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The optical reflectivity of a vacancy doped colossal magnetoresistance materigMiag o505 has been
investigated on single-crystal samples as a function of temperature and at zero and 0.5 T magnetic fields. The
conductivity has been evaluated by Kramers-Kronig analysis in the frequency range of 100—-20080 cm
The broad peak in the optical conductivity, observed at room temperature around 10 030 sbifts towards
zero as the ferromagnetic state develops at lower temperatures. In the transition regime the application of
moderate magnetic field also induces a downward shift of the spectral wiggit63-182099)14401-1

Reports on the colossal magnetoresistatCMR) in  a Drude-like peak grows at zero frequency. Alternatively, the
La-A-MnO; compounds™ (A= Ca, Sr, Ba) created renewed finite frequency peak can move towards zero, developing a
interest in the electric transport properties of the doped magdc component in the process. The first process would corre-
netic perovskites. The most prominent feature of this familyspond to “liberating” bound charge@s in the case of ther-
of materials is that the ferromagnetic transition is accompamal excitations in semiconduct9rshe second one points to
nied by an insulator-to-metal transition in the electrical trans-a more collective behavior. On the level of model calcula-
port. It is well established that the electrical conductivity istions each one of these behaviors has been predittefs.
sensitive to the magnetization of the sample and that, at tent5 and 16, respectively
peratures close to the transition temperature, where the mag- In accordance with the general arguments, a broad peak
netization is strongly field dependent, CMR phenomenon idas been observed im; various Mn-based CMR materials
observed. by several groups around 5000—-9000 ¢mi*1"=20 How-

The “double-exchange”(DE) mechanism, where the ever, many of the experiments could not address crucial de-
Hund’s rule interaction between localized spins and mobildails of the spectral features, in particular the energy range
electrons hinders the electron hopping between misalignedhich should be considered for the oscillator sum rule to be
magnetic sites, was suggested to explain the magnetoresiglid. The goal of the present study was threefold. First,
tance in ferromagnetic perovskitesMore recently, Millis  taking advantage of the excellent sample quality, we wanted
et al. pointed out that the DE arguments cannot explain theo reproduce and improve on the earlier optical conductivity
full magnitude of the observed MR in the manganates, andtudies in the metallic as well as in the insulating state. Sec-
they suggested that the Jahn-Teller distortion of the yinOond, we studied the transfer of spectral weight in the tem-
octahedra plays an important role in the prodess.the  perature range close to the transition temperature. Finally,
structurally and magnetically similar cobaltatedike  we also investigated the effect of moderate magnetic field on
La; _,Sr,Co0;), where the occupation of the electronic or- the optical conductivity. Our main findings are the observa-
bitals is different from that of manganates, and which doegion of the gradual shift of the prominent peakdn towards
not support a Jahn-Teller effect, the magnetoresistance is irzero frequency as the temperature is lowered across the tran-
deed much small€r® By now there is an increasing amount sition, and a similar shift, induced by the application of the
of evidence supporting this modei** magnetic field. We also found that the integrated spectral

The optical properties provide a valuable insight to theweights of the high and low-temperature phases were differ-
mechanism of the conductivity and to the CMR. The changent for energies up to 2 eV.
of dc conductivity at the insulator-to-metal transitimo- The single-crystal sample used on this study was grown
gether with general arguments based on the oscillator suilny electrolysis of a melt obtained from mixtures of predried
rule, suggest that in the insulating state the spectral weight a€s,M00, and MoG, to which MnCG, and LgO; were
the optical conductivityo; moves to nonzero frequencies. added. Electrolysis was carried out in air using Pt electrodes
There are two different qualitative ways, with two entirely at temperatures in the range 975000 °C. Yitria-stabilized
different underlying physical pictures, for the dc and opticalzirconia crucibles were used to contain the melt. When the
conductivity to develop. It is possible that the conductivity electrolyses were carried out using a current of 10-15 mA
peak at finite frequency gradually decreases in intensity, wittior four-to-five days, black crystals of a cubiclike habit up to
no significant change in the characteristic frequency, whereegd-5 mm were obtained. The crystals were mechanically
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FIG. 1. The temperature dependence of the electrical resistivity, lL 0
N | Lay g3eMny 44,0, 30K
measured on a single-crystal sample from the same batch as the i
i

sample used in the optical study. o+
0 850 4000 8000 12000 16000 20000
separated from the anode and subsequently washed with a
warm solution of dilute KCO; containing a small amount of
disodiumethylenediaminetetraacetic acid. Chemical analysis FIG. 2. Optical reflectivity at various temperatures. Curves are
for La and Mn contents were made with a Baird Atomic labeled from top to bottom at 4000 ¢rh The inset shows the
Model 2070 inductively-coupled-plasma emission spectromtemperature dependence of the reflectivity at 850 trat zero
eter. Cs analysis was carried out by atomic absorptiormagnetic field and at 0.5 T field. The optical analog of the CMR
Spectrometr)?.l effect is apparent in the data around the transition temperature.
The electrical resistivity measurements were made with a _ ) i
C|Osed_cyc|e refrigeration System in a four_probe Conﬁguraranon betWe-en the |nsulat|ng and the metal“c states. MOder-
tion down to 30 K. The temperature-dependent resistivityate magnetic field of 0.5 TFig. 4) increases the low-
(Fig. 1) shows typical metal-insulator transition, accompa-frequency reflectivity in a narrowd.0 K) temperature interval
nied by magnetic orderint}, at T,=225 K with the peak aroundT., the maximum effect is right at the transition tem-
value of resistivity (0.4 cm) being about twice higher than PeratureT =225 K. S
the room-temperature value. The magnetoresist&fiReH To obtain optical conductivity(Figs. 3, 4 Kramers-
=0)—R(H=5 T)]/R(H=0)) has a peak value of 0.77. Kronig analysis of the data was performeq. In prder to com-
More details of the sample preparation and characterizatioplete the frequency range from zero to infinity, low- and
are reported in Ref. 21. high-frequency tails were added to each _reflect|_v_|ty curve.
Reﬂectivity measurements were performed in near|y nor_The calculated CO”dUCthlty proved to be insensitive to the

mal incidence configuration using a Bomem-155 FTIR spec-

Wavenumber (cm'l)

trometer(500-12 000 cm') and a Bruker 66v instrument 2250 0.4
(100-700 cm?) for 80—300 K temperature interval. The Top to bottom: 03 4
data in visible frequency range up to 23 000 Cnat room 2000 1 80K ’ N
temperature and up to 16 000 chat 80 K was taken in the 1750 ggﬁ z% 0.2 1 //
Bruker 66v. The surface of the as-grown crystal was smooth 200K 01 4 /300K
and shiny and did not require any additional treatment. In the 1500 213K ///

0.0 .

Bomem spectroscope the sample was mounted with the

shiny surface against a conical hole which determined theg 1250 141 g
surface area exposed to the light. In the absence of the s : Wavenumber (10°m’”)

0 5 10 15 20

sample the reflectivity signal was checked to be zero. The & 1000 1HE

background was taken by replacing the sample with a gold & .
mirror. The measurements were first taken in zero magnetic 250 191

field, then repeated in a magnetic field produced by a pair of

Hicorex-Nd permanent magnets placed close to the sample 500

The field was perpendicular to the light incidence plane; the

magnitude of the field at the sample position was measured ., |

to be 0.5 T. In the Bruker 66v the measurement was done LI Lay o3 Mn, 5,0
with the overfilling techniqué? the sample was mounted on 0 R

the tip of a cone, background was taken by Au or Al evapo- 0 2000 4000 6000 8000 10000
ration on the sample surface.

The reflectivity (Fig. 2) shows almost no temperature de-
pendence abové; and a dramatic increase right below the G, 3. Optical conductivity of the sample at various tempera-
transition temperature in the frequency range up tQures. Curves are labeled from top to bottom at 4000 &nThe
8000 cm'. The inset illustrates the very sharp onset ofinset shows the integrated spectral weight, converted to effective
metallic reflectivity at 850 cm'. Unlike in other CMR  electron number per formula unie by using the free-electron
(doped materialst’ in our raw data there is a distinct sepa- mass.

Wavenumber (cm’™)
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LS5 the dimensionless coupling constant gZ/(tlc%. TheA=0
,| case corresponds to the traditional DE moddh Ref. 16
141 I\ Lay M0, 60,0, the Coulomb energy cost of having tveg electrons on the

same Mn sitgU) was neglected, and most of the calculations

% 13 were performed for the case of oeg electron per Mn site
=) 12 | (“half-filled band”). The authors argued that the underlying
?2 physics is similar to that of a more realistic picture, where

1.1 4 the band is less than half filled, atdlis in fact very large.
A\ Recently, the model was further developed and applied to
1.0 A = optical data on hole-doped manganadtes.

Based on these ideas, we will interpret our results in a
model wherdJ andJ are large and the band is less than half
s 2S5 filled. The broad peak in the optical conductivity of the in-
750 1 Pl e sulating sample is related to the transitions between a Jahn-

N Y Teller split (occupied site and unsplifempty) site. The ex-
citation energy scales with the Jahn-Teller splitting of ¢ge
-------- levels, and the wide distribution of energies results in a broad
resonace feature. In the magnetically ordered stateeghe
electrons are delocalized, the JT splitting is uniform and its
' magnitude is suppressed. A partially filléce., less thamne
10000 electron per site band is formed from the degenerate

nearest-neighbor sites. The dc conductivity is due to elec-
trons in this band. As long as the JT splitting is finite, a finite

FIG. 4. Temperature development of the optical conductivityfrequency “resonant” transition s aI.so possible, from the
around the ferromagnetic transitislower panel. Also shown are  lower JT level to the neighboring higher JT level. In the
the effect of the magnetic field in terms of the reflectivity raio ~ Metallic phase this transition is responsible for the upward
0.5 T relative to zero field, upper paheind in the optical conduc- trend in o(w) at low frequencies, and for the broad peak
tivity (for each of the two lines representing the same temperaturaround 3500 cmt.
the one that appears ‘“shifted” to lower frequencies corresponds to One of the important results of our experiment is the de-
in-field data. ficiency in spectral weights extending above 1 eV, similar to

exact shape of the low-frequency tail. At room temperatureRefS' 18,19. In the framework of the interpretation outlined
i : . h f incl h
above 23000 cmb up to 2.9<10° cm-* (36 eV) the re- above, the energy range of our measurement includes the dc

. t t and also the JT splitti ies, but d t in-
flectivity of the pure compound was ug8and a 1b* free- ransport and a'so the .’ Spitting energies, but does Not in

. . clude the energy required for having an electron with the
electron fit completed the range. Alternatively, we used th 9y req g

%Nrong spin direction J), or the energy of having twe
. .. ) g
combined reflectivity curve of the doped compotfnidelow electrons on the same sit&J). The conductivity spectral

10 eV and that of the pure compound above. Below . . ; . :
. .~~~ "weight is, under quite general circumstances, proportional to
12000 cm? the difference between these two fits is |n5|g-W gt s, U gutte 9 e broport

nificant. The conductivity reported her@ig. 3 was ob- the kinetic energy of the electrofj.e., the bandwidth. For

. . . ! ) i leV, th in diff
tained using the combined fit. Based on Ref. 17 it was asgrocesses extending up to 1 eV, the main difference between

1000 4

500

o (Q'em™)

250 A

0 2000 4000 6000 8000

Wavenumber (cm'l)

d that there i i ture d d f reflecti “the magnetically ordered and disordered states is that the
sumedhat there |_slno emperature dependence of retiectivi robability of nearest-neighbor jumping transition is reduced
above 30000 cm and the reflectivity curves were

i d 1o th i i T by spin disorder. The smaller hopping probability means re-
smoothly merged to the room-temperature curve. The exag,q bandwidth, leading to reduced kinetic energy and
shape of this merge had little influence on conductivity be'smaller spectral weight
+~1 23 .

lov‘%o OOO. crln ) ductivi b h broad K In summary, we measured the optical conductivity over a

e optical conductivity ?ﬁ]ové'c Shows a broad peak  \ige range of frequencies on a high quality, vacancy doped
cr(]antere?( athgroundl 10000 cm At temperatures aroHngilc crystal of the prototype CMR material. The electronic exci-
the peak shifts to lower frequenciéBig. 4). Even well be- . iighg a5 a function of frequency and magnetic field were
low the transition, when the dc conductivity is fully devel-

; ; . g studied, and qualitative understanding of the results was de-
oped, there is a peak in the optical conductifiyg. 3. The  \q5hed using the theory of Millis and co-workers. Measure-

inset in Fig. 3 illustrates that the low-frequency spectralnanig at jower energies, covering the vibrational frequen-

weight is much larger in the metallic state, and the difference;jes are planned to explore the connection between lattice
of the spectral weights persists well above 1 eVand electronic modes further

(8000 cml).

The results reported here are in qualitative agreement with  The authors wish to thank P. B. Allen for many enlight-
the calculations of Millis, Mueller, and Shraim&h.The  ening discussions. Work at SUNY, Stony Brook, was sup-
main ingredients of the model are the electron hopping, th@orted by the NSF Grant No. DMR-93-21575 Work at BNL
coupling between the conduction electrons and core electrowas supported by the US Department of Energy, Division of
spins (Hund’s coupling, the electron phonon coupling and Materials Science, under Contract No. DE-ACO2-
the energy associated with the Jahn-Tell&F) distortion, 98CH10886. The work at Rutgers University was supported
characterized by the parametet;s), g, andk, respectively. by the NSF Solid State Chemistry Grant No. DMR-96-
In the larged limit the behavior of the system is governed by 13106.
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