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2Laboratory

We have investigated the influence of excitonic effects on two-color coherently controlled electrical currents
in semiconductors. We produce currents in CdSe and CdTe at temperature of 10 or 80 K using quantum
interference between single- and two-photon absorption of fundamental and second-harmonic 150 fs optical
pulses tuned over a wide energy range. Current injection is monitored via the emitted terahertz generation. For
the highest photon energies wherein the injected electron-hole kinetic energy is large compared to the exciton
binding energy, “dc” electrical current injection is observed and expected within the independent-particle
approximation in which phase control of the current magnitude is governed by the optical phases only.
However, as the photon energy decreases to the band-gap energy, features appear in the terahertz emission
pattern that increasingly signal the breakdown of this model, in agreement with recent theoretical calculations
that incorporate electron-hole interactions. In particular, when the excitation pulse bandwidth spans the 1s-2p
exciton states, the terahertz emission characteristics are consistent with a theoretically predicted ac electrical
current injection in which the phase of the current—but not its amplitude—is controlled by the relative phase
of the optical pulses.
DOI: 10.1103/PhysRevB.79.045208

PACS number共s兲: 71.35.⫺y, 42.65.Re

I. INTRODUCTION

The generation of ultrafast currents in bulk and lowdimensional semiconductors via coherence control has been
a subject of interest for more than a decade.1–22 In one particular embodiment, a two-color light beam containing frequency  and phase-related second harmonic 2 with
ប ⬍ Eg ⬍ 2ប has been predicted6,7 and observed to induce
pure electrical curents,8,9 spin-polarized electrical currents,10
and pure spin currents11,12 through the quantum interference
of one- and two-photon absorption processes connecting valence and conduction bands separated by a fundamental band
gap Eg. Various combinations of semiconductor orientation,
relative optical phase, and polarizations of the  / 2 beams
can define the type, strength, and directionality of the currents. The current injection process can also be understood as
the result of the nonlinear optical mixing of three optical
fields to give a dc. For example, in the case of electrical
current, a Fermi’s golden rule calculation shows that the time
derivative of the injected current Jជ is given by6
dJជ
ជ Eជ Eជ −2 + c.c.,
JE
=
dt

dJx
= 2兩xxxx兩EEE−2 sin共⌬兲,
dt

共2兲

where ⌬ = 2 − 2; i.e., the only phase dependence arises
from the external beams.
Recently several groups17–22 have theoretically considered
the influence of Coulomb interactions on two-color coherent
control, a situation optimally revealed when optical excitation is nearly resonant with the band gap. For excitation of
continuum states with 0 ⬍ 2ប − Eg ⬇ Ex, i.e., excitation of
unbound excitons within the region where Coulomb or Sommerfeld enhancement23 of optical absorption occurs, Bhat
and Sipe19 suggested that the spin or current injection
tensors are similarly enhanced and become complex with
⌬ → ⌬ − ␦c, where

共1兲

ជ ,2 are the complex optical-field amplitudes, and 
J
where E
is a frequency-dependent tensor whose symmetry properties
are governed by the illuminated material. During and following optical excitation, the currents are expected to evolve
according to subpicosecond momentum relaxation and, in
the case of electrical currents, space-charge effects. If electrons and holes are injected with excess energy 2ប − Eg,
which is large compared to the exciton binding energy Ex,
the carrier kinetic energy dominates the Coulomb interaction
energy, the relative phase of electron and hole wave functions is negligible, and the electrons and holes can be treated
within the independent-particle approximation. In this case,
1098-0121/2009/79共4兲/045208共7兲

corresponding to nearly all experiments reported until the
J is purely imaginary. For optical fields collinearly
present, 
ជ  = Eeix̂ and
polarized along a crystal axis 共E
Eជ 2 = E2ei2x̂兲 the injected current obeys

␦c共兲 = tan−1

冑

Ex
R共兲
.
= arctan
2ប − Eg
I共兲

共3兲

For below band-gap photon energies −Ex ⬍ 2ប − Eg ⱕ 0
where excitation of bound exciton states occurs, even more
dramatic departures from the independent-particle approximation of coherently controlled currents have been theoretically suggested. For example, if excitons of different spatial
symmetry are simultaneously excited by photons of the appropriate energy, Marti et al.17,18 and Rumyantsev and Sipe20
predicted the emergence of ultrafast ac spin and charge currents. In the case of single-photon excitation of 1s excitons
and two-photon excitation of 2p excitons by collinearly polarized second-harmonic and fundamental beams, respec-
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tively, the subsequent beating of the two polarizations is expected to lead to an ac, wherein
dJx
= 2兩xxxx兩sin共⍀1s-2pt + ⌬ − ␦Ex兲EEE−2 .
dt

共4兲

Here ប⍀1s-2p corresponds to the energy separation of 1s and
2p states, ␦Ex is a material/exciton phase parameter and relaxation effects are neglected. In this case the optical phase
parameter ⌬ results in a phase shift of the injected current,
but alone it does not determine its peak amplitude.
Here we report experimental investigations of Coulomb
or exciton-related effects on coherently controlled electrical
currents in semiconductors with optical excitation of
electron-hole pairs in the vicinity of the band gap. As in
earlier investigations we consider ultrashort pulse excitation,
primarily to obtain sufficient strong two-photon absorption
and to operate in a time regime comparable to the momentum scattering time. Several material and optical parameters
prescribe the optimum materials for the investigation of Coulomb effects. The fact that current injection efficiency is predicted to sharply decrease with increasing band gap9
suggests the use of materials with Eg ⬍ 2.5 eV. For
efficient generation of optical pulses via a Ti:sapphirepumped optical parametric source, one typically is limited to
0.7⬍ ប ⬍ 1 eV. In addition, Ex should ideally be comparable to—but not much smaller than—the typical bandwidth
of the excitation pulses 共⬃20 meV for a 150 fs pulse兲 in
order to be able to selectively address pure continuum, Coulomb modified continuum 共unbound excitons兲, or bound exciton states.
In order to achieve a reasonable compromise of the above
requirements, we have carried out coherence control experiments in bulk, wurtzite, CdSe 共Eg = 1.82 and 1.84 eV at24 80
K for A and B gaps along the c axis兲, and zinc-blende CdTe
共Eg = 1.606 eV at25 1.6 K兲, using 150 fs fundamental and
second-harmonic pulses with 2ប ⬇ Eg. For CdSe Ex = 15
and 16 meV for the A and B gaps,26 respectively. For CdTe,25
Ex = 10.5 meV. For the large Ex in these two materials, as
compared to, e.g., GaAs and InP, one can more easily distinguish exciton and continuum effects. The electrical currents
are characterized through the terahertz emission associated
with ultrafast charge displacement with the far-field terahertz
field strength proportional to the time derivative of the
source current 共dJ / dt兲.27 We have also excited electrical currents in the lower band-gap material InP 共Eg = 1.42 eV at28
T = 10 K with Ex = 5 meV兲.
For InP, with 2ប − Eg Ⰷ Ex current injection can be considered to occur within the independent-particle approximation so that InP can effectively be used as a reference material. Indeed, relative to InP and for our pulse parameters, we
identify pronounced exciton influences on the current generation dynamics in both CdTe and CdSe. For excitation of
bound exciton states, we find terahertz emission occurs for
every relative phase of the  / 2 excitation field. This finding contradicts the independent-particle picture embodied in
Eqs. 共1兲 and 共2兲, but, as seen below, is consistent with the
optical generation of the ultrafast ac due to a simultaneous
excitation of different exciton states.18,20 Upon exciting CdTe
at the fundamental band-gap energy, we observe an absolute

phase shift in the terahertz emission pattern, possibly related
to the intrinsic phase shift predicted by Bhat and Sipe;19
however, the interpretation is complicated by the presence of
the exciton ac source term. Overall, these results provide
insight into the influence of Coulomb interactions on current
injection and the influence of many-body effect on resonant
optical nonlinearities of semiconductors. Our work can also
be seen as complementing recent experimental reports29 in
which terahertz absorption rather than emission was used to
probe 1s-2p exciton states and carrier many-body effects in
GaAs and Cu2O.
II. EXPERIMENTAL

The experimental setup used to observe terahertz emission from coherently controlled currents has been described
in detail elsewhere.30 Briefly, a commercial 250 kHz Ti:sapphire amplifier operating at 810 nm is used to pump an optical parametric amplifier to produce 150 fs pulses tunable
between 1300 and 1600 nm 共0.78 eVⱕ ប ⱕ 0.95 eV兲 with
an average power of ⬃25 mW. Second-harmonic radiation
with ⬃0.5 mW average power is obtained from a 1.5-mmthick beta barium borate 共BBO兲 crystal. The  / 2 pulses are
passed through a two-color Michelson interferometer that allows the relative phase ⌬ to be adjusted using piezocontrol.
Any slow drift of ⌬ is monitored through analysis of spectral interference of either a back reflection of the 2 beam or
a copropagating continuum generated by remnant 810 nm
pump light in a sapphire plate. With this monitoring scheme
one can produce a stable relative optical phase, although its
absolute value is not obtained. The emerging two pump
beams are copolarized and overlapped on the samples with a
100 m diameter full width at half maximum 共FWHM兲 spot
size. No care has been taken to fix the polarization relative to
the crystal axis, since for the chosen beam polarizations, the
dependence is weak. The samples are mounted in a cryostat
operated at a temperature of 10 or 80 K. Measurement of the
in-plane current dynamics is achieved by electro-optic 共EO兲
sampling of the terahertz radiation emitted in a reflection
geometry. Note that sapphire windows in the cryostat, although slightly birefringent, permit good transmission of
both near-infrared excitation light and the terahertz emission.
Terahertz radiation is detected using electro-optic sampling
techniques employing 810 nm 共1.53 eV兲, 150 fs probe pulse
from the Ti:sapphire amplifier, and a 500-m-thick 共110兲oriented ZnTe crystal. With f / 2 parabolic mirror terahertz
collection and steering optics, the overall terahertz detection
system has a peak response31 near a frequency of ⍀d / 2
= 1.5 THz with a complete bandwidth of ⌬⍀d / 2 ⬃ 3 THz.
III. RESULTS

Experiments were conducted on CdSe at 80 K with
1.75⬍ 2ប ⬍ 1.91 eV and on CdTe at 10 K with
1.58⬍ 2ប ⬍ 1.66 eV. For each of these photon energies,
coherence control experiments were also performed using a
关100兴 InP wafer at 10 or 80 K. We first consider the experiments performed on InP. For 2ប = 1.82 eV the single-32 and
two-photon33,34 absorption coefficients are 3 ⫻ 104 cm−1 and
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FIG. 1. 共Color online兲 ⌬- contour plot of the terahertz radiation field from a 关100兴-oriented InP wafer at T = 10 K for 0.8 eV/1.6
eV  / 2 pump and 1.53 eV probe pulse. Optical excitation conditions are given in text. The side panel shows a one-dimensional
共1D兲 plot of the terahertz signal as a function of ⌬ for a particular
constant value of  共corresponding to the vertical dashed line in the
contour plot兲, while the bottom panel shows a 1D plot of the terahertz signal as a function of  for ⌬ =  / 2, , or 3 / 2 共corresponding to the horizontal dashed line in the contour plot兲.

30 cm/GW, respectively. For a peak-focused intensity of
I = 8.5 GW/ cm2 共I2 = 170 MW/ cm2兲, a peak carrier density of N = 1 ⫻ 1018 cm−3 共N2 = 3 ⫻ 1018 cm−3兲 is obtained.
Since 2ប − Eg ⬇ 10Ex the currents are generated within the
approximations of the independent-particle picture and serve
as useful references for the following discussion of the influence of electron-hole interaction effects on currents in CdSe
and CdTe. Note that for these carrier densities, the current
decay time is likely to be comparable or less than the optical
pulse widths due to carrier-carrier- and carrier-phononinduced momentum relaxation and hence the current temporal profiles should be similar to the optical pulse profiles.
Figure 1 shows a contour plot of the terahertz radiation
field from the InP at 10 K as a function of ⌬ and the time
delay  between the  / 2 pump and 1.53 eV probe pulses.
The data are corrected for a small drift of ⌬ as verified
from the phase reference within the two-color Michelson interferometer. The ⌬ values are not absolute since they can
only be determined to within a constant offset as stated
above. Similarly no attempt has been made to obtain an absolute value of  since this is not necessary for our purposes;
however, for consistency we define the delay time to be 0.6
ps at the occurrence of the maximum terahertz signal.
Because we take the EO-detected terahertz field profile as
a signature of the coherently controlled currents, we must
consider to what extent the EO signal provides information
about the current. From Eq. 共2兲 one expects the transient
charge current injection to have an amplitude dJ / dt
⬀ sin共⌬兲. For our pulses and materials, if we take into ac-

count the subpicosecond optical excitation and momentum
relaxation time, the coherently controlled current would give
rise to a far-field terahertz emission spectrum centered at 2
THz with bandwidth 共FWHM兲 of ⬃5 THz. However, since
our EO detection system has a peak response at ⍀d / 2
= 1.5 THz with a bandwidth ⌬⍀d / 2 ⬍ 5 THz, it effectively filters the incoming radiation to produce a -dependent
transient signal that is essentially the Fourier transform of the
EO system frequency response. Combining the approximately Gaussian spectral response of the EO detector with
the phase-dependent amplitude of the current injection, one
can easily show31 that the detected terahertz field is of the
det
⬀ sin共⌬兲sin共⍀d兲f共⌬⍀d兲; the sin共⍀d兲 depenform ETHz
dence arises from the dominant frequency response of the
detector while f共⌬⍀d兲 is an envelope function that decays
with increasing  with a characteristic time ⬀ / ⌬⍀d
共i.e., ⬃1 ps兲. Continuum current injection produces a terahertz ⌬- contour plot which can be factored in terms of its
⌬ and  dependence to produce a “grid” pattern as shown
in Fig. 1. The bottom panel of Fig. 1 shows -dependent cuts
through the contour for ⌬ =  / 2, , and 3 / 2. For
⌬ =  / 2 or 3 / 2 one observes the decaying sinusoidal, or
sin共⍀d兲f共⌬⍀d兲, dependence as expected; for ⌬ = , to
within experimental error, no signal is observed. More importantly for our purposes, as shown in the side panel of Fig.
1, the sign of the terahertz field and thus the direction of the
current in the sample reverse as ⌬ varies for constant  and
more generally—apart from a possible phase offset—follows
a sin共⌬兲 dependence. In particular, the emission strength
for ⌬ ⬇ 0 ,  , 2 , . . . vanishes to within experimental uncertainty for all delay times. The overall emission pattern observed in Fig. 1 is consistent with the coherent control of
photocurrents within the independent-particle picture 关cf. Eq.
共2兲兴.
We now consider current injection in CdSe. For
2ប = 1.908 eV and with single-32 and two-photon35 absorption coefficients of 4.1⫻ 104 cm−1 and 10 cm/GW, respectively, the same peak-focused intensities as were used for
InP are estimated to produce peak carrier density of
N = 3 ⫻ 1017 cm−3 共N2 = 3 ⫻ 1018 cm−3兲 in CdSe, i.e.,
nearly the same as in InP. Note that these values of carrier
density are approximations when 2ប ⱖ Eg, where both oneand two-photon absorption coefficients exhibit strong dispersion. Figure 2 displays contour plots of the terahertz radiation field from a 共0001兲-oriented intrinsic CdSe wafer as a
function of ⌬ and delay time  between  / 2 pump and
1.53 eV probe pulses for three different values of 2ប. For
2ប = 1.908 eV the emission pattern depicted in Fig. 2共a兲
has characteristics similar to those seen in Fig. 1. This is not
unexpected since 2ប − Eg ⬇ 5Ex and the independentparticle picture should be valid. In contrast, for the data in
Fig. 2共c兲, 2ប − 1.826 eV⬃ 0 and one can excite bound excitons within the bandwidth of the laser pulses. Most strikingly, terahertz emission is observed for every choice of ⌬
inconsistent with Eq. 共1兲. 关Note that the phase drift correction is largest for Fig. 2共c兲; this is related to the lower signal
levels which required longer scan times and hence yield
larger phase drift.兴 For an intermediate photon energy of
2ប = 1.85 eV, 2ប − Eg ⬇ Ex and Fig. 2共b兲 shows results intermediate between that of Figs. 2共a兲 and 2共c兲. Note that
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FIG. 2. 共Color online兲 ⌬- contour plots of terahertz radiation
field from a 共0001兲 CdSe wafer at T = 80 K for 2ប = 共a兲 1.908 eV,
共b兲 1.850 eV, and 共c兲 1.826 eV. Note that the value of ⌬ likely has
an offset between the three panels; the skew in the figures 关most
apparent in 共c兲兴 is related to corrections to the raw data to account
for a phase drift.

given the pulse bandwidths, for this particular photon energy
one can still excite excitons. We have also observed the terahertz emission from CdSe for a temperature of 10 K 共data
not shown here兲. Apart from wavelength shifts associated
with the change in the band-gap energy, the terahertz emission patterns are very similar at T = 10 and 80 K.
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FIG. 3. 共Color online兲 ⌬- contour plot of terahertz radiation
field from a 关100兴 oriented CdTe wafer at T = 10 K for 2ប = 共a兲
1.653 eV and 共b兲 1.610 eV. Note that the value of ⌬ likely has an
offset between panels.

Since it might be argued that the results displayed in Fig.
2 may in part be related to the complex bandstructure of the
wurtzite CdSe, we have carried out related current injection
experiments in zinc-blende CdTe. With 2ប = 1.653 eV, for
which the single-32 and two-photon34 absorption coefficients
are 2 ⫻ 104 cm−1 and 20 cm/GW, respectively, a peak carrier
density of N = 1 ⫻ 1018 cm−3 共N2 = 2 ⫻ 1018 cm−3兲 is obtained for peak-focused intensities similar to that used with
InP and CdSe. Figure 3 shows the terahertz emission contour
plots for 2ប = 1.65 and 1.61 eV. Most interestingly, the
emission patterns largely resemble the experimental
trends seen in CdSe. In particular, for Fig. 3共a兲 where
2ប − Eg ⬇ 5Ex the terahertz emission ⌬- contour plot is
essentially consistent with the independent-particle picture
represented by Eq. 共2兲 and the experimental results of Fig.
2共a兲. In contrast, for Fig. 3共b兲 where 2ប − Eg ⬇ 0, there is a
distortion of the emission pattern similar to that observed in
Fig. 2共b兲. It might be noted that we observe no terahertz
signal when one of the pump beams is removed. This eliminates the possibility that any part of our terahertz signal may
be related to effects induced by a single color beam. Note
that the excitation conditions in Fig. 3共b兲 also result in the
generation of electron-hole pairs in the Sommerfeld en-
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hanced continuum close to the fundamental band gap.
IV. DISCUSSION

The CdSe and CdTe data give strong evidence for deviations from the independent-particle picture of coherently
controlled electrical currents in semiconductors as one tunes
2ប in the vicinity of their band gap. Since similar deviations are not observed in InP at any of the photon energies
used, we can exclude experimental artifacts. However, besides effects related to the EO detection response as discussed above, we should also consider how the linear optical
properties, space-charge fields, and momentum relaxation,
change with tuning of the pump frequencies. We discuss
these in turn.
In the case of the polarization ac for CdSe 共CdTe兲
⍀1s-2p / 2 = 3.5 THz 共2.5 THz兲. The peak frequency of terahertz emission for ac excitation is therefore higher than the
frequency ⍀d / 2 associated with the peak response of the
EO sampling detection system. When the EO system response is taken into account, for a current source given by
Eq. 共4兲, for an analysis similar to that used for InP above we
det
⬀ sin共⍀d + ⌬ − ␦Ex兲f共⌬⍀d兲. That is, the
find that ETHz
phase parameter ⌬ produces a phase shift of the current and
detected terahertz radiation but does not alone control their
amplitude as it does for continuum-based currents. Both continuum and exciton-detected signals have frequency and decay characteristics dictated by the EO detection system but
with a very different ⌬ dependence. Dividing out the common terahertz envelope/decay time effect, one can easily
show that the total continuum and exciton-detected terahertz
signal produced by the EO sampling technique effectively
varies with pump-probe delay  as
det
ETHz
⬀ A共兲sin共⌬ − ␦c兲sin共⍀d兲

+ B共兲sin共⍀d + ⌬ − ␦Ex兲.

共5兲

Here, the first term of amplitude A共兲 relates to continuum
“dc” source, while the second term of amplitude B共兲 relates
to the 1s-2p exciton ac source current. For 2ប − Eg Ⰷ Ex 共or
equivalently Ⰷ the pump pulse energy bandwidth兲 one expects the first 共continuum兲 term in Eq. 共5兲 to dominate with
␦c = 0. This produces the characteristic grid pattern observed
in Fig. 1 for InP and in Fig. 2共a兲 for CdSe and Fig. 3共a兲 for
CdTe. However, when 2ប decreases toward the band-gap
energy, one might expect to see a photon energy-dependent
phase shift related to the continuum source. In addition as the
pulse bandwidths allow for terahertz emission from a 1s 2p
exciton ac 关second term of Eq. 共5兲兴, a ⌬- contour plot
should show constant amplitude when ⍀d + ⌬ is constant.
This appears as a “diagonal” contribution, in addition to the
“grid” contribution, in a ⌬- contour plots as is—in fact—
observed in Figs. 2共b兲, 2共c兲, and 3共b兲. By fitting Eq. 共4兲 to the
data in the ⌬- contour plots, we can determine the ratio of
exciton ac and continuum “dc” contributions B共兲 / A共兲.
Figure 4 summarizes the experimental values of
B共兲 / A共兲 for both CdSe and CdTe for several values of
2ប. The vertical spread in the data reflects experimental
uncertainties and limitations associated with extracting am-

FIG. 4. 共Color online兲 Ratio of the exciton and continuum amplitudes to the EO signal in the terahertz ⌬- contour plots for
CdSe 共inverted triangles: T = 80 K兲 and CdTe 共circles: T = 10 K兲 as
a function of the ratio of injected carrier kinetic energy to exciton
energy. The dashed curves are guides for the eyes based on Gaussian curves.

plitudes from periodic signal for the limited number of
cycles for which one can maintain reasonable phase stability.
For both materials and all the temperatures of this study, we
find B共兲 / A共兲 to be a maximum for 2ប ⬇ Eg and decreasing for larger or smaller photon energies. Note however that
the ratio differs from zero for values of 兩2ប − Eg兩 / Ex much
larger than unity. This can be explained in terms of the spectral bandwidth of the pulses. As noted in Sec. I, the current or
terahertz generation can be viewed as a nonlinear mixing of
frequencies extracted from two fundamental and one secondharmonic pulse. The available optical bandwidth is therefore
the bandwidth of the spectral convolution of the fields of
these three pulses. Assuming that each of these pulses has an
intensity FWHM bandwidth of 20 meV, the bandwidth of the
convolved pulses, assuming Gaussian temporal profile, has a
bandwidth of 23/2共20 meV兲 ⬃ 60 meV. In addition, broadening can be expected from the excitons themselves, e.g., due
to the density of carriers generated. The width of the spectral
response seen in Fig. 4 is on the order of 80 meV, in reasonable agreement with these bandwidth/broadening considerations.
We now consider whether the energy-dependent continuum phase shift ␦c共兲 is apparent in the terahertz emission
data. At a first glance, this modification should be observable
as a simple vertical shift of the emission patterns in the ⌬-
plot. To verify this aspect, we have compared the ⌬ dependence of the terahertz signal with respect to the reference
sample InP when only excitation pulses mainly excite the
continuum. As noted previously, any slow phase drift is
monitored constantly so that we can extract meaningful
phase changes between different samples. We have therefore
measured the ⌬ − ␦c共兲 value corresponding to the maximum terahertz field strength in CdTe relative to the maximum observed in InP, i.e., at ⌬ =  / 2. Subtracting this
value from the extracted CdTe-InP relative phase shift gives
us the ␦c phase shift shown in Fig. 5. Also shown is the
theoretical prediction of ␦c共兲 from Bhat and Sipe20 as given
by Eq. 共3兲. The theoretical and dispersive behavior appears
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in the experiments. However, we note that a superposition of
pure continuum and bound exciton currents with different
relative phase could yield a similar dependence of the terahertz phase on photon energy; the signal to noise in the
present experiment does not allow for the use of narrowband excitation pulses to achieve a more specific excitation
to separate out continuum and excitonic effects for excitation
near the band edge. We have also tried to identify similar
absolute phase changes in the emission patterns of CdSe. In
this case, we are not able to resolve an intrinsic phase ␦c, not
surprising in view of the more complex behavior of a wurtzite semiconductor with A- and B-exciton transitions.

π

δ

π

π

π

V. SUMMARY

ω
FIG. 5. 共Color online兲 Material phase shift ␦c as a function of
photon energy extracted from the ⌬- terahertz contour plots for
CdTe at T = 10 K. The solid curve is based on the theoretical prediction by Bhat and Sipe 共Ref. 19兲 关Eq. 共3兲兴 shifted vertically by 0.5
rad to compensate for a material-dependent intrinsic phase related
to the linear optical properties.

to be in agreement. In arriving at the data of Fig. 4 we have
removed a background 0.5 rad phase shift. There can be
several reasons for such a uniform shift, the principal one
being that current generation and terahertz emission are spatially distributed along the absorption depth ␣2−1 of the optical pulses. Within this depth, due to the different refractive
indices at  and the 2, there can be a phase walkoff of the
two pump beams. Indeed, one can easily show that the optical phase walkoff leads to a phase shift in the current generation process of ␦dis = tan−1关4c−1␣2−1共n2 − n兲兴. Using
values of the linear optical constants,32 we find ␦dis
⬃ 0.4 rad for CdTe for the full range of photon energies used
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