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Time-resolved terahertz spectroscopy has become a widely used experimental tool for the
investigation of ultrafast dynamics of polar systems in the far infrared. We have recently proposed
an analytical method for the extraction of a transient two-dimensional susceptibility from the
experimental datfNémec, Kadlec, and Kuzel, J. Chem. Phyid.7, 8454 (2002]. In the present
paper the methodology of optical pump-terahertz probe experiments is further developed for direct
application in realistic experimental situations. The expected two-dimensional transient response
function is calculated for a number of model cas#xluding Drude dynamics of free carriers,
harmonic and anharmonic oscillator mogekese results serve as a basis for the interpretation of
experimental results. We discuss also the cases where only gan&dimensionalinformation

about the system dynamics can be experimentally obtaine2D0& American Institute of Physics
[DOI: 10.1063/1.1857851

I. INTRODUCTION probe delay, i.e., for a single experiment a real one-
dimensional(1D) curve is accessed. In contrast, OPTP ex-
The fast development of the time-domain teraherizperiments are sensitive to the transiéime-resolvedl THz
(THz) spectroscopy has enabled a widespread use of thigiectric field which depends on the pump-probe delay. Con-
technique as a sensitive probe of far-infrared response gfequenﬂy, complex time-resolved THz spectra can be in
polar systems in steady statéThis is mainly due to signifi- principle obtained from a single experiment yielding a two-
cant improvements of the signal-to-noise ratio and of thejimensional2D) complex response functidh.
dynamic range of THz systems and due to the inherent pos- jii) The time resolution in the OPTP experiments is not
sibility to analyze experimentally the THz electric figlihd  rejated to the THz pulse lengtvhich extends typically over
not only the power as in usual optical experimentshe  more than 1 ps rather, it is limited by the bandwidth of the
experiments then provide directly the complex dielectricyated detection process which yields a subpicosecond reso-
function of the sample without the need of data fitting or of | tion (typically 0.3—0.4 ps On the other hand, the investi-
Kramers-Kronig analysis. Furthermore, the technique ofyated systems exhibiting picosecond or subpicosecond dy-
synchronous gated emission and detection of THz pulsegamics involve frequency components falling intor
along with the ability to resolve the electric-field profile of overlapping with the THz range. This may produce a fre-
THz wave forms with a subpicosecond resolution allow setquency mixing which distorts the transient THz wave férm.
ting up time-resolved experiments of photoexcited media inp other words, the leading and trailing parts of the THz
the far infrared. The term optical pump—THz prol@PTP  yyise may probe the sample in two different states.
is usually used for experiments in which the broadband THZ  The two latter issues pointed out above lead to a conclu-
pulses are used to probe changes of the far-infrared susceginn that the OPTP experiments contain potentially more in-
tibility (or conductivity spectrum initiated by an optical €X- formation, however, an appropriate care should be taken to
citation event(see Ref. 3 for a reviel extract this information correctly from the experimental data.
Compared to the standard optical pump—optical probe A number of papers have been devoted to the time-
(OPOB spectroscopy the OPTP experiments differ in thregesolved THz studies of photocarrier dynamics in
aspects. _ semiconductofs™® and superconductdrs'? and to charge
(!_) A different spe_ctral range I1s probed. transfer in photoionized liquid$ In these experiments the
(i) OPOP technique in the common setup measuregee carrier absorption represents the principal interaction of
time-resolved power reflectance or transmittance at carrighe THz radiation with the sample. A smaller number of pa-
frequency of the probe pulse. The experimental results thepers have dealt with an experimentally challenging study of
provide a nonlinear susceptibility as a function of pump-photoinduced environmental vibrational or librational re-
sponse in solution¥'™® Clearly, if the rate of the probed
¥Electronic mail: kuzelp@fzu.cz dynamics exceeds tens of picoseconds, no special treatment
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D Sample:
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or methodology is required to obtain correct results. As to theOptical $
investigation of faster dynamics, two different methodologi- pump

cal approaches have been proposed up to now. D ) ]
. . X THz $ 2y Emitter | v
Historically the first approach, proposed by Schmutten-pmbe * B Tz pulse |
maer and his groubﬁ, is based on time-domain calculations o5 o $ D, L | ¥ v, | B
and has been applied in several experimental witkslt o Poiine ﬁ 1 ° e

uses the numerical method of finite-difference time-domain
(FDTD) calculations which simulates the propagation of the FIG. 1. Scheme of OPTP technique. For definition of symbols, see text.
THz pulse through the nonequilibrium medium with a

known dielectric response. The advantage of this method ithe principal notions of our description of OPTP experi-
that it can take into account all nonequilibrium effects; inments, to present concisely the main findings and conclu-
particular it can account for situations where the modificasions, and to provide a short reference for the experimental-
tions of the THz field are strong and cannot be describedsts.

using a perturbative approach. In addition, a method for

simulation of the THz pulse propagation in usual experimenA. Transient THz field

tal geometries(i.e., outside the photoexcited sampleas

been recently developégd allowing a complete numerical . o . ; o
simulation of the experiment. On the other hand, the FDTDby a ”22"”8"” polarizationP infroducing a 2D susceptibil-
: ity Ay.”” In many cases it is more suitable to use an equiva-

method was not designed for the solution of the invers t treat int ¢ ibri ductivi
problem, i.e., the extraction of the sought nonlinear suscepEen reatment in terms of a nonequilibrium conductiy

tibility is not straightforward. The method requiraspriori and an induced electric currea:

an explicit model for nonequilibrium behavior, the param- _ t

eters of which are to be adjusted using FDTD calculations. Ajt-tpt—to) :J Eri(t' — tp)Ao(t - t',t - to)dt’,
Recently, we have solved analytically the problem of _OO

propagation of broadband THz pulses in photoexcited (1)

. 5 . . .
media” We have introduced a frequency-domain formallsmwherete marks the time of the optical excitatioty, is con-
which handles to the first order all nonequilibrium effects, yocted to THzZ probe pulse arrival, ahdefines the time of
including refraction on the surfaces of a photoexcited mey,qo measuremerit.e., the real timg In the experiment, the
dium, dispersion, THz/optical velocity mismatch, and pumpgrjya| of the pulses is controlled by delay lined, D2, and
intensity extinction. This treatment makes it possible to oby3 respectively(see Fig. 1L The photoinduced transient
tain the 2D nonlinear susceptibility in the frequency domaingqnqyctivity Ao is proportional to the pump pulse intensity
from the experimental data using explicit analytical formu-5nq depends on two time variables: the first one is related to
las. It also provides strategies for carrying out the experiment,« gielectric response to the probe pulse and the second one
in order to cancel or minimize the influence of instrumentalyegcribes the influence of the optical excitation. The field
functions of the THz setup. Nevertheless, an experimentat i, the sample consists of the equilibrium pEgtand of
demonstration of this approach which would show the ability; gmail transient paiE which is generated by the nonlinear

of this method to find the unknown nonlinear susceptibility iscurrentAj.

still lacking. The aim of this paper is to fill this gap by a When a 2D scan is performed, two delay lines are mov-
thorough experimental and theoretical study: we present ®fhg and the remaining one is held in a fixed position. We
perimental data for various physical and/or chemical systemgaye showh that following two cases(representations
exhibiting different behavior and we discuss the observeqdy,q,id be considered.

features in the nonlinear susceptibility and their interpreta- (1) D3, which determines time is fixed, we define two

tion. independent variables for the time scans:t—t, (controlled

The present paper reviews the principal results of OUhy D1) and 7=t—t, (D2) with the conjugated frequency-
methodological approadisec. I) and itis mainly devoted to  4omain variableso, and o.

phenomenological modeling of 2D nonlinear susceptibility () D2, which determines time., is fixed; the time-

(Sec. Il). The following paper in this issG&(Paper I} then  yomain variables are.=t “t, (D1) and r=t—t, (D3), and
shows experimental results obtained in semiconductors anglg frequency domain variables arg and o. P

molecular systems and provides their detailed treatment and |, he following text, the 2D physical quantities labeled

interpretation within the frame of the developed models. by the superscript) are expressed by means of variablgs
and 7 or w, and w [i.e., inherent variables of representation
(D] and quantities labeled by the superscrifly are ex-
pressed through, and 7 or w, andw (i.e., inherent variables
Il. REVIEW OF THE FREQUENCY DOMAIN of representation J| We would like to stress that a relevant
APPROACH physical quantitye.g.,Ac) andAc"") can be expressed in
either representation while it always describes the same
The approach discussed in this section has been devgbhysical process. In this sense, on one hand, both represen-
oped in Ref. 5 where the reader can find the details of untations of the chosen quantity are equivalent, i.e., they
derlying calculations. The aim of this section is to introducecontain the same information about the system. On the other

The dynamics of a photoexcited system can be described
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FIG. 2. (Color Simulations of transient 2D conductivité{am)(w,wp) for free carrier dynamics following Eq33). Upper row: 7.=0.7 ps andr,=0.1 ps,
lower row: 7,=0.35 ps and7z;=0.2 ps. The rightmost plot in the lower row shows a typical accessible area using the available spectral range of
300 GHz-2 THz.

hand, their mathematical form is different as they are ex-
pressed using different inherent variables. In addition, they
can be accessed using different experimental protocols and,
as it is pointed out below, the frequency domain quantities

AO'(”)(w,wE)

AE(”)(w,wp) = -
lweg

E(”)(wl W= (l)p)Eo((l) - wp)i

(7

are obtained by a different transformation of the experimenyhere=("), introduced by Eqs(30) and(31) in Ref. 5, is a

tal data.
One can easily showthat in the time domain

AdV(7,7) = Ad'"(7, Th=Te~ T) (2
and in the frequency domain
AdV(w,we) = Ad" (0 + we— ®, we — wp), (3)

transfer function of the photoexcited sample. This function
depends on the THz dispersion of the sample in equilibrium,
on its optical absorption coefficient, group velocity, and on
its thickness. It can be unambiguously determined from a
steady-state experiment. In the general case the form of
20D can be complicated; on the other hand, it can be easily
shown that in the most interesting experimental c&sés)
takes a rather simple form. For the analysis of the experi-

which means that upon passing from representation | to repnental results we always use the general formulaZor

resentation I w+ w,) is replaced byw and w, is replaced by
w,. As the time-domain quantitieAE and E are real, the
transient conductivity automatically fulfills the following re-
lations:

Ao(l)(w,we) =Ad V(- w,~ We), 4

(5

where %" denotes the complex conjugate quantisge Fig.
2 for illustration. The information forw <0 is thus redun-
dant and subsequent figures show datadorO only. Note

A(r(“)(w,wp) =AdM(-w,- wp),

however, it is worth inspecting its behavior in the simple
cases.

Let us assume for a while that the THz dispersion of the
sample in equilibrium is negligible. It then follows from Ref.
5 [see Eqgs(33) and(34) therein that both in the case of a
bulk phase-matched interaction and in the case of a high
optical absorption of the samplée., the case encountered
often in semiconductors where the OPTP signal is mainly
generated at the input face of the sample

also that in figures we use frequencies in THz defined as

f=w/27 and fp: a)p/277.

The wave equation describing propagation of the elec-

tromagnetic field in the photoexcited medium can be solved

analytically in the Fourier spa&within the approximation
AE<E,. One finds for the outgoing transient part of the THz
field in representatiofil),

AO'(')(w,we)

E(w+ E
i(w+ wg)eg (@+ 0g 0)Bg(w),

AED (0, wo) = (6)

and in representatiofil ),

EVxi(w+w,), (8)

EW . (9)
This simplified approach immediately yields

AEW(7,70) = AjD(7, 7o), (10)

AEW(7, 1) o Aj(7, 7). (11)

We return back to the general case. Note that the quan-
tity AE is not directly measured; it represents the transient
field just leaving the samplénear field. The detected tran-
sient signal is obtained using the convolution theofefn
Eqgs.(129 and(12b) in Ref. 5

representation I,
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AEP (@, ) = gyl + wis(o+ 0)AE (0,00, (12)  C: Representation I

Using this experimental protocol a 2D scan is realized
b1 " throughD1 (scan oft,) andD3 (scan oft). By contrast with
AE™ (@, wp) = () 1 (0) AE™ (0, wp), (13)  the preceding scheme 28 scan with a fixed position db1

: : .. directly yields a single propagating transient THz wave form
where ¢, and ¢, are the instrumental functions describing . ducgdyby the pun?p p%lsz %he cgonvolution with the instru-

the propagation of the THz pulse between the sample and tH8 ) . L

sensor and the response of the sensor, respectisety Fig. mental functiong(13) is then simplified as expected. How-

1) ' ever, different points on the THz wave form experience a
' A reference measurement in the pump-probe studies i ifferent delay with respect to the excitation event, leading to

obtained in equilibriundi.e., without the optical pumpThe tEe fr_equenc;c/i T}'Xmg b(.atwee'n t;eEzlrll)(:ldent THz wave form
detected reference wave form transmitted through the opti-O(‘” wp) an t. € t.ran3|ent signat (@, wp). .
The determination of the transient conductivity from the

cally unexcited sample reads

representation II,

ratio
D =
Er(©) = () (@) T(0)Eg(), (14) AEP(0,00)
whereT is the complex equilibrium transmission function of ED{w)

the sample.

Equations(6), (12), and (14) for representation |,
(7), (13), and(14) for representation Il, constitute the basis
for the experimental determination dfo. Their thorough
understanding requires a short discussion.

ang therefore requires knowledge of the shape of the THz wave
form incident on the sample. This implies replacing the
sample by the sensor, measuring the wave form and, subse-
quently, its deconvolution with the sensor response function
.
The protocol related to representation Il thus requires an
. additional measurement compared to that related to represen-
B. Representation | tation I. This is counterbalanced by the fact that representa-
In this experimental scheme one varies the deBys tion Il allows one to choose the most suitable experimental
(scan ofty) and D2 (scan oft,), while the timet (D3) is arrangement behind the sample from the point of view of the
fixed. It has been pointed dtftthat, using this scheme, dif- signal-to-noise ratio, namely, to focus the THz beam into the
ferent points on the THz wave form experience the sam&ensor. Note also that the knowledge of the sensor response
delay with respect to the excitation event. Indeed, for a giveunction is required in both schemes. This response always
position of D1 (fixed excitation eventa wave form scan is involves frequency mixing:,(w+we) in representation |
realized usingd2. On the other hand, this implies that one and ¥2(w=wy) in representation II.
cannot access a single propagating THz wave fawinich is
connected to the timé). Instead, one collects data points
from different transient THz pulses all measured with theD. Accessible spectral range
same time distance between the pump and the gated detec- The nonlinear conductivityor susceptibility can be ex-

Eon event_. \_Ne_ can stil call thel_ meﬁS“Teg curve a wave formlperimentally determined only in the spectral ranges where
owever, it is important to realize that it does not exist in realy ;. AgD and ED, are nonvanishing and exceed the noise

: L . . o
time but it is connected to timg,. In the detection process, |, q|. Clearly, owing to frequency mixing, the accessible re-

though, the response function of the sensor is always convcb—ion in the 2D(w, ) Of (w, wy) Space is not rectangular but
luted with wave forms existing in real time. The direct con- it is a union of several polySonﬁsee Fig. 6 in Ref. 5 In

sequence of this fact is that the detection process and ﬂ}gct, the terms which contain the argument w, or the ar-
propagathq bereen the sample and the sensor involve fr‘E;'umentw—wp are at the origin of diagonal spectral delimit-
quency mixing in te_rms Obo+ e, . . ers. The most important factor is related to the upper limit of
Thus the experimentally obtained ratio the spectral sensitivity of the sensor which, due to its diago-
AEP (o, w) nal character, significantly reduces the experimentally acces-
ED—(w) sible area. For a typical THz experiment based on a ZnTe
ref emitter and sensor, one obtain®|, |wetw|, |w-wy
does not allow for cancelling out the instrumental functions.<2.5 THz.
It is necessary to know the sensor response funatiode- This discussion reveals the advantage of the frequency-
fined, e.g., by Eq(38) in Ref. 5. It is also required to sim- domain approach. A careful analysis of the experiment un-
plify the optical path of the THz pulses between the sampleambiguously yields the spectral region where the transient
and the sensor as much as possible so as to enable the detnductivity can be obtained; the experimental error can be
mination of ;. It has been suggestethat the experiments also quantified in this region. Up to this point @opriori
should be carried out in the far fieldvithout any transfor-  information about the dynamics of the system under investi-
mation of the THz beam between the sample and the sensogation is needed. It also follows that any time-domain repre-
to obtain plausible experimental data. Another possibility issentation of the conductivity is more or less distorted and/or
to evaluatey, using the formalism developed in Ref. 19 or it should be based on some model assumptions about the
Ref. 21. system studied.
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The experimentalist obtains a 2D “map” of the transientmotion of chargegeither free or boundin the excited and
complex conductivity expressed in the frequency spacground state, respectivelyj denotes the Dira@ function.
which provides a macroscopic picture of ultrafast dynamicsThe functionp(t—t.) then can be interpreted in terms of the
of charges; he should then decrypt it and assign to underlyingariation of the excited state population.
processes. This can be performed on a microscopic scale The coupling constant to the THz probe fidkffective
using, e.g., molecular dynamics simulations or within a phechargg is denoted byf g; for sake of generality we assume
nomenological macroscopic framework. In this paper we us¢hat it can be time dependent. The photoinduced current is
the latter approach to find the expected form of the transienthen equal to
conductivity in simple model situations for several qualita- i ) )
tively different types of response. Paper Il then supplements 21 (bt~ te) = Ne(t = t)[fe(t — t)Xe(t,t ~ to) ~ feXa(B)].
this theoretical work with data taken for several experimen- (20

tally interesting systems. . . .
y 95y In our model, the density of excited particles does not

depend on the THz probe field and it obeys a differential
equation with the opticabb pulse representing the source
A. General considerations term

IIl. MODELS FOR TRANSIENT CONDUCTIVITY

For simplicity we assume in this section that the optical ~ D(t)ng(t —to) = ngdt — t,), (27)
pump pulse excites only one kind of quasipartidies., free ) ) ) .
electrons in semiconductors, vibrational or librational mode?hereD is a differential operator describing the depopula-
in a molecular crystal or in a solution, etca generalization tion of the excited state ang, is the density of photocarriers

of this model is straightforward. Furthermore, we assume 4nmediately after excitation. _ o
local character of the response both to the optical and THz "€ dynamical response of the system in equilibrium to

pulses. Let the indice§ and E denote the properties of the THz probe fieldg, can be described by a differential

particles in the ground and optically excited state, respec2Peratorle

tively. The macroscopic current in thc sa_mp_le_ is given b)_/ _the La(t)Xa(t) = feEq(t). (22)
mean velocity calculated by averaging individual velocities
v; of charged particles: One obtains in terms of a Green’s function

i) =92 vi(t) =qniv(1)), (15) Lo(t)Gg(t—t) = &t - t). (23
wheren is the number of particles anglis their charge. The Out of equilibrium, the quasiparticle dynamics is de-
transient photocurrent then reads scribed by a differential operatdi(t,t—t.) and by the cou-

ling function f(t-t,),
Aj(t10) = g (b )e - L (D)]. (1g Pngfunctonfet=t)

On one hand the transient velocities can be extracted from Le(t = toxe(tt~ 1) = fe(t~ t)Eo(t), 24
molecular dynamics simulatiort® Such an approach has the using Green’s function formalism, one finds

advantage of obtaining a detailed dynamical picture with , _ ,

molecular resolution, provided a reliable atom-atom interac- Le(tt-t)Ge(t -ttt = &t - t'). (29
tion potential is available. The main drawback of this directgypjicit forms of operator®, Lg, andLg are discussed in
approach is that the response of the system to the THz prohge model applications below.

pulse is very weakunlike the response to the optical pump |t can be now easily shown that the general form of the
pulsg and it tends to be buried in the statistical noise inhergnequilibrium current reads

ent to simulations with a finite number of particles. On the
other hand, it is also possible to develop a macroscopic phe-
nomenological model describing the average particle posi-
tion x(t,ty) and velocity x(t,t)). One can introduce time- .
dependent velocity distribution functiomg g(t,te), XGg(t—t',t —t)Eq(t)

Aj(t,t-tg) = ng(t - te)[fE(t - te)fo dt' fe(t’ — to)

Wt es= f e ot v, 17 2 f ) dt'GG(t—wEo(t')] (20

The model assumption then consists in the possibility of fac

N SR . where the causality is formally achieved by the Heaviside
torization of this distribution function,

function Y(t) which will be explicitly included in the Green'’s
Pe(t,te) = p(t —to) v — Xe(t,to) ]+ [1 — p(t —to)] functions. Now, similarly as in Ref. 5, we can introduce the
i probe arrival timet, and switch to the time delay variables.
X dlv = xs(V)], (18) In representation | the nonequilibrium response function

. reads
Pe(t) = dv = X(1)], (19

. (1) - Y, _f2¢
wherexg(t,t,) andxg(t) are solutions of a model set of equa- Ao (7, 7o) = Ne(Te) [ fe(Te) fe(e = 7)Ge(7, 7e) — 15Ga(7)].
tions of motion which should be supplied to describe the (27)
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The simplest approximation for the behavior of the ex-InAlAs,?* etc. This model can also describe to a large extent
cited particles populationg is a single exponential decay the dynamics of carriers after multiphoton ionization in

. 13
Ne(ro) = NoY(r)expl - 7 7], (2g  fluids.

where 7. is the particle lifetime in the excited state.
A special attention should be paid to the situation whenl. 2D scans

the THz probe pulse arrives before the optical putne., The kinetic equations redd

t,<tg or 7,<<0). We recall that, is connected to the arrival

of the.T_Hz prqbe pulse. Consequently, in a rea} experiment, dne + Ne _ Nod(t —to), (29)
the origin oft, is chosen to some extent arbitrarily given the dt 7

temporal length of the THz pulse. However, regarding the "

transient conductivity as a response function to an impul- d%Xe  mdxe _ _

sional probing field}, is unambiguously determined by the dt? * 75 dt = qY(t =t BolD), (30)

position of the probes pulse. Thus, betweet), andt, the
system exhibits a dynamics described ®y and driven by
the THz field. Att, the pump pulse optically excites the
system. The physical state we probe after the photoexcitatio?i
may differ depending on the extent to which the phase an§©'S:

the amplitude of the equilibrium motion have been con-  ng=nyY(t - t)exd— (t - to)/ 7],
served on the time scale comparable to the upper frequency

where 7, is the lifetime of free carriers and is their mo-
mentum scattering time. We assume immobile valence elec-
ons. The equations yield the following dynamical param-

limit of the THz resolution. Strictly speaking, the initial fg=0,
conditions for the Green'’s function of the excited state read,
Ge(t=ty)=Gg(t=t,), Gg(t=ty)=Gg(t=t,). However, in Gs=0,

some cases, the position and the velocity of the particles can
be changed on very short time scales due to efficient fast fg(t-t,) =qY(t-t,),
scattering mechanisms. A fast and efficient averaging of
these quantities leads to a simpler initial conditiGg(t GE(t,t—te):Y(t—t,)Y(t)/mexp(— tiry).
=ty)=Gg(t=tx)=0. In the following we will refer to these
cases as to weakly perturbed systems described by t
former initial conditions and we will call strongly perturbed 0 a’no
systems those satisfying the latter ones. The latter condition Ac(7,7e) = ?Y(T)Y(Te_ Texp(— 7 r)exp(— 7/ 7y).
can be also applied, e.g., to the case of optical interband
excitation of semiconductors, where the motion of valence (31)
electrons is negligible compared to that of the conductionthe 2D Fourier transform is straightforward and easy to per-
electrons(Gg < Gg). form,

In our model we consider explicitly that the coupling

nehe transient response function then reads

B 1

eonstanth may ex_hib?t some dynamics upon photoexcite- AdV (@, we) = - ' , (32)

tion. Furthermore, its time dependence provides a convenient i(@+ we) + 1t iwe + 1T

way to “switch on” the interaction of the probe field with

newly generated particles if we assurfpét—t) o Y(t—to). A" (o, ) = B 1 (33)
%o -

The 2D maps of the conductivity we discuss in the fol-
lowing paragraphs are essentially based on &) using .
some model behavior of the excitations. We discuss severé{Y'th
cases including the Drude model of free carriers and oscilla- 1 1 1
tory behavior of bound charges. In this paper, we derive the :f - :C + :s (34)
behavior of the transient conductivity for the model cases
and discuss what can then be obtained by OPTP experiments. o?no
In Paper Il, the relevance of these models for particular B:?- (35
physical situations is addressed.

o+ 1/7 lw,+ 17’

The transient conductivity shows a single pole at the origin
of frequency axes and its amplitude decreases with increas-
ing frequencies; the speed of this decrease is a measute of
This case covers a broad class of applications of OPTRNnd 7 (see Fig. 2 For these plots the upper limit of 2.5 THz

experiments to systems in which carriers can be excited bgf the sensor spectral sensitivity was used. Note that the
an optical pump pulse to states described by a delocalizestattering time of 100 fs can be still resolved in such data.
wave function, i.e., the restoring force is absent. It concerndndeed, the use of 2D complex fitting makes it possible to
namely, semiconductors with ultrafast response such as lowdetermine time constants as fast as 50 fs assuming still the
temperature grown GaA&T-GaAs),'%?’ radiation-damaged 2.5 THz upper detection limit. Note also that even shorter
silicon on sapphire(RD-SOS,* low-temperature grown time constants can be determined if the paramBtean be

B. Drude dynamics and trapping of free carriers
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independently estimated from the experiment. waveform positiont=7,, the observed quantity is propor-
Note that the symmetry propertyAc!(w,w,)  tional to
=Ac""W(-w,-w,) is clearly observed in Fig. 2.

By performing a 1D inverse Fourier transform in, o
(frequency conjugated to the pump-probe detgyone ob- AEP(7, Tp) J dt’yn(t)AE(7—t', 7). (39
tains in representation Il a simple expression, -
Ad"M(w, ) = .Ly(q-p)exp(_ Tl 7). (36) In the case of the pump-probe scan with a time integrating
iw+ 1/ detector the measured signal is proportional to

This formula can be interpreted in terms of a series of THz
snapshots with a single exponential decay due to the carrier TR R
trapping. For any pump-probe delay the individual THz S(Tp)ocf_x dt’ yu(t )f_w dt’yu(t)
spectra show a Drude-like shape characterized by a time con-
stant7; which is a combination of the decay and scattering
times.

We stress once more that experimentally such data can-

not be obtained Q|rec|:3tly by a %D Fourier transformation OfHere,zpl(t) is the instrumental function describing the propa-
the measurgd ratiAE"(7, 7o)/ Ere( 7). The passage through. ation of THz wave forms between the sample and the de-
the 2D Fourier space and the appropriate data transformatlcﬁg}ctor In the simplest casagy(t)=8(t) or y;(1)=5'(t) (de-
are required. ' !

The transient current can be also calculated: it dependrsl,vatlve of the Diracé function) for the measurement in the

. . . ‘near or far field, respectively. In the case of focusing by a
in a rather complicated way on a particular THz wave form: ) . . .
mirror or a lens with a finite aperture, and with the object/

X J”’ d7AE(7—t', 7p)Eo(7—1"). (40)

A (w, iy e>.<p(— 7/ 7c) image size ratio 1:1, a useful approximation is represented
iw+ 1/7 by (see Ref. 21 for details

x f df exi- ot UnJEt). &1 \/E s

p

Examples of the observables for the two experiments are
2. 1D pump-probe scans shown in Fig. 3. We assumed here the simplest case of the

measurement in the near field, i.e., E88) and
In some OPTP studies the authors have performed 1D

scans only to obtain dynamical information. This strategy is w
required for systems where the THz transient signal is ex-  S(7,) « exp(— Tp/q-c)f drEq(nexp(— 7' r)
tremely week and 2D scans can hardly be performed. Two ~7p
different types of 1D scans have been used so(faThe ™
delay between the THz probe and the optical gating pulse is X f
held constanti.e., 7 is fixed) while the advance of the pump
pulse is changed during the experim&ht®?’ (i) A THz
power detectofe.g., a bolometeris used instead of a gated The following conclusions can be deduced from the simula-
detection scheme; the whole THz power is then detected astens. If there is a measurable signal for delays larger than
function of pump probe delay:®® In both casest, is  approximately the THz probe-pulse length1 ps in our
scanned. simulationg, the fitting of this part of the signal by a single
The present model of the dynamics of free carriers proexponential always yields the correct trapping time Ex-
vides analytical expressions for all quantities of interesttending the fitting range towards shorter delays may lead to
Thus it can also serve as a simple tool to analyze 1D experincorrect results. The data corresponding to short pump—
ments. To simplify this short analysis, let us adopt the asprobe delays cannot be analyzed in a simple way. The signal
sumptions which lead to expressiofi®) and(11). In addi- in this range depends on the incident THz wave form, on the
tion we assume here a flat spectral response of the THmomentum scattering rate and on the experimental e
detectors. ing different instrumental functiong, leads to qualitatively
Equation (26) applied to our model then leads to the similar but quantitatively very different curvesFor ex-
expression for the near-field transient wave form: ample, the oscillations in the signal shown in Fig&)Zand
3(b) are not caused by an oscillatory behavior of the studied
AB(7,7p) > expl= 7/ 7o) Y(7 + o) eXpl= 7/ 7o) system, rather, they are a consequence of particular experi-
™ , , mental conditions and parameters. These findings will be
XJ dt'Eo(7 - t')exp(-t'/7y). (38) also experimentally demonstrated in Paper II.
In summary, results obtained for an unknown physical
In the case of the pump-probe scan of a THz field at a fixedystem using 1D pump-probe scans should be analyzed very

dt’ exp(—t'/7)Eg(r—1'). (41)
0

0
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K FIG. 4. Simulations of 1D transient wave form scans for free carrier dynam-
> ics. The transient THz spectra defined by &) are plotted without taking
= into account the first exponential term. Momentum scattering time:
=0.1 ps. Values ofy, and 7, are indicated in the legend. The Drude model
corresponds to the situation whegp— < and 7.— . Wave form shown in
the inset of Fig. 8) was used.

T, (ps
89 AEP(w, 7p)

FIG. 3. Simulations of 1D pump-probe scans for free carrier dynamics. Inset Er%f(w)

of (a): the shape of the THz wave fory(t) used in the calculationga,b

signal (normalized to unity and shifted to the common time oridior a * .

pump-probe scan at a fixed wave form positior 7,) based on Eq(39); f dt’ exgd—t'(iw + 1/7) JEq(t")

the lines correspond to different wave form positidag indicated in the exp(— Tp/Tc) ~Tp

inset of (a): the motifs of lines mutually correspond. Parameters: « iw+ 1/7 J . (42

=0.7 ps,7s=0.25 ps(a), 7s=0.1 ps(b). Inset of(b): the same signal as iib) dt’ exp(—iwt’)Eq(t")
but not normalized to unity and not shiftet) Normalized signal for a e
pump-probe scan using a time-integrating detector. Parameter8:7 ps,

full line (7,=0.1 ps, near field dotted line(7;=0.25 ps, near fiekd dash-  consequently, the data exhibit necessarily a departure from
dotted line(7s=0.25 ps, far field . . . .
the Drude behavidreven if, as in our model case, the physi-
cal process exactly follows the Drude dynamics expressed by

carefully. Despite of a presumed higher temporal resolutiorEq_ (36)] in the case wheri) the trapping time is short
of the experiments, safely correct results are obtained onlyshorter than or comparable to the THz probe-pulse length
for delays exceeding the THz pulse length. and/or the momentum scattering timg and (ii) the probe
pulse comes too early after the puittpeir time separation is
shorter than the THz pulse lengthThese results are illus-
trated for several sets of dynamical parameters in Fig. 4.

In some dynamical studies another kind of 1D THz ex-
periments can be useful. In this case the pump-probe delay is
held at a fixed position, and the transient THz wave form is C. Harmonic oscillators: Excitation of a vibrational
recorded. In a large number of experimental works the tran;n'O de :
sient THz wave forms are recorded for several values,of
but not enough to provide a complete 2D pictb]ré?'sthe This paragraph deals with the case in which the eigen-
interpretation is then based on the behavior of Fourier trandrequency of a vibrational or librational mode changes upon
form of the recorded signal usually called transient THzphotoexcitation. This type of dynamics can occur, namely, in
spectra: typically, in the systems with free carriers, thesenolecular systems. For example, in the solvation dynamics
spectra are fitted to the Drude formula. experiments the photoexcitation of a chromophore in the so-

Assuming the applicability of expressiofs0) and(11)  lution, which is connected to the redistribution of charges,
and using Eq(37) we can easily find the form of the signal may cause a change of the interaction potential for an envi-
which is to be interpreted, ronmental mode of the first solvation layérin this para-

3. 1D transient wave form scans
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graph we investigate the dynamics of such a system in the Y(7y)
damped harmonic approximation. The equations of motion Gea(r7e) = mQe expl= yi2)
then read
d?x, dx 5 X{COE{QG(T; 7)Isin(Qere)
mﬁ + my,a + M X = fiEo(t), (43)

Qe
-—sinQ - 7)]cog Q) . 46
wherei=E, G denotes coordinates and parameters of excited Qg Me(7e = 7)Jcod ETQ)} (46)

and ground state, respectively. Note that we can still describxle

the system in terms of dynamical conductivity of bound par- his yields finally

ticles and a polarization current defined by Ef). We as- AoV (7, 70) = ng@PY(ro)expl— 7 7)[Y(7o = )G o)
sume that, prior to the optical excitation, only oscillators ) ) ’
with eigenfrequencysg and dampingyg exist. Upon excita- +Y(7- 70)Gg 1(7,7) = Gg(7)]. (47)

tion some of these oscillators change their parameteti o In the Fourier space the behavior of the transient conductiv-

and.y,.;. The popqlatpn of exglted state oscnlgtors may thenny is determined by the position of the poles. These are
exhibit a decay in time leading back to their ground-state’ .. . .

L . defined as the zeroes of the denominator function
characteristics. The oscillations occur at the reduced frequen-

ciesQg and Q: Dec(Q) = wi g - Q% +iQyeg, (48)
Q= ol - 4. (44) WhereQ is a general frequency variable. One obtains in the
' b strongly perturbed systenfiasing Eq.(45)]
We obtain | anZ w - i/Tc 1
Ad' )(w,wp) = . ;
Ne(7e) = NeY( 7o exp(— 77, M | wp=i/7Delw —i/7)
0= w, 1
- - - , 49
fe=q, wp—I/TCDG(a)—wp)} (49
Y and in the weakly perturbed systefusing Eq.(47)]
Gg(7) = —— exp(— yg72)sin(Qg7). 2 _i
o(7) mOg p(= e 72)sin(Qe7) Aa(ll)(w,wp) _Nog 1 w—il,

M De(w = il7) wp =il

In the case when during photoexcitation the system loses the
motion information due to some fast scattering mechanisms X{l _M} (50)
[strongly perturbed systemssg(7,=0)=Gg(7,=0)=0] we De(w = wp)
get The poles of the function®;(w—i/7.) occur at renormalized
eigenfrequencies
felre) =q¥(0), Jenmed
szwJ'ZE a)j2+ 1/T§+ Yil e (51
Y(7)Y (-
Geo(7) = % exp(— yer/2)sin(Qen), and the poles oD;(w—w,) occur at
E (0~ wp)?= o, (52)
leading to wherej=E,G. Examples of the transient conductivity spec-

| 2 _ tra for several sets of parameters are shown in Figs. 5 and 6.
A7, 7 = no?Y(7e)exp(= /7o) As there are many possible qualitatively different combina-
X[Y(7e~ T)GE,O(T) - GG(T)]- (45)  tions of the parameters for the harmonic oscillator case we
will describe here only the main features of the amplitude
In the case when the excited quasiparticles keep the positiaspectra. The principal poles of the transient conductivity are
and velocity information of the ground stafereakly per-  clearly visible in Figs. &), 5(b), 5(e), and 6, which corre-
turbed systems:Gg(7,=0)=Gg(7,=0), Gg(7,=0)=Gg(7,  SPpond to underdamped dynamics. The denominators of Egs.
=0)] the transient response becomes more complicated. A9 and (50) determine the poles which have the form of
additional signal, coming from the configuration in which the Straight lines in the(w,w,) space:w=*wg, 0-wp=*wg,
probe pulse precedes the pump one, may in principle appearp=0. The characteristic maxima of the conductivity are

One finds after a straightforward but lengthy calculation ~ then given by intersections of these lines. Thus, in the half
spacew >0, one finds three principal maxima in the weakly

fe(7o) =0, perturbed case[Figs. Ha) and 8b)]: [w,wp]=[wg,0],
[wg,0], [wg, wg—wg], and two principal maxima in the
Ge(7,70) = Y(7a= DGe o(D) + Y(7= 70)Gg 1(7, 7o) , strongly perturbed casihe last one is lacking due to the

absence of the produdgDg in the denominator of Eg.
where the functiorGg o( 7) has been defined above and where(49)]. The casesug > wg and wg < wg for the strongly per-
(in the simplified case, in whichg=y5=7y) turbed systems cannot be easily distinguished from each
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FIG. 5. (Color Simulations of the amplitude of transient 2D conducti\my“”(w,wp) for harmonic oscillator dynamics. Weakly perturbed cdediowing

Eq. (50)], plots (a), (b), (c), and(d); strongly perturbed cas@9), plots (e) and (f). Eigenfrequencies of harmonic oscillatots:/27=1.5 THz andwg/27

=0.6 THz (faster motion in the excited statéor all figures exceptb) where these values are interchangsldwer motion in the excited stgteDampings
(Ye=vs=7) and lifetimes(r,): (a,b,8 y=1 ps?, 7.=3 ps(underdamped, long-lived(c) y=2 ps?, 7.=3 ps(strongly damped, long-lived(d,f) y=2 ps?,

7.=1.5 ps(strongly damped, short-livedThe arrows in figurda) show the directions of the cuts plotted in Fig. 6.

other using the amplitude information only and the knowl-D. Harmonic oscillators: Relaxation of the coupling
edge of the phase is required. The increase of dampingonstant
causes the broadening of the above discussed peaks along

(case ofyg), along w, (case ofr;), and along the diagonal ,ency of an oscillatory mode does not change appreciably

w=w, (case ofyg). Note that the common feature of all \;,on photoexcitation, while, due to spatial charge transfer,
these spect_réand_consequently_the characteristic featL_Jre Ofhe effective charge coupling of the mode with the THz
the harmonic oscillator behaviois the presence of maxima probe field may exhibit some dynamics,

at w,=0 andw # 0. & g

) . - . X X

A 1D inverse Fourier transform_ yielding the .tlme o m— +my— + mng: fiEq(D), (54)
resolved THz spectra leads to a complicated expression. This dt? dt

expression simplifies upon considering only the case when .

In some molecular systems it may happen that the fre-

the pump pulse precedes the prolg>0. One obtains for with
both weakly and strongly perturbed systems fe=q,
(55)
Ao (w,75) o i expl= 7/ 7o) fe=af1 +Y(7e)[ B+ aexp= /) |}
w—ilr, w—ilT, This problem can be also solved analytically. One then finds
—— - . - (33 the poles afw,wp]=[+w},0], [+wp,0], where analogously
De(w—il7) Dglw—il7) to Eq. (51)
The time-dependent THz spectrum is thus driven by the ex- @0 = @o+ L/Th+ ¥/, (56)

ponential decay due to depopulation of the excited level ang 5 5150 possible to combine this problem with that dis-
it shows poles at renormalized eigenfrequenaig®,. Con-  cyssed in the preceding paragraph, i.e., to solve a simulta-

cerning 1D experimental scans, analogous conclusions tQsqys steplike change of the eigenfrequency and of the ef-
those deduced in paragraph C can be drawn. fective charge.

1D cuts of Fig. 5a:
vertical: ,=0
------------ horizontal: ® = o, In this paragraph we continue to deal with two oscilla-
———- diagonal o-w, =0, tory modes. We refer here to the case when we can still
describe the ground-state oscillator within the harmonic ap-
proximation(small probing field limi}. In a large number of
systems, though, the potential minimum of the excited state
is shifted with respect to that of the ground state. The initial
position of the excited-state oscillator thus can be far from
equilibrium. This means that the mode after photoexcitation

E. Excitation of an anharmonic vibrational mode

0 ; — can exhibit a highly anharmonic motion.
0 1 2 This case cannot be solved analytically and requires a
Frequency (THz) slightly deeper insight into the problem than that used in the

_ _ ~ previous model cases. This treatment will also allow us to
FIG. 6. 1D cuts of the amplitude of transient 2D conductvity seq more clearly the connection between the phenomenologi-
Ac"(w, w,) for harmonic oscillator dynamics shown in Figab The fre- . . .
quency on the abscissa has the meaninfjfof the vertical cut, of , for the cal merIs and molecular qynam|C$ S|mU|at|0n_3- Our ap-
horizontal cut, and of(f~fg)?+f2]*2 for the diagonal cut. proach is based on a numerical solution of equations of mo-
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FIG. 7. (Color) Simulations of the amplitude of transient 2D conducti\my“')(w,wp) for anharmonic oscillator dynamics. The ground state is a harmonic
potential withwg/27=0.6 THz. The potential of the excited statee use Morse potential moddRefs. 30 and 3llis shown in the uppermost left plot along

with the excitation pathway&l-5 that were used for the calculation of the conductivity in the plots numbered 1-5. The resonant frequency of the harmonic
part of Morse potential isog/277=1.5 THz. The lowest row shows 1D diagonal ciss indicated by arrows in plots 1}-6f the transient conductivity
amplitude normalized to unity

tion for a particle with coordinatX in the potentiaM(X, 7). proach allows suppressing the inherent statistical noise of the
In the excited state the equation for the traject&gy with-  simulations. The price for involving an instantaneous har-
out the probing THz field reads monic picture is the limited applicability to short-time dy-
> namics only, particularly for strongly anharmonic systems.
X NXg o, : : .
A Xeo +m dXeo , MXeo o) _ (57)  The experiment gives accessxocontrolled by the potential

> .
dt dt IXe0 term. The response of the system is calculated by solving

The presence of a probing field changes the trajectory t&9S-(57) and(59) for a particular potential.

Xg=Xe o+Xg. Note that in Sec. Il C we did not need to in- The ground state is treated analogously. However, for a

troduce the variableXg andXg o and that we wrote directly harmonic potential, Eq59) is independent oK o this di-

the equation of motion for the field-induced deviatign As rectly leads to the treatment of the ground state developed in
we show later, this is possible for harmonic motions, how-Sec. Il C. . . .

ever, the present case requires a more general approach. The Examples of the anharmonic behavior obtained by the

equation of motion with the probing field can be then written@bove numerical calculation are shown in Fig. 7. The exci-
as tation pathway(1) corresponds to the harmonic approxima-
d2X q NX tion: the corresponding plot of the transient conductivity is
~ E my——= XE JVE T Te) qat). (58) equivalent to that shown in Fig(&. The increasing anhar-
e T IXe monicity of the motion[excitation pathways(2-5)] then
; ; . _leads to the disappearance of conductivity maximagt0
grlfjbetﬁgt::g ﬁé(izeffgaiﬁg. (58) and neglecting higher and to the enhancement and broadening of the mri(ima at
) w,,w# 0. A strong presence of such maxima is the finger-
md_X dXE L9 PV(Xe 01 7e) X = (D) (59 print of the anharmonicity of the probed dynamics in the

+ .
dt? Y dt IXE o excited state.

The most important result is that this equation is lineaxgdn V. CONCLUSION

and that it contains only the potential at the trajectory evalu-

ated without the probing field. Here we can see a link to  We have described the methodology of the optical
molecular dynamics simulations, namely, to the method opump-THz probe experiments and the procedure of the data
instantaneous normal mod@siM). These simulations yield treatment for an analytical extraction of the two-dimensional
trajectories Xg  and the spectral distribution of normal transient conductivity, mapping out the ultrafast evolution of
modes along these trajectories. This is encoded in the potefar-infrared polar spectra. We have derived expressions for
tial term in Eq.(59). The INM approach represents a viable the transient conductivity in model cases of free charges and
alternative to direct molecular dynamics calculations of specef bound ones in a harmonic and anharmonic potentials. The
tra, as discussed in Refs. 18 and 29. Adopting the INM apshape of the amplitude spectra presents characteristic finger-
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