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Homogeneous broadening of absorption lines in ferroelastic crystal NdGagstudied
by four-wave-mixing spectroscopy
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The Stark-split absorption lines at 585 nm of ferroelastic crystal NdGa® studied by the transient
incoherent four-wave-mixingFWM) spectroscopy at low temperature. It is found that the incoherent FWM
signal shows a symmetric time profile, with the envelope modulation due to quantum or polarization beats
between the absorption lines, and extremely fast decay on a subpicosecond time scale. The features of the
FWM signal in NdGaQ are explained by a multilevel perturbation theory, assuming that the absorption lines
are homogeneously broadened by fast local-field fluctuation originating from the ferroelastic nature of;NdGaO
crystal.[S0163-18289)05409-0

[. INTRODUCTION signal shows the symmetric time profile for the homoge-
neously broadened liné81” The latter is clearly in contrast
Four-wave mixing(FWM) spectroscopy has been exten- to the previous observations for Ad doped in host glasses
sively employed for the investigations of optical nonlinear-OF crystals that, at low temperature, the absorption band at

ity, ultrafast dynamics in various materidié.In particular, 280 Nm provides the long dephasing time up to a few hun-

. _22 . .
transient FWM is one of most versatile techniques in thedred picoseconds *corresponding to the long-lived FWM

time-domain spectroscony that aims to directlv investioat signal. These features of the FWM signal are interpreted by a
Ime-domain sp Scopy ims y 9 qﬁrultilevel perturbation theory assuming that the absorption

the nature of ultrafast response of material on picosecon hes are homogeneously broadened. We consider that the
and femtosecond time scafegor example, many research- gpserved fast decay of the FWM signal is attributed to the
ers have applied it to study the carrier dynamics inferroelastic nature of NdGaQcrystal in which the atomic
semiconductors;® the vibrational wave packet evolution in position fluctuates randomly among the energetically equiva-
moleculeé® and ultrafast dephasing of chromophore due tolent positions, resulting in the fast phase modulation of
the perturbation of the environmehtt is well known that ~ Nd®*.
the transient FWM signal tends to show the photon echo
behavior for the absorption lines predominated by inhomo-

geneous broadenifff** and that the decay of the photon  NdGaQ, crystal is a ferroelastic crystal of orthorhombic
echo signal provides the individual homogeneous linewidthyith space groufPbnm NdGaG, crystals used in our ex-
embedded in the inhomogeneous broadening. Therefore, thgeriments have the size of %A0x0.25 (mn?¥), whose
time profile of transient FWM signal can provide the crite- Jarge plane is cut normal to th€l00) direction. The fer-
rion for the degree of inhomogeneous broadening of an abroelastic crystal is thought to have several configurations of
sorption band. constituent atoms corresponding to energetically equivalent
In this paper we present the results of the transient incopotential minima and the atomic configuration is wandering
herent FWM spectroscopy in a ferroelastic crystal NdgaO randomly among the positions of potential minifiasigure
performed with the time resolution of 0.4 and 0.14 ps.1 shows linear absorption spectrum of NdGaystal at 10
NdGaG; crystal has recently been used as a promising subK. It is known that the absorption spectrum of NdGatd-
strate for the growth of high-temperature superconductor mancides well with that of N&", meaning that optical absorp-
terial such as YBgCw0,_,,****and reveals the ferroelastic tion in NdGaQ occurs due to transitions between the elec-
behavior*>1® The absorption spectrum of NdGa@rystal is  tronic levels of Nd* ions!®?% The sharp absorption lines
known to originate from the electronic transitions of Nd  around 585 nm, indicated by arrows in Figb}, are studied
ion, and an absorption band at 585 nm consists of severdly the transient incoherent FWM. The center wavelength,
Stark-split sharp lines as shown in Fig. 1. We have founctenter wave number and absorption intensity of the absorp-
that the incoherent FWM signals for the Stark-split absorp+tion lines are summarized in Table |.
tion lines at 585 nm show an almost symmetric time profile We perform the transient incoherent FWM spectroscopy
with respect to the time delay between two excitation pulseshy using two-beam excitation geometry. The experimental
including the signal modulation due to quantum or polariza-setup for transient FWM spectroscopy is the same as that
tion beats between the lines. We have also found that thased in our previous work&:? Briefly, we employ a dye
FWM signal decays extremely fast with the time constantRhodamine B laser pumped by the second harmonics of
less than 1 ps even at low temperature. The former fact is aNd®*: YAG (yttrium aluminum garnétlaser as the excitation
indicative that the linewidth of the absorption lines studied islight source. The output pulses from the dye laser have a
predominated by the homogeneous broadening, since it iguration of 8 ns. The output beam from the dye laser is split
reported that, in an incoherent FWM experiment, the FWMinto two beams, and one beam is time delayed with respect

IIl. EXPERIMENT
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FIG. 2. Transient incoherent FWM signals of NdGa& 10 K
Wavelength (nm ) measured witha) the narrowband excitation at 588.8 nm ail
FIG. 1. () Absorption spectrum of NdGarystal at 10 K.(b) the broadband excitation at 585.4 nm. The dotted lines represent the
Expanded spectrum around 585 nm. Arrows indicate the sharp at®utocorrelation of the excitation laser light.

sorption lines studied. Two dotted lines display the laser spectrum . . . L
used to excite the sample. with the time resolution of 0.4 p&arrowband excitation

The dotted line in Fig. @) displays the autocorrelation of

to the other by a stepping-motor-driven corner reflector. Af-the laser pulse, which was measured with the same experi-
ter recombined to be parallel, both beams are focused ont@€ental configuration in a dy€Cresy! violej-doped polymer
NdGaQ, crystal in a cryostat. We detect the time-integratedat room temperature. The time resolution of 0.4 ps is derived
transient FWM signal emitted in the direction df2k, as a from this autocorrelation trace. Compared to the autocorre-
function of time delayr between the two excitationlbeams lation trace, we notice two specific features of the transient
wherek; stands for the wave vector of the laser beams at thiownlvolfs'zﬁgaslilgnngldv(\iagacgzﬁhact)igﬁ Ip?etrri]g ddg%tggélr};%dzlg%
sample position. The time delay is taken to be positive when . . o '
the t?ear?kl precedes the beak};z. It is noted thgt the time hich is quantum or polarization beats between two absorp-

luti f ent FWM i . . d tion lines B and C in Fig. (b). The modulation frequency
resolution of transient In our experiment Is Not deter-5 4 aeg well with the frequency difference between the two

m'”ef'o nglzth? pulse duration but by the bandwidth of laseljines. The other is that the transient FWM signal shows the
light,™"“ since we use an incoherefin other words, gymmetric decay profile with respect te-0, and that it de-
nontransform-limitegidye laser pulse. The time resolution in cays fast with a time constant less than 1 ps. A small asym-
our experiment is adjusted to be 0.4 or 0.14 ps by changingnhetry aroundr=0 would be due to the imbalance of excita-
the bandwidth of the laser with a tuning element in the lasefion power between two laser beams. The FWM signal for
cavity, and the corresponding output spectra of laser arg{>1 ps indicates that the phase information of the laser
shown in Fig. 1b) by the dotted lines. pulses is stored in the sample for a longer time than the field
correlation time. As the time resolution in Fig@®is com-
parable to the decay time of the FWM signal, in order to
: : , , further confirm the features of the FWM signal, we also per-
_ Flgu_re da) presents a typical transient incoherent FWM o the same FWM experiment by using a much broader
signal in NdGaQ crystal measured at 10 K and 588.8 nm gycitation bandwidth with the center wavelength of 585.4 nm
as shown in Fig. @). In this broadband excitation, the au-
tocorrelation time of laser light was reduced to 0.14 ps as
displayed by a dotted line. Whereas the modulation pattern
of the FWM signal differs from Fig. @), mainly due to
different excitation efficiency of the absorption lines, Fig.
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Ill. RESULTS AND DISCUSSION

TABLE I. Center wavelength, center wave number and absorp
tion intensity @;) at 10 K of the sharp absorption lines indicated by
arrows in Fig. 1b).

Absorption ~ Wavelength  Wave number  Absorption ; : : ?
; ~1 ; ; 2(b) more clearly gives evidence that the FWM signal is
line (nm) (em™7) intensity ) -

observed for both the negative and positivend that the

A 591.1 16918 0.13 signal decays fast on the subpicosecond time scale.
B 589.4 16966 0.58 The specific features of our transient incoherent FWM
C 587.1 17033 0.71 signals in NdGag@ crystal described above are basically un-
D 584.0 17123 1.00 derstood by means of the perturbation theories developed for

transient incoherent FWM spectroscopy in two-lé¥éfand
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multilevel systems! Both theories conclude that, for the in- ' ' ' ' '
coherent excitation, a symmetric time profile of the transient
FWM signal results from the homogeneous broadening of
the absorption lines, i.e., no inhomogeneous broadening. In
order to derive the dephasing tirfig of the absorption lines
from the data, we perform numerical calculations based on
the theory for the multilevel system developed by X. Mi
et al,!” since it better fits with the absorption line structure
around 585 nm of NdGapand can interpret the signal
modulation observed in our signals. According to the theory,
when the sample is excited by two incoherent laser pulses
with the time delay ofr, the intensityl(7) of the FWM
signal in the direction of R,-k; from the homogeneously
broadened lines is expressed as
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Calculated FWM signal ( arb. units )
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whereSy(w) andF(w) stand for the power spectrum of the Time delay (ps)
laser pulse and total absorption spectrum of homogeneously . . . )
broadened lines at angular frequensyrespectively. First, FIG. 3. Numerical simulations of the FWM signals f@ the

narrowband andb) the broadband excitation. The dotted lines dis-

we tried to calculatd(7) by using the measured absorption _
play the calculated autocorrelation traces of the laser pulse.

spectrum and laser spectrum in Figbil as F(w) and

Sﬁ)(w)' However, the (?alcullat;ad reSL;lItshfaiIed to rsprgducifame value ofT,;=0.8 ps. As, in this case, the absorption
the observed FWM signals for both the narrowband anf o5 g and C make the dominant contribution to the signal,

broadband excitation, since they showed much faster deca[}ﬁe value ofT = 0.8 ps corresponds to the dephasing time of

compared to the observed signals. It is probably because tr{ﬁe two lines. In the broadband excitation of Figb)3 rea-

resolution O.f 0.2_nm in the spectrum measurement mgde th§onable agreement with the observed signal is obtained with
measured linewidth broader than the true one that is es

Yhe values off j4=Tog=T,c=0.8 = I

ma . . ; 2a=To5=T,c=0.8 ps andl',p=0.5 ps. The
ted to be about 0.5 nm fro n_the humerical si IUIatlonshorter dephasing time of line D seems convincing, by con-
below. Then, we assume thef w) is a sum of four homo-

. sidering that line D shows a broader linewidth than other
geneously broadened lines A, B, C, and D, lines[see Fig. 1b)]. It means that line D is more sensitive to
D the fluctuation of the environment.
Flo) = 2 i @) It sho_uld be noted that in the above mod.elin_g the signal
i=A (w—wj)?+ 1T3’ modulation emerges as a result of the polarization beats be-
tween the independent absorption lines. Though we believe
where Lorentzian line shape is employed with the center frethe observed signal modulation involves the effect of quan-
guencyw; , dephasing timd ,; , and absorption intensity;.  tum beats from the coherence between the excited levels of
We neglect the contribution from the absorption spectrunthe absorption lines, it is difficult to distinguish between the
shorter than 582 nm, since the sharp absorption line is ngdolarization and quantum beats in our experiments.
observable. In the numerical calculation, the measured val- The simulations described above better agree with the ob-
ues listed in Table | are used fas; and g;, respectively. served signals for negative time delay, but do not interpret
Therefore, the dephasing tinTg; is only the fitting param- the complete time profiles of the observed FWM signals,
eters in our numerical simulation. especially the asymmetry in the signals. The asymmetry is
Figure 3 shows the results of numerical simulations of themore evident in Fig. @) than in Fig. Za). In order to ex-
transient FWM signals for the narrowband and broadbangblain the asymmetry, it would be necessary to take into ac-
excitation by using Eqg1), (2) and laser spectruigy(w) as  count transient effects neglected in the theory and the inho-
shown in Fig. 1b). Also shown by the dotted lines are the mogeneous broadening of line D comparable to the
calculated autocorrelation traces of laser expected frorhomogeneous broadening. In addition, for the broadband ex-
So(w). Itis noted that the theory employed here solely givescitation, the contribution of the absorption spectrum shorter
a symmetric time profile of transient FWM signal and cannotthan 582 nm may be another reason for the asymmetry. Nev-
explain the asymmetry in the observed signals. Neverthelesertheless, the simulations definitely indicate that the absorp-
the numerical simulation is effective in estimating thetion lines studied have subpicosecond dephasing times even
dephasing times from the observed signal in Ndgasince  at low temperature and that the lines A, B, C are homoge-
the symmetric time profile is a predominant feature of theneously broadened. This finding makes significant contrast to
signals. In the narrowband excitation of FigaB the simu-  the long dephasing time measured for the absorption band at
lation is fairly in good agreement with the observed signal580 nm of Nd™ ions at low temperature doped in ho&ts?
with simply assuming that all four absorption lines have thewhich amounts to a few hundreds picosecond in glasses and
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crystals. We attribute the homogeneous broadening and fast IV. CONCLUSION
dephasing of absorption lines to the ferroelasticity of the ) i
NdGaQ, crystal. As a result of the ferroelasticity, the atomic W€ have performed the transient incoherent FWM spec-
positions in NdGag@ crystal fluctuate randomly among the roscopy for the absorption lines around 585 nm in the
configurations corresponding to the potential minima even alldGaQ; crystal. From the time profile of the FWM signals,
low temperature, resulting in the fast phase modulation othe absorption lines are concluded to be homogeneously
Nd®*. From the dephasing time obtained, we expect thédroadened and their dephasing time is derived to be 0.8 and
fluctuation rate of the atomic positions is still very fast at low 0.5 ps at 10 K by the numerical simulation based on the
temperature. It would be very interesting to study the temmultilevel perturbation theory. Our analysis definitely dem-
perature dependence of the fluctuation rate by observing thenstrates extraordinarily fast dephasing in Ndga@d we
transient FWM signal at different temperatures, but it is aascribe its origin to the ferroelasticity of NdGa@t low
subject for further study. temperature.

1Y. R. Shen,The Principles of Nonlinear OpticéWiley, New 13\, Mukaida, S. Miyazawa, M. Sasaura, and K. Kuroda, Jpn. J.

York, 1984. Appl. Phys., Part 29, L936 (1990.
23, Mukamel,Principles of Nonlinear Optical Spectroscop@x-  *Y. Y. Divin, H. Schulz, U. Poppe, N. Klein, K. Urban, P. M.

ford University Press, Oxford, 1995 Shadrin, I. M. Kotelyanskii, and E. A. Stepantsov, Physica C
3M. Wegener, D. S. Chemla, S. Schmitt-Rink, and W. $eha 256, 149(1996.

Phys. Rev. A2, 5675(1990. 15w, Marti, J.-P. Rivera, F. Kubel, H. J. Scheel, and H. Schmid,
4M. Koch, D. Weber, J. Feldmann, E. O."IB&g, T. Meier, A. Ferroelectricsl72, 79 (1993.

Schulze, P. Thomas, S. Schmitt-Rink, and K. Ploog, Phys. Rev%GE' K. H. Salje,Phase Transitions in Ferroelastic and Coelastic
B 47 15’32(1993. ' ' ' Crystals(Cambridge University Press, Cambridge, 1990

17 H
5A. J. Fisher, D. S. Kim, J. Hays, W. Shan, J. J. Song, D. B. Eason, X('l';'g;' Zhou, R. Zhang, and P. Ye, J. Opt. Soc. Am6R184

J. Ren, J. F. Schetzine, H. Luo, and K. Furdyna, Phys. Rev. EisR M. Shelby, Opt. Lett8, 88 (1984

5 50, 17 643(1994. 195, Asaka, H. Nakatsuka, M. Fujiwara, and M. Matsuoka, Phys.
U. Siegner, M.-A. Mycek, S. Glutsch, and D. S. Chemla, Phys. Rev. A 29, 2286(1984)

; Rev. Lett.74, 470(1995. _ 20R. M. Macfarlane and R. M. ShelbyGoherence and Energy
N. F. Scherer, R. J. Carlson, A. Matro, M. Du, A. J. Ruggiero, V. Transfer in GlassePlenum, New York, 1984 p. 189.

Romero-Rochin, J. A. Cina, G. R. Fleming, and S. A. Rice, ‘]'21R. M. Macfarlane and J. C. Vial, Phys. Rev.38, 3511(1987.

Chem. Phys95, 1487(1991). 22K. W. Ver Keith, A. Y. Karasik, R. J. Reeves, T. T. Basiev, and
&M, Sterling, R. Zadoyan, and V. A. Apkarian, J. Chem. Phys. R c, Powell, Phys. Rev. B1, 6085(1995.

104, 6497(1996. 2M. C. Saine, E. Husson, and H. Brusset, Spectrochim. AcB8A
9. Zhang, S. R. Hartmann, and F. Moshary, J. Chem. P1g4. 19 (1982.

4380(1996. 243, Nakanishi, Y. Miyawaki, M. Nishikawa, M. Amano, S. Fuiji-
10N, Morita and T. Yajima, Phys. Rev. 80, 2525(1984). wara, M. Jitou, H. Itoh, and M. Kawase, J. Chem. PHyB0,
117 vajima and Y. Taira, J. Phys. Soc. JpH, 1620(1979. 3442(1994.

125, Asaka, H. Nakatsuka, M. Fujiwara, and M. Matsuoka, Phys2®S. Nakanishi, H. Ohta, N. Makimoto, H. Itoh, and M. Kawase,
Rev. A 29, 2286(1984; J. Phys. Soc. Jprs6, 2007 (1987). Phys. Rev. B45, 2825(1992.



