based on a Drude-Lorentz description of
the carrier motion and neglecting nonlinear optical effects.
We do not expect that much more involved models based on
self-consistent solutions of the Boltzmann transport and

<

AV (109

S — Poisson equations or on Monte Carlo simulations would
yield results qualitatively very different to those described
here. We assume that, because of their smaller mass and

10 ! ! | L | greater mobility, the emission principally arises from the ac-

2 1 0 1 2 3 4 celeration of electrons optically excited in the intrinsic re-

gion of the diode and treat the holes as being stationary.

Electrons created over the interval of the laser pulse at rate
FIG. 6. REOS signal at 1.53 eV for pump fluence of 60 nJzm 9(t) over the absorption depth are allowed to accelerate un-

and temperature of 10 K. der the action of spatially uniform magnetig) and electric

(E) fields and their position is calculated iteratively as a

ing action of carriers that accumulate between putéate function of time. The assumption of a spatially uniform elec-
attempted to measure the electric field under the same coffic field appears to be a reasonable one because an electron
ditions as used in obtaining the data in Figg)y means of ~traverses only a fraction of the intrinsic region over the du-
reflective electro-optic samplinREOS. The REOS tech- ration of a typ|cal tetrahertz transient. A single timg is _
nigue measures a pump-induced rotation of a linearly polarused to describe the effect of all scattering processes and is
ized probe beaffl reflected from thg100) sample. The in- assumed to be independent of magnetic field. Photocarriers
cident probe polarization is parallel to tHO01] crystal ~ With number densitN, effective massn, and velocityv are
direction. The pump beam was circularly polarized. Bothallowed to contribute to the photocurrent dengityNqv for
pump and probe were incident within 10° of normal inci- @ “capture” time 7. before they enter a region of lower elec-
dence. The rotation of the probe polarization is measuredfic field. The equations governing the photocurrent are then
using a polarizing beam splitter and a pair of balanced pho-

Delay (ps)

todiodes that detect orthogonal polarizations. The difference d_V: Y + E[E(t) +VXxB]J, 2
photodiode currenAl relative to the single arm currehts dt s M
related to the change in electric fieldE parallel to thg001]
surface by’ aN_ E+ (t) 3
dt Te gty
ﬂ: 4n8 rAE (1) Time-dependent screening of the electric field by the spatial
| nj—1 separation of electrons and holes is taken into account by

introducing a local fielde(t) and space charge polarization
In Eqg. (1), ng is the refractive indexy,,; is the clamped p:

electro-optic coefficient, and we have assumed a homoge-
neous sample. Typical data showing the variationAi|

Sc
with pump-probe delay is shown in Fig. 6. This data was Ex()=Ep— €un’ )
obtained using a 1.55-eV pump beam modulated at 2 MHz, a
probe beam modulated at 2.05 MHz and lock-in detection at dPg. Pee .
the difference frequency. The sample was at 10 K and the ar —tlx <)

fluence was 60 nJcm. There are several contributions to '

the signal; the peaks near zero delay are thought to be assehere E,, is the built-in field along the surface norm@l
ciated with interband contributions to the pump-induced op-axis) and ., is the high-frequency dielectric constant. Al-
tical anisotropy and the slow step change to the intrabanthough we include the recombination time in Eq. (5) we
polarization producingAE. The height of this step increases assume that it is much longer thag or 7. so that the first
with decreasing fluence as anticipated. Taking a Valier  term on the right-hand side of E¢5) can be neglected. A
ry of —1.6x10°22vm~1 then AE from Eq. (1) is 1.3  phenomenological screening parametgrhas been intro-
x10° Vm~1. This is equal to the built-in fieldE,, at the duced in Eq(4) in the manner described by Jepsen, Jacob-
start of the pump pulse because sufficient carriers are irsen, and Keiding®> The optical absorption depth is small
jected to completely screen the field after they have transitedompared with the diameter of the illuminated area so that a
the intrinsic region in a few picoseconds. For example, at &lab of charge is photoexcited angshould be unity. The
fluence of 60 nJcn? fields up to ~3x10° Vm~! (the polarization term in Eq(4) provides a restoring force and for
sheet carrier density divided by the dielectric congtaan  zero magnetic field leads to an oscillatory component of the
be screened. The magnitudergf above the GaAs band gap Photocurrent with angular frequency

is not well known but we believe that our estimatekf is 5
likely to be within a factor of 2 of the actual value. 0~ \N&/(ne,.m)—1/(473). (6)
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10 T T 1 main effect is simply a change in the direction of accelera-
- (b) T tion. Examples of calculations f@& parallel to[ —110] that
3 8y . 3T _ support this picture are shown in Fig. 7. Figur@)7shows
> 6k e e 6T the magnitude of the acceleration relative €&,/m as a
i g \.,_ function of time at 0 and 3 T. Figure(y) shows electron
2 > 4 . trajectories for 2 ps after photoexcitation and demonstrates
5 steering of the motion toward the surface with increasing
~ 2 \eo- 7] field. The sample axes are defined in Figa)8The param-
0 <r g eters used in the calculation arg=0.3 ps, 7.=5ps, 7
10 8 6 4 2 0 =5, and E,=1.3x10° Vm™ 1. These values qualitatively
Time (ps) x (nm) describe the magnetic field dependence of the high fluence

data quite well as discussed in detail in Sec. IV.
FIG. 7. (a) Calculated time dependence of magnitude of electron Oncej(t) is known then the radiated electric fields and the
acceleration at 0 and 3 T in units efg,/m. (b) Electron trajecto- time-average radiation power in the far field can be calcu-
ries for 2 ps following photoexcitation at different magnetic fields. lated. In the point-dipole approximation, the power emitted

'\ﬁigglv parimeteésﬂ areTszo'S psLZTC_I_:hS PS, ”:t.s’f, '?3.:1'3 into unit solid angle in the horizontal plane containing the
cm -, and fluence 3.3uJ cm “. The magnetic field is par- i ijent and reflected light is(using the notation of

allel to [—110]. LukOSZ?O):

Equation(6) is in agreement with the data shown in Fighb nv?2 T(9j\?

for »=1 assuming an experimental error in the fluence of !p.s(@2)~ g 57 fo 2t) Posl (1), (1), az]dt.
~50%. In the absence of scatteriag can then be identified )

with the electron plasma frequency. However, for the highest . o
fluence datdFigs. 3a) and 4 the best agreement is obtained In Eq. (7) and Fig. &a), «, is the external emission angle
using values ofy of 5 or more. To a first approximation the measured relative to the surface normal which definescthe
effect of increasingy in Eq. (4) is similar to reducing the @axis. T is the laser repetition period arlis the angle be-
fluence but we believe that a factor of 5 reduction is too largdweenj and thex axis. The anglg makes with the plane
for this to be the only explanation. Physically, a higher valuecontaining they, excitation and detection axes is described
of » corresponds to a weaker than expected depolarizin§y the corresponding azimuthal angle P, and P are fac-
field although we do not have an explanation for why thistors forp- ands-polarized emission, respectively, which take
should occur. We assume that the larger value is required dugecount of the optical transmission coefficient and change in
to a combination of errors in the measurement of fluence angolid angle on passing from semiconductor to vacuum. In the
simplifications inherent in our model. However, we shouldPoint-dipole approximation the current is assumed to be con-
point out that the precise choice gfdoes not greatly affect fined in a volumev small in each dimension compared with
the variation of tetrahertz emission power with magneticthe emission wavelength in the semiconductoy)( In the
field, which is the main subject of this study. limit that the excited region lies within a small fraction xf
Neglecting scattering, Eq2) predicts an acceleration par- Of the surface thef

allel to B of (qE/m)cosp where B is the angle betweeB 3 co€ a,(COsOsina, + sin 0 cose cosay)?

and E. The components of acceleration perpendiculaBto - . . (8)
are (@E/m)sinBcosw,r in the plane of E and B and P2m n(cosa;+ncosay)
(qE/m)sinBsinwt perpendicular to that plane. Thus, it is . .
apparent that the magnitude of the acceleration is not in- _3 CoS a, Sir? fsin ¢ _ ©)
creased by application of the magnetic field and that the ° 2m n(ncosa;+cosay)*
@ % (b) 9
120 60 60
107

FMISSION FIG. 8. (a) Angular distribution(log scale of

30 radiated power for point dipoles perpendicular
(=0, ¢=0 inner curve and parallel(6= /2,
¢»=0 outer curve to a GaAs surface(b) Time
integrated p-polarized (continuoug and
s-polarized (dashed radiation patterns(linear
scalg in the emission plane for a point source
calculated using the same parameters as for Fig.
330 7. The patterns are, in order of increasing power,
for magnetic fields of 0, 2, 4, and 6 TThere is

300 no emission irs polarization at 0 T.

Power/steradian
30

Power/radian (arb. units)

210 330

240 300
270
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Angle (degrees)
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(a) % (b)
120 60 "
EMISSION

FIG. 9. (@ Angular distribu-
tion of radiation for dipoles at 45°
to surface when excited with a 45°
incident, 3-mm-diameter Gaussian
pump beam. Power scale is the
same as for Fig.@). (b) Emission
power at 1 THz(into cone of ac-
ceptance of detection system indi-
cated by dashed lingsf extended
dipole source at 45° to surface
EXCITATION | . relative to point source as a func-

! tion of source diameter.

30

Power (arb. units)
>

102 -

o
Relative Power

10% -

210 330

240
70 10! 107 10* 10
SEMICONDUCTOR VACUUM Spot Diameter (m)

Angle (degrees)

In Eq. (8) and(9) the internal emission angle, is related to hancement of emission power by a factor of ord&at high
a, by sina;=sina,/n, where the tetrahertz refractive index magnetic field. Figure ®) shows the time-averaged radia-
n=3.62 for undoped GaAs. The assumption of a frequencyion patterns corresponding to the electron trajectories in Fig.
independent refractive index equal to that of the substrate if(b) and calculated using E¢7). The change in pattern from
our layered sample is reasonable when considering the lori§at characterizing a dipole perpendicular to the semiconduc-
wavelength and small absorption in the thin doped regionsfor surface to that of one more parallel, together with the
The radiated tetrahertz electric fields, which are proporincrease in radiated power as the magnetic field is increased,
tional to|d; /dt|P, %, can also be evaluated for compari- “27 be clearly seen.

: . . To calculate the radiated power gquantitatively, account
son .W'th photocon(_juctlve receiver ddsee Sec. 1. In the must be taken of the finite source size by performing a
far field they are given by

Fraunhofer summation of Eq(7) over the excitation
volumé®? and integrating over the solid angle accepted by the

Ep(t)= . coSaz detector. The excitation volume is taken as the width of the
4areoCr (COSay+Ncosay) intrinsic regiond multiplied by the illuminated areA. Inter-
Ji Ji ference leads to a narrowing of the angular distribution that
x| sina i*l—COSa Iy (100  becomes centered about the specular reflection direction and
Lt Lat ) a net reduction in radiated povféras shown for dipoles
oriented at 45° to the surface in Fig@®@ The reduction in
COSay dj, power becomes larger with increasing illuminated area as
Es(t)= AmegC?r (Ncosa,+ cosay) dt (1D shown in Fig. 9b). If the diameter of the illuminated area is

small compared with the emission wavelength then superra-
The angular terms in Eq$8) and(9) are responsible for an diant behavior with emission power proportional to the
increase in radiated power with magnetic field in those gesquare of the number of dipoles is expecf#ds is implicit
ometries in which the component of acceleration along thén Eq. (7)]. In the opposite limit the phase variation between
polarization axis of the detection system is increased. In théifferent dipoles leads to a linear dependence of power on
absence of a dielectric interface this is a small effect. In théhe number of dipoles. For a Gaussian pump beam having a
presence of the dielectric interface, however, total internap MM diameteffull width at half maximum and for dipoles
reflection suppresses emission into vacuum by a perpendicgt 45° to the surface the total power emitted into vacuum at
lar dipole when compared with a parallel one. This leads to- 1HZ is reduced by a factor 6570 compared with a point
the well-known effect that a dipole parallel to a dielectric SOUTce: In making this estimate we have assumed that the

interface has a higher radiative efficiency into the low indexdePhasing time is longer than or comparable with the time

medium than one perpendicuf3?! This is illustrated in Fig. t@ken for light to traverse the illuminated area so that the
8(a) which shows the radiation patterns for point dipoles at &€ative phase of the dipoles is determined only by their po-
GaAs-vacuum interface. These patterns are obtained by int§ition with respect to the excitation wave front. This is
grating Egs. 8 and 9 ove. The ratio of the totap-polarized clearly an approxmatlpn. For example, if we conS|dgr the
power emitted into vacuum for a point dipole parallel to the!OW fluence data then light takes10 ps to traverse the illu-
interface compared with one perpendicular-is2 for GaAs, Minated area, which is longer than the dephasing time of
If we consider specifically the tilted Faraday geometry in~2:2 ps._ln consequence, our power estimates will tend to be
p-polarization then the effect of increasing the refractive in-Underestimates.

dex is to reduce the emitted power at all magnetic fields but

in such a way as to increase the ratio of power at large field

to that at small field. In the limih>1, the power varies as Examples of calculatep-polarized receiver current traces
n~4 for smallB andn~2 for large B. This leads to an en- obtained by convolution of Eq10) with the receiver ampli-

IV. DISCUSSION
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FIG. 10. Calculated variation ip- (solid curvé ands-polarized Magnetic Field (T) Magnetic Field (T)

(dotted tetrahertz emission power with magnetic field(a) tilted
Faraday andb) Voigt geometry for pump fluence of 3J cni 2.
Calculation uses same parameters as for Fig. 7.

FIG. 11. Calculated variation in integrated receiver signabfor
(solid curve ands-polarized(dotted tetrahertz emission with mag-
netic field in(a) tilted Faraday andb) Voigt geometry. Calculation
ﬁarameters are same as for Fig. 10 but frequency response of re-

tude response are shown for the conditions of low and high ™. = ™ :
ceiver is taken into account.

fluence in Figs. (b) and 3b), 3(c), respectively. The receiver
response is modeled using the approach described by Jepsen,

Jacobsen, and Keidirlg. Calculations for the low fluence Measurements made both with the Golay cell and with the
data are based on the choice of parameters5ps, 7.  eceiver as a function of magnetic field are also seen in these

=5ps, =1, andE,=1.3x10° Vm~ L. 7, was chosen as calculations. In particular, the magnetic field dependence of
the approximate transit time of electrons in the intrinsic re-the emission power and its dependence on polarization and
gion assuming a drift velocity of fams 1. 7, was chosen the direction of the magnetic field are reproduced quite well
so that the dephasing time of the cyclotron oscillations at 2 0 both the limitswc7s>1 and w.7<1. We note that the
was in approximate agreement with experiment. These pZigreement between experiment and the simple transport
rameters reproduce the shape of the receiver signals reasdhodel is equally good in both the tilted Faraday and Voigt
ably well [Fig. 1(b)]. For the high fluence data a scattering 9e0metries. In principle, electrons can acquire excess energy
time of 0.5 ps and a screening paramejet 25, with other from the electric field in the former but not the latter. If
parameters of the Drude-Lorentz model unchanged from thg&rriers acquire excess energies of more than 36 meV then
low fluence case, approximately reproduces the shape of tf{8€Y can emit optic phonons on time scafesf ~300 fs and
receiver signal§Fig. 3(b)]. Although these parameters give a If they acquire more than 300 meV then they may undergo
good description of the receiver signals, the magnetic fieldntervalley transfer on time scales 6f100 fs. However, for

dependence of the integrated signals was best reproducétbe relati\_/ely small electric field in our sample a ba_llistically
using 7= 0.3 ps andy=>5. The corresponding receiver sig- accelerating electron takes more than 4 ps to acquire 36 meV
nals are shown in Fig.(8). This discrepancy undoubtedly Of excess energy. The current surge mechanism is thus con-
reflects the simplicity of our model. sistent with plcosecqnd dephasmg times in the low fluence,
The results of calculations for the variation of tetrahertztilted Faraday experiment§ig. 1(a)] and it is not necessary
emission power with magnetic field made for comparisont® a@ssume that nonlinear procesesake a significant con-
with the low and high fluence data in Figs. 2 and 4 are showdibution. .
in Figs. 2a) and 10, respectively. These calculations used the 1he accuracy of the absolute power calculation depends
parameters.= 0.3 ps andy=5. The finite bandwidth of the Mainly on the parameters, (power varies crudely as /)
photoconductive receiver leads to differences between me@nd Ey, (power varies a€,?) and the assumption of com-
surements made directly with the Golay detig. 2(a)] and plete source coherence. The choice of screening parameter
ones made indirectly by integrating the square of the photohas a relatively small effect. The value fay is constrained
conductive receiver currefifig. 2(b)]. For example, mea- by the shape of the tetrahertz transients and we have esti-
surements made with the latter, FihRreveal a strong peak MatedE, using REOS although there is some uncertainty as
as a function of magnetic field. This is not apparent in theto the appropriate value of the electro-optic coefficient. The
power measurements made with the Golay cell in Fig) 2 treatment of source coherence neglects the finite dephasing
that instead show more of a saturation behavior. The behagime so that the power will be underestimated if the condi-
ior seen with the former approach is, however, well repro-dion 75> JA/c is not met as mentioned in Sec. Ill. For both
duced by calculations in which the receiver signal is calcuthe low and high fluence experiments,~0.25/A/c. An-
lated by convolving the incident electric field with the other factor is the fraction of photoexcited carriers that actu-
receiver response function. A direct comparison can thus belly contribute to the signal. We have assumed that all carri-
made between the experimental and theoretical magnetiers photoexcited in the intrinsic region contribute equally but
field variation of the integrals of the squared receiver currentthose nearest the-type layer will contribute to a lesser ex-
This is illustrated for the low fluence data in Figh2 The tent. Itis important therefore to have some additional support
experimental and theoretical results for the high fluence castr the quantitative aspects of our model. This can be found
are shown in Figs. 4 and 11, respectively. The trends in thén a more elementary picture based on energy conservation
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although we make the same assumptions regarding source V. SUMMARY
coherence and the magnitude of the electric field. In this
model we assume that the action of the excitation pulse is to We have presented experimental data on the effects of
completely convert the capacitative energy stored in the illumagnetic field on the tetrahertz emission from a GaAm
minated portion of the diode into radiation. The averagegiode excited by a femtosecond laser under different experi-
emitted power is then mental conditions. A model based on solving simple trans-
2 port equations and which takes account of the radiative prop-
e AdE] . : . :
|~—> _2f (12) erties of dipoles at a surface describes the essential
2T qualitative behavior of the electric-field transients and the
wheref is the fraction of power emitted in the detector di- radiated power with changing magnetic field, experimental
rection compared with the total power radiated by the sam@eometry, and carrier scattering rate. Including the effects of
source in vacuum angl is the static dielectric constant. For Source coherence leads to reasonable quantitative agreement
illumination with a 3-mm-diameter Gaussian bedmis  Petween experiment and the transport model in the limit of
~104 if we make the approximation that the average accell0ng dephasing times for which we made absolute power
eration is at 45° to the surface which is approximately thgneasurements. The results are also_ln guantitative agreement
case for large magnetic field in the tilted Faraday geometryVith @ simpler model based on discharge of the sample
[see Fig. ™)]. Under these conditions~60nW for E,  Ccapacitance.
=1.3x10° Vm™ L. This power is consistent with the predic-
tions of the Drude-Lorentz modéFig. 2(a)] that treats the
electron trajectories more realistically. The fact that both ap- ACKNOWLEDGMENTS
proaches underestimate the observed emission power by a
factor of ~3 is consistent with the likely errors associated We thank the UK Engineering and Physical Science Re-
with the common assumptions. search Council for financial support.

*Corresponding author. Email address: s.r.andrews@bath.ac.uk °X.-C. Zhang, Y. Jin, T. D. Hewitt, T. Sangsiri, L. E. Kingsley, and
"Present address: Space Science and Technology Department, Ru-M. Weiner, Appl. Phys. Lett62, 2003(1993.

therford Appleton Laboratory, Chilton, OX11 0QX, UK. D, Some and A. V. Nurmikko, Phys. Rev. 8, 5783(1994.
*Present address: BAe Systems, Millbrook, Southampton S09 7QG2D. Some and A. V. Nurmikko, Phys. Rev. 88, R13 295(1996.
UK. 13N. Sarukura, H. Ohtake, S. Izumida, and Z. Liu, J. Appl. Piys.

Spresent address: Laboratoire des Solides, Associe CNRS, Or- 654 (1998.

say 91405, France.

IM. C. Nuss, P. C. M. Planken, I. Brener, H. G. Roskos, M. S. C.
Luo, and S. L. Chuang, Appl. Phys. B: Lasers Op8 249
(1994.

2D. Grischkowsky, S. Keiding, M. van Exter, and Ch. Fattinger, J.1¢
Opt. Soc. Am. B7, 2006(1990.

3B. B. Hu and M. C. Nuss, Opt. LetR0, 1716(1995.

4B.B. Hu, A. S. Weling, D. H. Auston, A. V. Kuznetsov, and C. J.

143. N. Heyman, P. Neocleous, D. Herbert, P. A. Cromwell, T.
Muller, and K. Unterrainer, Phys. Rev. &), 085202(2002J.
15p Uhd Jepsen, R. H. Jacobsen, and S. R. Keiding, J. Opt. Soc.
Am. B 13, 2424(1996.
A. Corchia, R. McLaughlin, M. B. Johnston, D. M. Whittaker, D.
D. Arnone, E. H. Linfield, A. G. Davies, and M. Pepper, Phys.
Rev. B 64, 205204(2001).

17 R
Stanton, Phys. Rev. B9, 2234(1994. W. Sha, A. L. Smirl, and W. F. Tseng, Phys. Rev. L&#, 4273
5W. Sha, A. L. Smirl, and W. F. Tseng, Phys. Rev. L@, 4273 18T(1I§Z§(;rs N
(1995. . y, 1. , WL K, . , Phys. Rev. B7,
®R. Kersting, J. N. Heyman, G. Strasser, and K. Unterrainer, Phys. 3842(1993-
Rev. B58, 4553(1999. 195, Adachi, J. Appl. Physz72, 3702(1992.

"T. Dekorsy, H. Auer, C. Waschke, H. J. Bakker, H. G. Roskos, H.ziw- Lukosz, J. th. Soc. An69, 1‘_195(1979_- _
Kurz, V. Wagner, and P. Grosse, Phys. Rev. L&4.738(1995. J. Shan, C. Weiss, R. Wallenstein, R. Beigang, and T. F. Heinz,

8A. V. Kuznetsov and C. J. Stanton, Phys. Rev.4B 10 828 Opt. Lett.26, 849(2002).

(1993. 22K, Victor, H. G. Roskos, and C. Waschke, J. Opt. Soc. Ani1B
9X.-C. Zhang, Y. Jin, K. Yang, and L. J. Schwalter, Phys. Rev. Lett.  2470(1994).

69, 2303(1992. 23p.-S. Kim and P. Yu, Phys. Rev. B3, 4158(1991).

085307-8



