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Low-energy charge dynamics in Lg Cay sMnO 3: THz time-domain spectroscopic studies
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Direct experimental estimations of the low-enef@y5—10 meV complex dielectric constants spectrum and
its temperature variation have been investigated fqf/Ca, ;MnO; thin films using terahertz time-domain
spectroscopy. At low temperatures, a clear Drude term emerges. With increasing temperature, the scattering
rate increases, while the plasma frequency decreases, both derived from a simple Drude model. Finally, a
Drude term submerges well below the insulator-metal transition temperature. On the basis of the present
results, low-energy charge dynamics are discussed.

Hole-doped manganites, general form#la_,B,MnO;  Drude term below the optical phonon energy with a nearly
(whereA is a trivalent rare-earth element aBda divalent  w-independent flat incoherent part has been observed in
element such as Sr or Gaxhibit a rich variety of electronic La, _,SrMnO; (Refs. 5 and 8and La Cay;MnO3,%° al-
and magnetic properties and versatile intrigued phenomenthough the estimated effective mass is large compared to one
such as colossal magnetoresistai@MR).1> One of the from the specific heat measuremént® On the contrary,
most important goals in this field is the achievement of un-Takenakaet al. have claimed that a sharp Drude term falls on
derstandings of the anomalous state near the insulator-metéle incoherent part in Lia ,Sr,MnOs, when the cleaved sur-
(IM) phase boundary, because the conventional CMR effedace is used®'®
appears around the IM transition temperaturg,§. A num- Most experimental demonstrations have been done using
ber of research efforts have been focused on the paramatite Kramers-Kronig(KK) transformation to estimate com-
netic insulating phase of LaCa, sMnO; and revealed the plex optical spectra. The method of this type suffers from the
essential ingredient for the occurrence of the CMR effect: thdact that the low-energy spectrum is deduced from the ex-
Jahn-Teller small polaron proce$$jn addition to the tradi- trapolation using the dc resistivity or Hagen-Rubens relation
tionally well-known, double-exchange process. On the othem order to execute the KK transformation. On the contrary,
hand, the ferromagnetic metallic phase is not well clarified.using the TDS technique, direct measurements of the time

In this paper, low-energyl.5—10 meV charge dynamics profile of the transmission amplitude yields both real and
of Lay L& MnO; thin films in the ferromagnetic metallic imaginary parts of complex optical spectra without the KK
phase have been investigated by means of terali€Hz) transformation. In addition to the above advantage, the THz
time-domain spectroscogff DS) with transmission configu- beam is suitable for the observation of a Drude term in the
ration. metallic phase. They overcome the difficulty of detailed dis-

Optical spectroscopy has given useful information of thecussions in the low-energy region, which are limited to far-
electronic structure in the strong correlated electron systeninfrared spectroscopy as mentioned above. We carefully ana-
Experimental studies based on temperature-dependent oplyzed the data of dielectric constant spectra of
cal conductivity spectra have shown anomalous features dfa, .Ca ;MnO; thin films by a simple Drude model includ-
manganites as demonstrated by Okimetaal. the 100% ing the plasma frequency and the scattering rate as param-
spin polarized half-metallic nature in the ferromagnetic me-eters. We focus on their temperature dependence in the fer-
tallic phase, the large spectral weight change up to severatomagnetic metallic phase and discuss the low-energy charge
eV with temperature and magnetic filé;2® and a small dynamics with a comparison of the various spectroscopic
Drude weight with the incoherent part backgrodfd 41’  studies.

The first point is well established directly by spin-  The sample investigated here isgl:&a, ;MnO; thin film,
polarized photoemission spectroscdpylhe second one is deposited on Mg@L.00) substrate by a pulsed laser deposi-
understood in terms of the large spectral weight transfer frontion technique. The obtained film &axis oriented and has a
the interband transition to the exchange-sp|jtbands, as lattice constant of 3.86 A, evaluated from a room tempera-
spin being perfectly polarized. However, in the last one, low-ture x-ray diffraction profileT,y, is about 230 K according to
energy charge dynamics are still far from being understoodhe temperature dependence of the resistivity measurement
and controversial under several groups. For example, a shafpee the inset of Fig.(8)]. The surface of the nondoped InAs
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FIG. 1. Schematic representation of the film/MgO geometry. ‘_é’
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Arrows from left (right) to right (left) represent the direction of the -
THz beam. 0123 45¢6 78 910
Photon Energy (meV)
wafer is excited by the femtosecond laser pulses from a g1, 2. Imaginary part of dielectric constant spectra as a func-
mode-locked Ti:sapphire laser emitting 50 fs pulses at 80@on of temperature in the ferromagnetic metallic phase. Solid lines
nm to produce the THz beam. Transmitted THz radiationyepresent the fit using E¢4) in the text. The dashed line shows the
through the sample is detected by the bow-tie-type lowpower spectrum of the light source.
temperature grown GaAs photoconductive switch. The wave
form of the radiation is obtained by scanning the time delayspectra[ e,(w)] below 10 meV at various temperatures in
Namely, we get information of the transmission amplitude aghe ferromagnetic metallic phase. Open circles are experi-
well as phase shift without the KK transformation. In order mental data. The power spectrum of the THz source used in
to minimize experimental errors, we repeated the same prahis experiment is shown in Fig. 2 as the dashed line. Re-
cedure 3—6 times at respective temperatures. flecting the metallic characte¢, shows a steep increase with
The TDS geometry of a thin film deposited on a MgO decreasing photon energy and a Drude peak centerkd at

substrate is shown in Fig. 1. We ignore the multiple reflec-— is clearly seen at 16 K. With increasing temperature, the
tance inside MgO. The complex transmission coefficient Ofintensity of a Drude term decreases and is not seen above
MgO can be written as 170 K (~0.7T,y). It is noticed that this temperature is well

Py g ; , below T, measured by the conventional four-probe method

U =tsts ex —i(ka—ko)d'], @ 2s shown in the insetyof Fig.(&. For quantitaﬁve discus-

where d’ is the thickness £0.5 mn) of MgO, t; sions, we applied a simple Drude model. A simple Drude
=2N,/(1+N,) is the transmission coefficient from MgO to model including two parameters, the plasma frequengy) (
air, t;=2/(2N,+1) is the transmission coefficient from air and the scattering ratd'§,
to MgO, k, the wave number of Mgk, the vacuum wave
number, and\, the complex refractive indices of MgO. The Fwﬁ 1
complex transmission coefficient of film/MgO can be written €)= W2t T? P
as

4

; , ' has been previously given the fit of the optical conductivit
exp{ ~ ilkyd+kod _kO(d+d )]}, ) spectrurrﬁ'?&m'm‘m)]/??e solid curves are Iepast-squares fit t())/

1+rrp exp(—i2k,d) experimental data using E). We found that the dielectric
whered is the thickness£45 nm of film, t;=2/(N,;+1) is  response between 16 and 144 K is successfully explained by
the transmission coefficient from air to film,=2N,/(N, & simple Drude model. We obtain,~1.6 eV andl’~100
+N,) is the transmission coefficient from film to Mg®, = meV at 16 K. The value ok, is consistent with the previous
=(1—Ny)/(1+N,) is the reflective coefficient from the in- far-infrared spectroscopic result of § #a qMnO; thin film
terface between air and filmy= (N, —N,)/(N;+N,) is the ~ deposited on LaAl@substrate by Simpscet al” However,
reflective coefficient from the interface between film andthe value ofl" is found to be five times larger than that of
MgO, k; the wave number of the film, anld; the complex ~Simpsonet al. (I'~20 meV). At low temperatures, the im-

t:t1t2t3

refractive indices of the film. From Eqél) and(2) the fol- ~ purity scattering is the major factor of great influencel’in
lowing can be obtained: The value of the residual resistivity is a good measure of the
strength of the impurity scattering; our sample has the re-

tit,  exd —i(k;—kp)d] A sidual resistivity about 30Q.{) cm, which is three times

W Trnne—izkd) 4 SO0 @

larger than the value reported by Simpsatral. Therefore,
this discrepancy mainly originates from the crystal quality
whereA and 0 are the amplitude and the phase shift of thebetween two samples.

transmission of film/MgO, respectivelA’ and 6’ are those To quantify the spectral change with temperature, we
of the transmission of MgO, respectivelf; can be numeri- plotted in Fig. 3, the temperature dependencéapfthe re-
cally calculated in Eq(3) using experimentally determined sistivity, (b) I', and(c) w, below 200 K. As clearly seen, a
values;A, A’, 6, and6’. Drude term submerges above 170 K. With increasing tem-

Figure 2 shows the imaginary part of dielectric constantperature,I" increases in proportion t®? below 160 K, as
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= 107g phase is well described by the first and second terms in Eq.
E ST ~ @ 1 (5).1%2022\\e also performed the fit using these terms as
g ' / 3 /] shown by the solid line. Both lines hold well with the experi-
= A=l e mental data below 100 K. These results indicate that the
£ Yo te w0/ scattering process is dominated by only the electron-electron
e 2r o scattering process, and the electron-magnon and/or the lattice
T M""./ contributions are less important in the ferromagnetic metallic

g . phase below 100 K It is mentioned that the submergence

=~ of the Drude term, characterized byo1(0) andI’, coin-
% 121 (b) 1 cides with clear deviations above 160 K from fitting curves
g oo L ] as shown in Figs. (& and 3b).
o As a convenience, we classified the electronic state into
£ 06 1 three categories below 300 K as shown in the inset of Fig.
§ o3 M-M’/ 3(a). Below ~0.7T,,, a clear Drude term emerges in the
n ferromagnetic metallic phagphase ). We call phase Il be-
T tween~0.7T,, and T,y , in which a Drude term is not seen,
> while p shows the metallic conductiom p/dT>0). The po-
> 16|leg 1 laron hopping regime in the paramagnetic insulating phase
5 !EEH (phase 1) is widely reported*2* This classification is re-
8 4 1 cently proposed to clear the electronic state of
u Lag gpsSh 17MNnO; by Takenakaet al16:2°
e 2T (o) ﬂ!. 1 To get insights into features of the charge carriers in
& 10 phase |, it is important to estimate the effective mass ).

0 50 100 150 200 We assume the carrier density) of 1.6 holes per Mn site
according to the Hall effect measurement by Cletial 2* At

16 K, m* is estimated to be- 15 in units of the bare electron
mass (ng), which can be given by the relationshig*/m,
=e?n/(eyw>my). This value is a few times larger than one

Temperature (K)
FIG. 3. Temperature dependence(afthe resistivity estimated
from Eq. (6), (b) the scattering rate, an@) the plasma frequency

below 200 K. Solid lines denote fitting results, assuming e btained f p h ific h mBmthich is si
dependence. Dashed line represents the fit using3tan the text. obtained from the specific heat measurentemtich is sim-

Inset of (@ shows the logarithmic scale of the terr]per‘,ﬂure_ply ascr_ibed to the fact that the motion of the charg_e carrier_s
dependent resistivity measured by the four-probe method below 308@S @n incoherent nature even in the ferromagnetic metallic

K. For the classification of vertical lines, see the text. ground state. _ -
It was recently shown that the electronic specific heat

indicated by the solid line in Fig.(B). But the clear devia- constant of La ,CaMnO; linearly depending onm*,
tion of I' from the T2 term can be seen above 160 K. Ac- shows the less mass renormalization near the IM critical
cordingly, the temperature dependence of the resistivity hagoint (x.~0.22)°in contrast to other hole-doped transition
the T2 term as described later. This rise Bfhas been re- metal oxides showing the large mass renormalization effect.
ported by Simpsoret all’ However, theT? coefficient is \We also measured the complex optical spectrum rgas-
more pronounced when compared to Simpsoal. In con-  ing THz TDS technique at 20 R Despite the fact that the
trast to the intuitive view of conventional metals,, de-  magnitude ofm* derived from THz TDS technique is con-
creases with increasing temperature as shown in k@y. 8  siderably different from one in specific heat measurements as
suggests that the effective mass and carrier density have tiescribed above, no significant enhancementbfis also
temperature dependence in the ferromagnetic metallic phasebserved in our spectroscopic studies; we deriuge- 1.3
It is well known that all the resistance in the ferromag-eV and obtainedn* ~23m, near x. in the ferromagnetic
netic metal is described by Matthiessen’s rule expressed agnetallic ground state.
These incoherent characteristics of the charge carriers

p(T)=po+AT?+BT? (5 showing a small Drude weight in manganites are reported by
Okimoto et al:>8 to the best of our knowledge, all values of
m* in La; _,Sr,MnO; and Lg Cay sMnO5 reported previ-
é)_usly are inconsistent with that estimated from specific heat
measurement$?® except for the results of Takenaka
et al®®They have claimed that a Drude weight is not small
when the cleaved surface is used. On the contrary, recent
careful photoemission spectroscopic studies using the

o,(0)T cleaved surface revealed that the spectral weight is reduced
o=\ ——
P €

wherep, is the residual resistivity, th&? term the electron-
electron scattering process, and fi#? term the electron-
magnon scattering process as introduced by the doubl
exchange modét The temperature dependence of the
resistivity [ 1/a1(0)] from the following relationship is rep-
resented by closed circles as shown in Fi@):3

(6) at Fermi level due to the formation of the pseudogap.
These controversial results are not clear at present.
whereg, is the permittivity of vacuum. The dashed line isa  Other important physical quantities at low temperatures
least-squares fit using Ed5) to the following data;p,  are the mean free patth) and the Fermi wavelength\{).
=3.2x10"% Qcm, A=15x10% Qcm/K?>, and B=1.9 We obtain 1~4.7 A, via the relation I=#/
x 10713 O cm/K¥2 As previously reported, the metallic (I'm*)(67°n/p)*°, wherep(=2) is the degeneracy. As-
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suming the spherical Fermi surface] =(87/3n)®] is es-  main in neighbor insulating phases. In our measuremests,
timated to be~6.7 A. Therefore, the condition ~1>a slightly increases with decrea?’ing_ photon energy even at
(lattice constantis derived even in the ferromagnetic metal- @round 180 K as can be seen in Fig. 2. Although this weak
lic ground state. This is in contrast to the conventional pic-Structure cannot be explained by a simple Drude model, the
ture of ordinary metals, in which the condition<| is sat- apparent metallic conductl_on exists. One suitable examina-
isfied. The observed magnitude lofs comparable with that tion for these phenomena is the existence of two-phase mix-
of ¢, which is simply attributed to the smad,. In addi- tures, small metlaglzlc domains in the insulating phase as re-
tion, the value ofl is larger than that of. Therefore, the Ccently proposed™ _ _ _
charge carrier easily hops to other sites, but its motion is !N Summary, using terahertZHz) time-domain spectros-
mainly restricted by the electron-electron scattering proces§PPY (TDS), we have directly measured the imaginary part
as evidenced by the fact thatT) is well described by the of dielectric constants spectfa,(w)] for Lag ,Cay MO,
first and second terms in E¢B). thin f_|Ims as a function of temperqture W|th0u_t the Kramers-
With increasing temperature towards phase T, in- Kronig (KK) transforma_mon as widely used in far-mfrared
creases, whiles, decreases as can be seen in Figk) and ~ SPectroscopy. By applying a simple Drude model in the low-
3(c), respectively. Namely, the hopping amplitude of the€Nergy regior(1.5-10 meV; the plasma frequency.() and
charge carrier decreases. In fact, the reverse conditianis ~ he scattering ratel{) are obtained. At low temperatures, the
obtained in the vicinity of phase # indicating that mobile ~charge carrier has an incoherent nature arising from perhaps
electrons interacting with the localized scattering site, canndf’® Smallw,,. Interestingly, with increasing temperature, the

hop to neighbor sites. In accordance with the above scenari§ubmergence of a Drude term in spite of the existence of the
the clear deviation of Eq(5) to experimental data can be metallic conduction occurs well below the insulator-metal

seen. transition temperaturel(y). This phenomenon is a fascinat-
Recently, Fth et al. have reported the coexistence of the NG Subject from viewpoints of the electronic phase separa-

nanometer-scale metallic domain embedded with the insulafion in colossal magnetoresistive manganites.

ing matrix in La, /Ca ;MnO3 by means of the scanning tun-  We thank Dr. T. Nagashima and Dr. O. Morikawa for

neling measurement in the vicinity af,, .%° In this picture,  fruitful comments on performing the calculation and A.

the ferromagnetic metallic phase serves as the metallic d®@uema for reading the manuscript.
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