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Spectroscopic evidence for a charge-density-wave condensate in a charge-ordered manganite:
Observation of a collective excitation mode in Pg-Cay, ;MnO 5 by using THz time-domain
spectroscopy
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THz time-domain spectroscopy was used to directly probe the low-eri@rgy5 meV electrodynamics of
the charge-ordered manganitg a, ;MnO;. We revealed the existence of a finite peak structure around 2—3
meV well below the charge gap 300 meV. In analogy to the low-energy optical properties of the well-
studied low-dimensional materials, we attributed this observed structure to the collective excitation mode
arising from the charge-density-wave condensate. This finding provides the importance role of the quasi-one-
dimensional nature of the charge and orbital ordering §,®a ;MnOs.
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. INTRODUCTION Py 62:Ca 379MINO5 by using transmission electron spectros-
copy as schematically shown in FigbL'® It may be viewed

The tendency toward for the formation of charge orderingas a quasi-one-dimensional electronic structure with reduced
is a common characteristic of transition metal oxides withdimensionality as compared to the well-known CE-type
perovskite structure including high-temperature superconstructure[Fig. 1(a)]: ds,2_,2 or d3,2_,2 orbital ordering of
ducting cuprates and colossal  magnetoresistivivin®" occurs along the axis. At another angle, thei,2_ 2
manganites:? In particular, various kinds of manganites with orbital of Mr®"™ was clipped by three Mh ions. Such a
the doping levelx of 1/2 show charge-exchand€E)-type  regular pattern of the distinct charges modifies the uniformity
charge ordering? in which Mr** and Mrf* ions by the of the charge density, leading to the development of the
ratio of 1:1 regularly distribute in the underlying lattice be- charge-density-wavéCDW) condensate? This situation is
low the charge and orbital ordering temperafligg,oo [Fig.  depicted in Fig. lc); the charge densityshared areaperi-
1(a)]. Such a real-space charge ordering is characterized by@gically varies with the position and also tindashed ling
single-particle excitation across the charge gap 2Jsing
the light of frequencyw, the single-particle excitation spec- @)
trum of the charge-ordere@CO) manganites have been ex-
tensively investigated in recent yedrs: for example,

Okimoto et al. identified 2A~300 meV of Pg Ca, sMnO;

by using polarized reflectivity measurements and clarified

that the electronic structure is dramatically reconstructed on

the order of electron volts by varying temperatureand

magnetic fieldH (Refs. 5 and § Using transmission mea-
surements, Calvani etal. found that 2A(T) of

La; _,CaMnO; with x=0.5 and 0.67 can be well described O Mn*+
by the Bardeen-Cooper-Schrieff@CS) relation’

Another important viewpoint is the collective naturesyf
carriers including the orbital degree of freedom, which is
thought to have a great impact on extraordinary properties of
the manganites, i.e., colossal magnetoresista@R).*°
The conspicuous examples are recent findings of the “orbi-
ton,” a new elementary excitation of the orbital-ordered state
observed in LaMn@!! and of the “charge stripes,” a new
periodic form composed of a pairing of diagonal #Mnwith
Mn** observed in La ,CaMnO; (x=1/2)1? Therefore,
the understanding of the role ef carriers with the variation FIG. 1. Schematic arrangements of th® charge-exchange
of x—thus the collective phenomena @&, carriers in (CE)-type charge and orbital ordering pattern observed in half-
ConnectiOH W|th the SpeCifiC k|nd Of the Chal‘ge Ordel’ing de'doped manganites an(b) CE_type structure as proposed in
pending onx—has attracted great interest and may be &y, ,,.Ca,;;dMNnO; along thec axis by Asakaet al. (Ref. 13. Pr
central topic in CO manganites. More recently, Asakaand Ca atoms are omitted to clarifg) Schematic illustration of the
etal. proposed a model of the CE-type structure incharge-density-wave formation.
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so the new modulation occurs in the underlying lattitee
period of this modulation is larger than the lattice congtant
Such a CDW formation was recently deduced from the one-
dimensional Fermi-surfacéS) topology in a layered man-
ganite La ,Sr; ¢Mn,O, by Chuanget al;*® they determined
the detailed map of the FS by using angle-resolved photo-
emission spectroscopy and concluded that FS is subject to
CDW instabilities even in the ferromagnetic metallic state. In
slight of these considerations, the charge ordering is also
characterized by a collective excitation well belowA .2
However, no clear evidence for the collective excitation of
the CO state was reported so faeeNote addedat the end

of the paper.

The collective excitation is associated with the mode de- FIG. 2. Temperatur& dependence of the magnetizatibhin a
pending on both the position and the time; the modes arisingnit of Bohr magnetronug at the Mn site of the sample A. Circles
from the former and the latter are referred to as amplitudongnd squares represelt(T) taken from the field coolingFC) and
and phasons, respectivéfyAccording to Leeet al.}” the  zero-field cooling(ZFC) scans under the magnetic field of 500 Oe
dispersion relation of the phasons is given bye|qg|?, ~ ©Or 10 kOe, respectively.
where g is the wave number. By illumination of light, the

collective excitation can make a coupled oscillation, whichtude was attainetf:*® Therefore, various kinds of experi-
yields the change of the dielectric constantgat0, being mental results have accumulated to dateshould be men-

proportional to ’s— w?)/(w?g— »?), wherew o andwr,  toned that there are various interpretaions of the low-

are the longitudinal and transverse optical frequencies, rdémperature phase below 110 K: One is due to the
spectively. Therefore, this kind of coupled mode comes tFoexistence of the ,fgrromaggnetlc and antiferromagnetic
the surface as a collective excitation mode in the complePhases proposed by Jrat al.” another is the canted anti-
optical spectrum. It is also important that the impurity and/orférromagnetic ggas(ao_r the spin-glass phageeported by

the lattice imperfection has a striking influence on the cDwY0shizawaet al™ An intimate identification is beyond the
dynamics, because the CDW condensate is pinned by trizFOPe€ of this study; however, we can say that magnetic prop-
impurity and therefore the peak position of the collectiveert""lge‘)f our samples are consistent with the results of Deac

M ( g/ Mn site)

excitation mode shifts to a finite frequenty. etal
In this article we provide spectroscopic evidence for the
CDW condensate in the typical CO manganite Il. METHODS

Pry Ca sMnO5. The basis of this conclusion is derived from
the first observation of the collective excitation mode in the
optical conductivity spectrum. As in a well-known CDW  PryCa 3MnO; thin films on MgQ100) substrates were
system such as quasi-one-dimensiongMoO;, the collec- prepared by a pulsed laser deposition technique using a KrF
tive excitation mode frequently appears in the millimeter excimer laser(248 nm in the center wavelengthlhe thin
range ~ meV:® where it is difficult to obtain the probing films were deposited at 800 °C under an oxygen pressure
light by conventional optical spectroscopy. We overcome thif?(O,) of 100 Pa and subsequently cooled down under
limitation by using THz time-domain spectroscof§DS),'®  P(O,) of 300 Pa. An x-ray diffraction pattern at room tem-
which is a powerful tool to reveal the low-energy chargeperature indicates that the obtained films were of single
dynamics of the CMR manganité$?® In addition to this phase and were mainly (b) axis oriented in the cubic set-
advantage, THz TDS is especially suited to capture the signding [we barely detected th@10) intensity peak in the loga-
of the fluctuation phenomenon as the highfHz pulse is  rithmic intensity scalg We used two sample@ and B) in
sensitive and matches the typical time scale of the chargthe following THz TDS experiments, both of which are ob-
fluctuation in a correlated electron system, which is realizedained by the same growth condition described above. The
by THz TDS experiments on underdoped®,CaCy0g.2t  film thicknessd of the samples A and B are 60 nm and
The material we used in this work is the typical CO man-~100 nm, respectively. We measured theependence of
ganite, Pg-Ca ;MnO; with an orthorhombically disordered the a (b)-axis lattice constant and observed its sudden in-
three-dimensional structure. This material exhibits insulatingcrease above-~100 nm with the intens€110 intensity
behavior and undergoes chatggand orbitat*®>ordering be-  peak, implying the partial relaxation of the strained epitaxial
low Tcoi00~220 K and the antiferromagnetic spin ordering growth below~100 nm. The obtained films show typical
below Ty ~140 K. Due to the deviation of from 1/2, at insulating behavior between 20 and 300 K according to the
which the charge ordering is most stable, the extra electrondc resistivity 144(w=0) measurements with a four-probe
(x<1/2) occupy the Mfi* site while maintaining the charge method.
ordering [Fig. 1(b)]. The remarkable characteristics com- To characterize magnetic properties of our samples, we
pared to other CO manganites are an admissibility of theneasuredl and H dependences of the magnetizatihin
charge ordering and the CMR effect, in which the dramaticunits of the Bohr magnetropg at the Mn site by a super-
variance of the resistance by more than 10 orders of magntonducting quantum interference devi@&QUID) magneto-

A. Sample preparation and characterization
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TABLE |. Magnetic characteristics of the sample A deduced H (kOe)
from Fig. 2 and the sample B at magnetic field=500 Oe and 10 20 30 40 50
kOe: the temperatur€;, at which the temperaturé dependence of > R
the magnetizatiorM (T) in the field cooling(FC) and zero-field ®
cooling (ZFC) scans deviateAM =(Mgc—Mzed)/Mec at 15 K; s
and AT=T;,— Tax, WhereMgc and M, areM in the FC and i 0.6
ZFC scans, respectively, afg,., is the maximum temperature in = 04
Mzrc(T)- = 0.2
0 =
Sample A Sample B 02 §
H©O8 Tq(K) AM AT(K) Ty (K) AM AT (K) 0.4 g—
500 115 069 40 115 082 30 1, 108 F
10000 80 0.05 65 80 008 65 ----.--------.----0_65
Note, we defineAM at 15 K and regardl .« as 15 K. In the 04 =
original report of Deat al. (Ref. 26, they used these values at 02 o
4K. o =
-0.2
meter. All data are collected by subtracting the contribution - 04
of M of the MgO substrates, which are measured indepen- R A I T
dently. Figure 2 show¥ dependence d¥l of the sample Ain -10 -5 0 5 10
the field cooling(FC; open circles Mg and the zero-field Magnetic Field (kOe)
cooling (ZFC; open squargéd s under 500 Oe or 10 kOe.
With decreasingTl for 500 Oe, bothM(T) and M ,-(T) FIG. 3. MagnetizatioM in a unit of Bohr magnetropg at the

curves are enhanced below 120 K and Mer(T) curve  Mn site as a function of the magnetic figttiof the sample A at 30
starts to deviate from th®(T) curve below the irrevers- K. TheH cycling is changed betwedr) —50 kOe and 50 kOe and
ible temperaturel;,,~80 K. With further decreasing, the ~ (?) ~10 kOe and 10 kO&vi(H) curve in the first increasing 4
M,(T) curve reaches a maximum at temperatdig,, andM (H) curve in third increasing and secon_d decrea5|_ng afe
~75 K. The difierence betweellc andMec at 15 Kis - S000 J U U TR Cen e, e e ranaiton.
estimated to be-0.1ug at the Mn site. On the other hand, '
Meco(T) and M4e(T) curves for 10 kOe are almost identi-
cal; we observed a continual increaseM§g- without the
broad maximum and that the difference betwéép: and
Mzec at 15 K is fairly small. The obtained magnetic proper-
ties of the samples A and B are listed in Table | together wit
AM=(Mec—Mzeg)/Mec at 15 K and AT=Ti = Tmax- 550 k27 Therefore we consider that our films hav@ &,
These quantities and behaviorsM{T) curves both for 500 around 220 K /00
Oe and 10 kOe are consistent with previous detailed mag- '

netic studies in single-crystal and ceramic samples of

changes around 220 {§ee Fig. 6, which is nearly the same
value of Tco00 In this material(Ref. 3. Moreover, we re-
cently found that th& dependence of THz radiation from the
PryCa aMnO; thin film, which is made by the same growth
rocedure in this work, dramatically changes at 140 K and

Pr, /Cay sMnO; by Deacet al® It is noted that we employ B. THz time-domain spectroscopy
AM at 15 K and regard ,.x @s 15 K, while Deaet al. used We performed THz TDS experiments utilizing a photo-
these values at 4 K. conducting sampling technique in a transmission configura-

We show in Fig. 3 thevl-H curve within=10 kOe at 30 tion. THz TDS experiments can directly provide complex
K after T is decreased under zetd. The H cycling is  optical spectra without the Kramers-Kronig transformation,
changeda) between—50 kOe and 50 kOe an@) between  which is an indispensable relation to estimate complex opti-
—10 kOe and 10 kOe. There is a precursor signal of thecal spectra using the conventional optical spectroscopy
metamagnetic transition due to the melting of the charge orflection or transmission measurements as described in Sec.
dering in Fig. 3a) in contrast to theM-H curve shown in 1). The principle of the THz TDS can be found in Refs.
Fig. 3(b):2* M in the first increasél (closed circlesdoes not  18—20. We briefly describe the experimental setup of our
merge intoM in the subsequent third increasing and secondlrHz TDS experiments. The light source is a THz pulse from
decreasing processopen circles M steeply increases a dipole-type low-temperature-grown GaAS-GaAs) pho-
around 45 kOe. OnckEl exceeds the critical field around 45 toconducting switch under a voltage bias of 15 V excited by
kOe [inset of Fig. 3a)], the magnitude oM in the subse- femtosecond optical pulses from the mode-locked Ti:sap-
guent increasing and decreasing process is larger than thahire laser(800 nm in the center wavelength, 150 fs in the
shown in Fig. 8b) (seeM at —10 kOe). pulse width. The THz pulse through the sample is detected

We do not directly identifyTcq,00 Of our samples by, by the bowtie-type LT-GaAs photoconducting switch. In the
e.g., the transmission electron microscopy. However, as wililneasuredw range, optical constants of the MgO substrate
be shown later, th& dependence of the optical conductivity have negligible variation with respect to both and T.
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Sample A 86K SampleB 4K

T T T T T T Y T

(B)

FIG. 4. Logarithmic energy
plot of the real part of the com-
plex optical conductivity spectrum
o1(w) of PryCa MnO; for (A)
sample A andB) sample B at 8.6
K and 4 K, respectively. The real
part of the dielectric spectrum
€1(w) of (@) sample A and(b)
sample B are also shown in the
lower panel of(A) and (B), re-
spectively. Solid lines ino(w)
ande;(w) represent fitting results
to experimental datéopen circley
using Eqgs(1) and(2) with param-
eters listed in Table I, respec-

a4 (10% ohm™em™)

tively.
2h 4
MR I | L 1 2 | [ PR TN S | N L L
0.5 1 2 3 4 505 1 2 3 45
Photon Energy (meV) Photon Energy (meV)
Therefore, we adopt the data of the MgO substrate at room ll. RESULTS

temperature. By performing the Fourier transformation for

the transmitted THz pulse, amplitude and phase shift spectra Figure,s 4A) and 4B), respectively, shovery(w) with a
of Pry/Ca 3MnO; thin films are obtained. We numerically logarithmic energy scale of pfCa MnO; for two samples

. . . ~ A and B at low temperature. We also plot in Figgadand
e_S:?::;te?KETB gfo rgrplz(a)ri;rnag'v(?or”:ggx destgﬁggu;;(rygge 4(b) €,(w) corresponding ter;(w) of the samples A and B,
- - 0. 3 3 - ; . . . .
dure, see Ref. 19 Then, we transformed to the complex respectively. The experimental configurations differ from

. . . - " each other, so the light source of the THz pulse is different in
dielectric and complex optical conductivity spectra by usmgreSpectiVe measurements. The open circles denote experi-

following relatlons:e(g)): €1(w) —iex(w)=n(w)*~k(®)*  mental data. The scattering of the data represented by error
—i2n(w)x(w) and o(w)=0(w)—iocy(w)=¢ew{e(w) bars are large below 0.5 meV and above 4 meV due to a poor
—i[e.—€1(w)]}, respectively, wheree, is the dielectric sensitivity of the THz light sources and an ambiguous con-

constant of the bound electrons agglis the permittivity of  vergence of the transformation procedure. There are impor-

vacuum. tant and striking features, which can be clearly seen in the
T LENLEL l L) L) L} LI B I ) | L) ) L) T LI | | ) ) L) LI N B l ) L) L)

—~aL (a) 8.6 K (b) 145K (c) 217K (d) 280K

&

lE -

S

© 1

'\9 3] | 413,

\: i TR = & uln;m.li!"} i IE: S "’ﬂ'm“!m = o itiy

b GG - -
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Photon Energy (meV) Photon Energy (meV) Photon Energy (meV) Photon Energy (meV)
FIG. 5. Logarithmic energy plot of the real part of the complex optical conductivity spectrfm) of the sample A measured @) 8.6

K, (b) 145 K, (c) 217 K, and(d) 280 K. The data are taken from the temperature-warming run. Solid lines represent fitting results to
experimental datéopen circleg using Eq.(1).
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TABLE Il. The obtained quantities deduced from the fitting re-
sults to the data shown in Figs. 4 by E¢$) and (2) for different
samples A(at 8.6 K) and B (at 4 K); the peak frequencw,, the
relaxation timer, the scattering rat€ = 1/7, the optical conductiv-
ity oy at wg, and the dielectric constant of the bound electrens

-
»

1.2 Sample wo (MeV) 7(Ps T (meV) oo (Q 2 ecm™Y) e,
A 3.3 0.25 2.6 1880 150
B 1.9 0.45 1.9 1750 1000

e
™

€,(w) of the sample A cuts another zero around 0.8 meV.
To reveal the spectral shape of the finite peak structure

with T, we performed the same experiments with sample A

on warming throughl cp,00~220 K; o4(w) at selectedl

0 100 200 300 [(@ 8.6 K, (b) 145 K, (c) 217 K, and(d) 280 K] are shown in

Fig. 5. Figure %a) is same as Fig.(#A). With increasingTl up

Temperature (K) to Tcoioo, 01(w) around the peak frequency decreases and

FIG. 6. Temperature dependence of the real part of the comple_we spectral shape broadens out, while the swelling structure
optical conductivity at the peak frequentlosed circlesand at 0.7 INcreasegrigs. b) and §c)]. Even abovel co/o0, the peak
meV (open squarésof the sample A. The respective data are nor-Structure is still visiblg[Fig. 5(d)]. One can notice that the
malized by the value at 280 K. The dashed line represents thePectral shape around the peak structure at 217i¢ 5(c)]

charge and orbital ordering temperatiigo,oo - does not considerably change abdyg,ooas can be seen in
that at 280 K[Fig. 5d)]. In addition, the peak frequency

does not depends on

To clarify the change ofr(w) more clearly withT, we
plot in Fig. 6 theT dependence of the;(w) at the peak
frequency(closed circlesand at 0.7 me\Vopen squaresof
cordingly, the distinguished sharp peaks with a dispersivéample A, which is normalized by the value of the respective
structure are observed igy(w); the peak frequency in ¢1(®) at280 K. ltcan be clearly seen thaf(w) both at the
o1() nearly corresponds te;(w)=0. (i) The observed Pe€ak frequency and at 0.7 meV abolgy oo do not showr
structure has a small spectral weight of the order of 1% a§€Pendence within experimental accurgitie data ofry(w)
compared to the single-particle excitati®h? o, (w) at the around the peak structure are s.ubject to the inaccuracy in the
peak frequency 2000 Q~' cm™1) bears comparison trapsformatlon progedure with mcreasﬂg.Thus, the §cat—
with that at~1 eV (~1000 Q=% cm™Y). (i) Its peak po- tering of the data is larde In contrast, with decreasing

sition strongly depends on samples, whilg w) at the peak below Teoroo ‘T.l(“’) at the peak frequency increa;es.and
frequency does notiv) The swelling ofoy(w) around 1 reaches the maximum value at low temperature, which is 1.6

meV is observed below the finite peak structure. Conform{imes larger than the value a0, While o(w) at 0.7
ably, €,(w) continues to exhibits dependence; in particular meV decreases slightly. These results clearly indicate that the
’ ’ observed structure is related to the opening af 2

Normalized Optical Conductivity
o
n
I

measuredw range(0.5-5 meV: (i) a finite peak structure
appears inr;(w) centered around 2—3 meV below the low-
est optical phonon energy 20 meV (the external optical
phonon mode originated from the perovskite strucur&c-

IV. ASSIGNMENT AND DISCUSSION

Keeping features of the finite peak structure described in
Sec. Il in mind, let us focus our attention on the assignment
of the observed structure. At finifg thermal fluctuations in
the order ofkgT (~1 meV at 10 K as well as the presence
of the impurity band play an important role in the measured
o range, wherekg is Boltzmann's constant; some hopping
conduction of the thermally excited carriers withinA 2
screens in the underlying lattice and subsequently gives rise
to a finite peak structuréRef. 28. From this viewpoint, the
0 5 4 6 8 T dependence of the scattering rate of the charge carriers in

2 4.2 the hopping event follows an exponenflatlependencé’ To
T° (10" K%) see quantitatively how the observed structure changes with

FIG. 7. T? dependence of the scalttering rétef the sample A T \ve applied a single Lorentz oscillator expressed as
deduced from Eq(1). The data are taken from thewarming run.

The solid line denotes a fitting result to the déatpen circlegusing O'Ow2/7'2
Eqg. (3). The dashed line indicates the charge and orbital ordering oi(w)=— NRTIEY 1)
temperaturel co/00 - (wg— )+l
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(the growth condition is same as samples A andfidm
room temperatureot4 K with a cooling rate o~8 K per
minute and measured the time dependence {i») while
keepingT=4 K constant. We observed no slow relaxation
effect in the measured range; the spectral shape of the

2, 2
wp(wy— w?)

(a)g—wz)z-l- w? 72’

vy

€1(w)=¢€,+

wherewy is the peak frequency; is the relaxation timeg

is o1(w) at wg, and w,, is the plasma frequency. The solid

lines in Figs. 4 denote least-squares fits to the respectiv@e"’_‘k _structure and the peal_< frequeneg T“eV exhibit no
data. In this procedure, we determined the value of the pea%a”at'on_ per= 10" s, which is contrary evidence for the PS
frequencywg, wheree;(w) crosses zero and then fixed the as an ongmlof th? observed structure. .

value ofoy. Thus only7 is a fitting parameter in Figs.(A) As described in Sec. I, we |nfe_r the possm[llty of the
and 4B). We also estimatee, using only the above- CDW condensate due to the quasi-one-dimensional charge

determined values. The obtained quantities of samples A an@'d orbital ordering in BrCa, MnO,. We discuss here that

B are summarized in Table II. As clearly seen in Figs. 4, welhe observed peak structure arises from the CDW condensate

- - d to the low-energy optical properties of the well-
can reproducer(w) ande;(w) by using, respectively, Eqgs. as compare . -
(1) and(2) except for the energy region, where the swelling knoyvn CD\.N §ystem. The typical gharacte.nsucs. of the col-
appears inr,(w). Figure 7 displays a-square plot of the lective excitation mode observed in low-dimensional CDW

scattering ratd’~1/7 of the sample A below 280 K. We materials are as follow3"=41(i) As mentioned earlier, the

. e pinning frequency is in general of the order of m&y’~#
found thatl*(T) obey the phenomenogical relation given by (ii) The spectral weight of the collective excitation mode is
3

typically two orders of magnitude smaller than that of the
single-particle excitatioh®3"~*!1This is due to the relatively

whereA, is the coefficient and’ isI" at 0 K. The solid line  large 2A~100 meV, which is in strong contrast to the small

in Fig. 7 is a least-squares fit to the data belbwy,00; EQ.

(3) holds well withT'z;=2.3 meV andA,=0.5 meV/K,

spin gap ~10 meV observed in the spin-density-wave
(SDW) system. In the SDW system, the spectral weight of
providing a clear indication thdf(T) cannot be accounted the collective excitation mode should be comparable to that
for by thermal as well as variable range hopping conductiorof the single-particle excitation due to the electron-electron
pictures of the carriers in the localized stée. interaction®? (iii) Kim et al. found that the pinning fre-
One may consider the phase separatidS  quency in (Ta_,Nb,Se),l alloys linearly shifts to highew
picture’—the dynamical coexistence of the ferromagneticand o;(w) at the pinning frequency does not change with
metallic and CO insulating staté$which is thought to be a increasing the impurity concentratiaz®® Same tendencies
key feature of the CMR phenomena and indeed experimerare also observed in ggMo; _,W,0; alloys?! (iv) Mihaly
tally discussed in RrCay sMn05.23334Such PS as well as et al. identified the swelling structure in the low-energy side
the presence of the disorder commonly seen in thin filmsf the collective excitation mode ing$MoOj; as the internal
using MgO substrates produces a finite peak structure asdeformation on the basis of the generalized Debye anafysis.
result of the shifting of the Drude peak centeredwstO0.  Our present finding$i)—(iv) described in Sec. Ill and vari-
Our samples show ferromagnetic order at low temperatureyus works(i)—(iv) described above in the CDW system both
there is a significant hysteresis loop li-H curve at 30 K have apparent similar properties and have no contradictions.
with a coercive force of~500 Oe (Figs. 3, which may  Moreover, theT? dependence of (Fig. 7) has been also
imply the presence of the ferromagnetic domain in the CClound in the CDW systenf*” and Eqs(1) and(2) are same
insulating phase. Therefore, we compare our experimentaxpressions derived from the equation of motion for the
results to the typical characteristics of the PS in COCDW dynamics® Therefore, we arrive at the conclusion that
manganite$*~3® The best example in the PS picture is thethe observed structure in f€aMnO; is assigned to
slow relaxation effect observed in RiCa3dMnO; by  the collective excitation mode arising from the CDW
Ananeet al. (Ref. 34 and Cr-doped manganites by Kimura condensate.
et al.>®in which the ferromagnetic fraction can be artificially ~ The description of the CDW condensate in
controlled by theH-annealing process and also @npurity) P, Cay sMnO; is consistent with and may help explain pre-
doping at the Mn-site. In these materials, the physical quanvious studies. The CDW easily couples with the lattice and
tities [i.e., o1(w=0) andM] strongly depend on the history affects phonon modes. Therefore, new infrared modes are

[(T)=Ty+A,T?

of the external perturbations. For example, Anahal. mea-
sured the time dependence®f(w=0) in the ferromagnetic
phase of RygLa 3MnO; after H=100 kOe is applied at
low temperaturé? They found that the CO insulating phase
is restored in the time range of 201%° s (the slow relax-
ation effec}. Very recently, Mathieet al. reported that ¢

expected to be active beloWo,no. Okimoto et al. found

that in addition to phonon modes due to the orthorhombic
distortion, many new modes emerge as sharp excitations in
Pl «Ca MnO; at 10 K® Asamitsuet al. have measured
current-voltage characteristics of,RP€a, ;MnO5 and found

the beginning of the nonlinear conduction above the thresh-

at 20 Oe in NgsCa MnO; exhibits a different relaxation old electric field** which reminds us of the sudden motion of
effect in the typical characteristic time ef10° s by chang- the CDW (CDW depinning as observed in CDW
ing only the cooling raté® Moreover, the difference dflr.  materials'®

in the history of the cooling rate increases with time. Based We should note previous work concerning the impurity
on these studies, we have done following THz TDS experieffect ono,(w) in a copper oxide superconductor. Basov
ments: We rapidly cooled the other sample used in Sec. llet al. reported that the Z{impurity) doping of the Cu site in
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YBa,Cu,O; distracts the superconductivity and induced thecreases rapidly in intensity with increasingand seems to
finite peak structure around 10 me¥Ref. 44. They con- show the depletion around 2.4 meV. As compared to Fig. 4,
cluded that this structure arises from the localization of thesuch a THz response is due to the absorption of the collective
charge carriers produced by the random distribution of Zn orgxcitation mode during the propagation of the generated THz
the Cu site(disordej on the basis that the integrated area ofpulse inside the material.

oq1(w) up to 1 eV conserves as much as 3.5% Zn doping.

However, same authors also pointed out that if the Drude- V. SUMMARY AND OUTLOOK

like response in YBgCu,Og appears as a result of the col- . i

lective excitation, which is predicted by theory, the peak Summarizing, by using THz TDS, we reported the pres-
structure in YBa(Cu, _,Zn,),Og can be regarded as the col- €NC€ of a finite peak structure around 2-3 meV in

lective excitation mode as in both cases of the CDW and’l0.C&.3MnO; and assigned it to the collective excitation
SDW4 mode arising from the CDW condensate. The measurements

It is well known that the collective excitation mode origi- O the polarization dependence @f(w) with the grazing
nates in two different states; one is a “pinned” state due tommd_ence_of light using the smgle-domal_n smgle crys’gal will
the pinning of the CDW condensate by the impurity and/orProvide dlr_ect ewc_;leryce and more detz_;uled information for
the lattice imperfection and another is the “bound” state,the collective e_XC|tat|0n mode. In particular, the measure-
which is created by the coupling of the pinned state with thenents ofo;(w) in the GHzw range are needed to perform
optical phonon or the impurity near the pinned sf4t&-De- further quantitative investigations. Further plar)s are to study
spite the fact that the swelling af,(w) below the low- the melting process un_der ex’FernaI perturbations amie-
energy side of the finite structure, which is usually ascribedP@ndence of the collective excitation mode; for example, 2
to a internal deformation of the pinned collective excitationdecreases linearly witk from 0.3 to 0.5 whereasT co/qg
mode3® can be seen in Fig. 4, we cannot clearly claimgradually increases and behaves in a kedependent wag”
whether the observed mode is assigned to the pinned or theis indicates the breaking of the BCS relation given by
bound collective excitation mode of the CDW. One possible?A (X) < Tcoioo(X). Therefore, it is indispensable to clarify
result is thate;(w) below the peak structure crosses zerohow the coIIec_tlve e>.<C|tat|on mode manifesting well below
around 8 meV and reaches a negative value with decreasirg® changes with using THz TDS.

o [Fig. 4@)]. This implies the presence of anotheg and of Note addedRecently, we became an aware of some re-
another peak structure below the measusethnge. Further POrts related in the present study. Kitasoal."" and Gor- -
experiments orr(w) in the GHzw range are necessary to shunovet al.™® found peak structures around 0.1-1 meV in

obtain detailed data and are now in progress using the caviti(pm':?dder matr?drlal %*écgﬁluz;‘no‘{l ?% merillns ti?/f op)t(|ci?l tion
perturbation technique. pectroscopy and assigned them to the collective excitatio

As shown in Fig. &), the collective excitation mode can modes due to the CDW formation. Concerning manganites,

49 . . i
be seen even abovEcooo, While its spectral shape is Campbellet al.” interpreted that CDW fluctuations are in

blurred due to the large proportion of the background contri-herem in a layered ferromagnetic manganitg 13 Mn,O,

; : 2 ~ based on their diffuse x-ray scattering data. Recently, Nagai
bution aboveT coroo - I' continues to follow aT* depen- 5o reported that the electron microscopic data of a lay-
dence abovd cg;00 as shown in Fig. Tthe fitting procedure ered CO manaanite Nd.Sr. . .MnO, are consistent with
by Eq.(3) was performed using the data beldWorodl. ThiS oo tive im% es ol:‘i C)(D\}\;);‘orm;[ion Very recently, the
excludes thermal fluctuation as the origin of this broadening,. P g : y Y,

. . nite peak structure around 4 meV was also found in 1/8
leading us to conclude that the dynamical short-range C ole-dooed L 0o, 6Sto 1,:CUO, by Dumm et al®! as in
(charge fluctuationis still subsistent abové 00 instead P 8279\00,6510.12 4 DY '

of the long-range CO beloWg,00 - Such a short-range CO the case of YBACu;_,Zn,)4Op. They also ascribe this

has been already reported by other experiments: Radaeiﬂ?céurﬁ;geﬂ:jiffglt'ﬁ:t:ggkogigeniuigrﬁactzzﬁrzlg\,szsesrta“c
et al. and Shimomuraet al. have revealed that the short- e p . ’

. Fujita et al>? reported evidence for CDW and SDW forma-
range CO of Pr_,CaMnOs, with x=0.3230.35, 0.4, and , = - )
0.5 exists even abov&@ .00 by neutron and x-ray scat- tions in 1/8 hole-doped Lay7da,125-«SKCUQ, by elastic

tering experiments, respectively. As in the case of a CD\/\’1elJtr0n scattering experiments.
system such as ¢gMo; _,W,05; and (TaSg),l, the collec-
tive excitation modes are also observed above the CDW tran-
sition temperaturd cpy due to the presence of the fluctuat-  We would like to thank in particular Y. Okimoto and also
ing CDW segments, which are systematically investigated b. Miyano, Y. Ogimoto, K. Takenaka, and Y. Tokura for
Schwartzet al*® For example, the collective excitation mode giving fruitful comments and discussions. We are also grate-
of Ky gM0oOQs is visible even at 300 KTcpw ~183 K). ful to T. Kawai for giving us the opportunity of using the
Finally, we comment on THz radiation from SQUID apparatus, to T. Kanki, |. Kawayama, K. Takahashi,
Pry.Ca 3MnO; thin films excited by the femtosecond optical and H. Tanaka for their help with SQUID measurements, and
pulses, which we found recentfythe radiated spectrum de- to M. Misra for reading the manuscript.
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