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We have performed tunneling spectroscopy measurements down to 4.2 K on single crystals of
Lag 75515 ,gMNO5 and Lg -Ca ;MNnO3, which show the colossal magnetoresistive behavior in the ferromag-
netic metallic phase. The tunneling spectroscopy measurements give information on the density of states
(DOS) at and close to the Fermi levEk . The observed energy dependence of the DOS is similar to that seen
in correlated oxides with disorder, which is an important observation since it raises fundamental questions
regarding the nature of the metallic state in these oxides. Measurements at low temperatures reveal that the
DOS in these compounds show a depletion clos&tq |[E—Eg|<15 meV; unlike that in conventional
metals. The normalized DOS, close g shows an energy dependenchE —E¢|? at low temperatures but
remains finite aE— Eg . The depth of the depletion is more ind-&£a MnO; compared to Lgs51 ,9VInOs.

I. INTRODUCTION is tunneling spectroscopy. Scanning tunneling spectroscopy
measurements done on similar CMR systems have shown

The physics of colossal magnetoresista(@®IR) in hole  thatNg(Eg) builds rapidly asT is lowered belowT ., which
doped rare-earth transition metal manganites with a generigidicates that the large increase in the conductivity of the
formula La _,A,MnO; is a topic of current interestThese ~ system on cooling below . can be attributed to the rapid
oxides of the ABQ perovskite structure originate from the increase ofNs(Eg). _
parent compound LaMn A mixed valency is created atthe !N this paper we report the tunneling spectrosc¢p)
Mn site (Mrf*,Mn**) by substitution of La with divalent megsurements, carried out on single crystals of CMR man-
elements such as Ca or Sr. Though the parent compound §&Nit€S, L@75502MNO; (LSMO) and L /Ca MO,
an antiferromagnetic insulator, above a critical doping ( \FCMO) using barrier-type junctions. The measurements

=0.2) it gives rise to a ferromagnetic metaliEMM) phase Wﬁ.reh Calrlrled ddown o 4'5 K Vé"th hlgh-lenergy IrEeSOHIJ_:t'OH’
below the ferromagnetic transition temperaturg and a V_VE'C|<% cl)wi/ us to studiNy(E) very close toE (|
paramagnetic insulatingPMI) or paramagnetic metallic F 1 ev).

(PMM) phase aboveT.. Our interests are in the distinct
features in this low temperature FMM phase, which differ

from those seen in conventional metals. For example, the The LSMO and LCMO samples were grown by the float-
FMM phase even in good single crystals have a relativelyzone technique, details of which are published elsewhere.
high residual resistivity. The conductivit$ is given byG  Figure 1 shows the resistivity data for the samples. LSMO,
=e?Ng(Eg)D [where D is the electron diffusivity and which is a wide bandwidth system, undergoes a PMM-FMM
Ng(Eg) is the density of stateOS) of the system at the phase transition witi;~342 K. It remains metallic till 4.2
Fermi level. Thus, a low conductivity implies a low diffu- K with a residual resistivity,p,(LSMO)=41.6 Q) cm.
sivity for the carriers and/or a depleted DOSEt. From  LCMO, which is a medium bandwidth system, has a PMI-
optical conductivity experiments it was observed that theFMM phase transition witfT .~250 K and also remains me-
Drude weight is considerably lower than what is estimatedallic with p,(LCMO) =161 u{) cm. The resistivities were
directly from the stoichiometric hole dopirfg.On the other measured by the standard four-probe method with the low-
hand at low temperatures one finds the linear specific-hedtequency ac technique. The TS experiments were done in a
coefficienty, which is «Ng(Eg) and is not much different standard bath-type cryostat. The cryostat is fitted with a pre-
from Yree-clectron > ThUS a crucial question that one asks iscision screw that carries the tip, which is the counter elec-
what is the nature of the electronic DOS close to the Fermirode of the junctions. This screw arrangement allows us to
level Er, especially for the compositions deep into the FMM control the pressure on the tip-sample junction and hence the
state. Since these states are those involved in the transpguiction resistanceR;, enabling us to study junctions of
properties, a knowledge of these states is an essential ingrearious resistances with this setup. A thermometer fitted next
dient in our understanding of the physics of these manganto the sample reads the temperature. The single crystals’ sur-
ites. There is a need to look at the DOS nearBhecarefully  faces were mechanically scraped and polished just before
and to compare it with that in conventional metals. One ofloading them into the cryostat. The cryostat was subse-
the important techniques to stutll(E) near the Fermi level quently evacuated and purged with He gas before cooling

Il. EXPERIMENTAL DETAILS
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FIG. 1. Resistivity vs temperature of §aSr,gMnO; and

Lag ACay MNOs.
T () =1 4o+ (d1/dV) 6V cog wt)

down. The experiments were carried out either in the evacu- 1., o 12
ated chamber at different fixed temperatures or by dipping + 5 (d7/dVE) 6V coS(wt)+ - -+, )
the junctions directly into liquid He. One set of tunnel junc-

tions was formed between the sample and Pb as the counter

electrode, the native oxide on Pb serving as the tunnel ba?thereldc is the dc component of the current. The ac voltage

i . . measured(at frequencyw) across a standard resistor, R
rier. A superconducting material was chosen as the count S ; . . e )

: . hat lies in series with the junctipryives the amplitude of
electrode because the observation of the superconducting e

: : . . e second term in Eq1), which gives the dynamic conduc-
ergy gap is an evidence of the formation of the tunnel JUNCtancedI/dV of the junction. Thedl/dV and the dc voltage

tion. As a check that the observed results do not depend Ofi;oss the junction were measured simultaneously using the
the nature of the junctions, another set of junctions wergqcyin amplifier and a dc voltmeter, respectively. Thus as
studied between etched Au tips and sample in the spear an\:@ldc is varied across the junction we recattfdV as a func-
geometry. In case of the Au tunnel junctions data was takefion of bias. For eacR, and temperature the experiment was

for different junction resistances. All the tunneling curvesyepeated over 5 cycles and finally averaged for further cal-
(d1/dV—V) of the junctions were measured by the ac modu-ylations.

lation technique. When measurements are made with the bias To minimize heating of the junctions the TS data at 4.2 K
within tens of mV and the absolute changes in conductancegas taken with the junctions directly dipped in liquid He.
di/dVv are only a few percent, the ac modulation techniqueThe higher-temperature data was taken with the temperature
gives a higher signal-to-noise ratio compared to the standarstabilized at certain given temperatures with He exchange
dc technique, where conductaneH {dV—V) curves are ob- gas around the junction. The tunnel junctions studied, espe-
tained by numerical differentiation of tHeV curves. Experi- cially those with Au electrodes, are of relatively low resis-
mentally, we apply a constant amplitude ac modulation volttances. Heating of the junctions prevented us from going to
age 6V cos@t) riding over a dc bias\Vy., across the Igrggr bias. For-a 20} junction the diss_ipation at the junc-
junction, V=V.+ 8V cos@t) with 8V<V,_ (typical values  tion is 20 uW with a current of a few milliamphere and that

of 6V=100-200xV). The dc bias across the junction de- for @ 5000 junction is 0.8uW. The higherR; junctions
termines the energy of the electron crossing the barrier. ThH¥€ré 00 noisy though we could attain stable junctions of
dc bias is given by an extremely low-frequency triangular€W K{s.

wave from a synthesizer and is added to the synthesized sine

wave signal from a DSP based lock-in amplifier by a mixer lll. RESULTS AND DISCUSSION

cum current booster circuit. The lock-in amplifier also mea-
sures the ac component of the current across the junction that
gives the conductance of the junction. A Taylor series expan- Figure 2 shows typical conductance curves for Pb-LSMO
sion of the mixed current across the junction gives and Pb-LCMO junctions taken at 4.2 K. The superconduct-

A. Tunneling conductance



ing gap in the tunneling data can be seen for both samples./ 1.16
comparison of these conductance curves with scanning tun
neling spectroscopy studies between platinum electfodes
show that they do not follow the normal barrier tunneling
behavior that one observes in the case of conventional metal
insulator-metal tunneling. The data show a dip in the tunnel-
ing conductance at low bias and a flattening at higher bias o l
Interestingly, such a behavior has been found even in a nume 4,08 -
ber of other correlated metallic oxidedn some of these @ ]
oxides the tunnel conductance follows a more generic depen  1.06 -
dence on bias as in E(R) with n=0.5-0.8 and is< 1. Note 1
that this dip does not refer to the sharp dip occurring close ta 104
zero bias in Fig. 2, which occurs due to the superconducting ]
gap of Pb. To quantify the above statement we fitted the
tunneling conductance to the relation,
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whereV* andn are parameters that are determined from the

fit of the conductance data to the above equation. The inset

of Fig. 2 show the ING/G,—1) vs In{V) plot for LSMO and

LCMO. The region|V|<Ap,=2.5 meV is not included in 1104
this plot and in subsequent calculations because the conduc
tance in this region is dominated by features in the DOS of @
the superconducting Pb. From the plots and their fits to Eq.©
(2) we find that a single exponentcannot be used over the
whole bias range but it shows a sharp crossover near
=15meV. For LSMO the exponenn~1.8 for V

<15 meV andn=~0.6 for V=15 meV, while for LCMOn

~1.9 forV<15 meV andn~0.7 at higher bias. As a check
that the results do not depend on the nature of the counte °1(b) i , : , AI“'L(?MO
electrode and to probe the low-bias regirdes 20 mV more -0.02 -0.01 0.00 0.01 0.02
thoroughly, another set of junctions were made with Au as Bias(V)

the counter electrode. Figure 3 shows the scaled dynamic

conductance®/G,) vsV for LSMO and LCMO, taken with FIG. 3. Scaled conductance f¢a) Au-LSMO and (b) Au-

a Au tip. G, is the conductance at zero bias. For LSMO, theLCMO junctions. The respective insets showing theGl$,—1)
data were taken varying; from 32 Q) to 300Q), while for ~ —InV plot to emphasize the sharp change in the exponent from
LCMO it was varied from 18) to 400Q). The observed =2 ton=0.7.

tunneling curve(scaled byG,) becomes nearlR; indepen-
dent for R;=200(). In subsequent analysis we have taken
tunneling curves for junctions withR;=200Q. The
In(G/G,—1) vs In(V) plots(insets in Fig. 3 for both samples
show that the exponemtturns out to be=2 near zero bias
and =0.7 for |V|=13 meV in good agreement with those whereA is a constantNg(Eg) is the DOS at the Fermi level,
seen in the Pb junctior(see Fig. 3. Thus the voltage depen- and é=0.5. The second term in the above equation arises
dence of the tunneling conductance is not dependent on théue to the modifications to the DOS due to many-body ef-
counter electrode. The exponent 0£0.8 in these CMR fects. The theory also predicts thatdecreases as the elec-
manganites in the FMM state has been reported previdlisly. tron diffusivity D decreases following relation «D3e o3,
However the sharp changeover of the exponem=® near where ¢ is the conductivity of the system. Generally, the
zero bias has not been observed before. value of the exponenf=0.5 in weakly localized systems,

In this context we recall that it has been known that inwhile in more disordered systen(® correlated oxide met-
disordered conductors the effect of electron-electron interacals) the exponent is larger (0.5-0.8) agd->1 at the metal
tion can be quite prominent. These systems with strong elegnsulator transitiory.
tronic correlations have significantly modified DOSEt. The observed tunneling conductanGgV) is approxi-
Theoretical calculations show that on the metallic side thenately proportional tdNg(E—Eg), as explained later. The
DOS nearEg is modified agRef. 11), dependence oB(V) onV as expressed through E@®) can

n=0.8
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10* B. Estimation of energy dependence oNg(E) from tunneling

v NaxTawaO3 conductance

A LaNiC (0] .

° LaSMIE) C1xs Y In order to get the exact DOS and its energy dependence,
s LCMO we have used the following model and extracted Kp€E)

10° 4 . as outlined below. The dependence of tunneling conductance
] ' on bias mainly arises from two sourcdg: the intrinsic en-

v . ¢ ergy dependences of the DOS of the samiplg(E) | and the
- . ) counter electrode/tipN,(E) ] and(ii) the energy dependence
E A of the quantum-mechanical barrier penetration factor
= 1073 E While deconvoluting the conductance data to extidgtE)
> ] ‘ we assume thall,(E) is flat within the energy range of our

experimen (E—Eg)=<0.5 eV]. Experimental and theoreti-
cal calculations show that both Au and Pb have flat DOS for
|E—E(|<0.5 V.22More nontrivial, however, is to remove

the contribution of the barrier penetration factowhile de-
1. convoluting the data. The standard technique followed in TS
14 is to computed In(1)/dIn(V) assuming that this takes care of

U I D A AL the said contribution from the barrier factor. The assumption
10 10 10 10 10
c, (S/cm)

10" 5

is that the parametdrV gives us a reasonable estimatet of
as found empiricaly’*°in many practical cases thereby re-

FIG. 4. Dependence of corelation g&3 on residual conduc- Mmoving the barrier contribution when we compute
tivity of LaNi,Co; _,O;, NaTaW;_,0O;, LSMO and LCMO. (didv)/(11V). This scaled dynamic conductance

d In(1)/dIn(V) has its own limitations. It is only valid when
be interpreted as the validation Nf(E— Ef) following Eq.  the energy dependence of the barrier function is stronger
(3) with the identification of exponenmi=¢ and the energy than that of the DO$® Further it does not eliminate the
scale V*=A. In these samplesn=0.7-0.8 for |V| effect of the barrier parameter completely and the quantity
=15 meV, which is indicative of the presence of significantbecomes undefined whenever a gap opens up in the DOS. We
electron-electron interactions. The further changeovertof  have used an alternate deconvoluting procedure to normalize
2 nearV=0, as we show below is indicative of the presencethe data and obtain the DOS, which is briefly described
of a pseudogap in the DOS nelgg . The fits to the conduc- below!® The tip-sample tunneling currefin the symmetric
tance data with Eg(2) give us an estimate of the parameter form), across a batrrier, at a finite temperature is given by,
V*, which can be interpreted as the scale of the interaction
and a measure ofA/e [Eqg. (3)]. The value ofV* is "
~250 mV for LCMO, while that for LSMO V* is I(s,V,W,T)=cf Ns
~600 mV. Itis also rather interesting to note that the values o
obtained here are remarkably similar to those obtained from
tunneling studies on other metallic perovskite oxidssch X
as LaNjCo,_,O3 and NaTaW,_,0;. Figure 4 shows/*
as a function ofo, for LSMO and LCMO along with those . )
for the oxides mentioned above, for different doping and thugvhereE is the energy of the electron,is a constant depen-
differento, . Hereo, is the residual conductivity, a measure dent on the tip-sample effective junction areas the tip-
of the disorder in the system. In all these oxides we find thaf@mple distanceWV is the average work function of the tip
V*uxg,. Though the other transition metal oxides are notand sample surfacé/ is the bias between the tip and the
manganites and may have very little in common with thesés@mple,T is the temperature,(E) and Ny(E) are the tip
CMR compounds, the low-temperature tunneling studiegnd sample DOS, arfi(E) is the Fermi function at tempera-
yield similar values for the paramete® and similar depen- ture T. The barrier penetration factdr is estimated by a
dence ono,. All these oxides belong to the ABCtlass of WKB semiclassical approach. We model the barrier as an
perovskite oxides with a narrow conduction band formed byone-dimensional trapezoidal barrier and its tunneling prob-
the hybridization of the 8 orbitals of the transition metal apility calculated in the WKB approximation givgsas
ions with 2p orbitals of the intervening oxygen. Again in
most of these oxides, the charge carriers though itinerant, lie —
very close to the metal-insulator transition. Presumably this t(s,E,W)=exp(—2ksy2(W-E)), ®)
leads to similar correlations in these systems.

The above analysis tells us how the tunneling conducwherek=\m/#%. In the above expression all the energies are
tance varies withv and reflects upon the DOS, but they do measured with respect - which is the zero of the energy
not give us the exact variation of the DOS with energy. In thescale. Equatior(4) can be simplified at low temperatures,
following section we address this question of deconvolutingkgT<eV (kg is Boltzmann’s constahntby using a step func-
the conductance data to extract the DOS. tion approximating the Fermi-Dirac distribution function. We

E eVN E Vi E,W
+7 t _7t(sa 1] )

eV
E— —

f 2

dE, (4)

e eV
— +7
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Equation(7) gives us the differential tunneling conductance
for constant DOS. It clearly shows that the bias dependence
of the functiond 3, ;and o2, arises solely from that of the

barrier functiont. With the above approximations we fit the
bare conductance data with E) and estimate the barrier
parameter$V ands. This fit essentially gives us an estimate

of t and takes care of the broad features of the tunneling
data, particularly, in the high-bias regime. Thus dividing the

bare data by the estimateédremoves the barrier effect and

gives us a normalized conductance. Thus the observed en-
ergy dependence of the normalized conductance arises solely
from the sample DOS and its energy dependence, which we

henceforth refer to as the normalized DON(E)]. The
subtleties of this technique and details are discussed
elsewheré® Though this method of obtaining the DOS gives
the correct energy dependenceNof E) it does not give the
correct absolute value of the same. By using Pt, which has a

data give a larger energy dependence due to the incomplete removigh N4(E) in the energy range of interest, we have checked
of the barrier parametdr. The energy scale is=E—Eg.

define the tunneling current, ., for a constant tip and

sample DO9 N,;(E) =N, andNg(E)=Ng] by the relation

eVi2 __

IgonsgstrW)ZCNthf t(s,E,W)dE,
—eVi2

(6)

that the tunneling curve is mainly defined by the barrier
factor! A constant DOS as in Pt gives a parabolic tunneling
conductance G« V).

In Fig. 5 we have plotted the DOS for LCMO at 77 and
300 K, calculated by the previous method of normalizing
with 1/V Ti.e., d(Inl)/d(InV)] and that according to the

present metho@N(E) ]. The results calculated from the two
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1.10 close. With this modified expression we were able to fit the
conductance curves at the intermediate temperatures and ob-
tain the DOS as a function of temperature. Figure 7 shows
the normalized DOS for LCMO and LSMO adopting the
above normalization procedure at 4.2 K. It is clear from the
figure that there is a finite depletion in the DOS nézgr
(small €) for both the samples. The depletion in the DOS for
the wider band gap LSMO is shallower than that for LCMO.
We term this depletion as a pseudo ¢&%). For both the
samples, LSMO and LCMO the deconvoluted DOS fit a
function of the formN(e) =N(Eg) + (e/ 8)2, neare=0. Itis
this quadratic dependence NE(E) on e that gives rise to
n=2 for |V|<15 meV, when we fitted the measur&qV)
to Eqg. (2). The fit paramete® for LSMO =110 meV and
that for LCMO =80 meV. Such a depletion in DOS though
very shallow is unconventional in a metallic system. We note
that this depletion is not observed at higher temperature and
£ (eV) ' ’ shows up only below 20 K. Since the strong energy-
dependent features, like the depletion in the DOS, occur be-
FIG. 7. The deconvoluted DOS for LCMO and LSMO at 4.2 K low 15 meV it is understandable that these features start
from Pb-LSMO and Pb-LCMO junctions. The solid lines close to showing up only at low temperatures. At higher temperatures
Er show the fit toN(e) =N(Eg) + (&/ 5)? at low bias. the thermal smearing~(3kgT) suppresses such small en-
ergy features.
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methods are different, particularly at higher bias,and
hence at higher energy (where e=E—Eg). The scaled
DOS calculated from thé/V normalization retain much of We would like to put our present investigation in the con-
the energy dependence of the barrier, which shows up astext of past tunneling studies. There are reported TS studies
steep rising DOS at higher energy. This factor is removed tglone on manganites particularly, close to the metal-insulator
a large extent in the method followed here. In the discussioiransition(MIT) temperature, using scanning tunneling spec-
that follows we will only refer toN(E). troscopy (STS."1"18 The first temperature-dependent TS
studies close to the MIT using STS was done by a previous
investigation from our grouplt was observed that a gap in
the DOS opens up & close toT; and closes as the sample

is cooled below T, leading to a finite DOS aEg. A com-

In order to study temperature dependence of the tunnelingarison of the present conductance data above 100 K with
conductance and the DOS, the tunneling experiment was caihe above investigatidnwhich was carried down till 100 K,
ried out at representative temperatures for 42T shows that they are very similar though they have been taken
<300 K, with a Pb-LCMO junction. Figure 6 shows the by different types of tunnel junctions. Spatially resolved STS
evolution of the bare conductance curves with temperaturanages close tol. were subsequently reported by Fath
for LCMO. The solid line in each case indicates the best fitet al1’ on single crystals and fims of La,CaMnO; (x
to Eq. (7), which takes care of the barrier parameter. It has=0.33). They observed coexisting metallic and insulating
been observed that at temperatures belgwthe tunneling phases close td.. At low temperatureS <T, the sample
conductance curves are weakly asymmetric unlike those dtad predominantly metallic regions with a finite DOS near
300 K. An inherent asymmetry idl/dV—V is expected due Eg. Interestingly, even in this metallic state there were small
to the trapezoidal nature of the barrier. In our theoreticalyet finite fractions of insulating phases. The tunneling curves
calculations outlined earlier the assumed work funcbn  observed by us in the regioh<T_ are similar to those ob-
=(W;+W,)/2, thus we had assumed an average value oferved in this investigation. In a recent study on LSMO films
the tip and sample work functions. In order to explain the(grain size~45 nm) the spatial inhomogeneity of conduc-
weak asymmetry of the conductance data we modified the fiance close to the transition temperature was investigdted.

D. Comparison with other experiments

C. Temperature dependence of tunneling conductance
and DOS

equation(7) suitably to incorporat&V; andW, as, The results observed are similar to that of Fattall’ Al-
though spatially resolved tunneling conductance was mea-
0 c — — sured there was no explicit discussion on change of the tun-
Teons( S V) = 5 NiNJ[ 1(5,8VI2W1) + (s, —eVIZW,)]. neling curve as a function oT. Interestingly, they also

(8)  observed filamentlike insulating phases in the metallic re-
gime (T=87 K). In view of the brief discussion we find that
As an example, for the conductance curveTat77 K we  the tunneling conductanc@nd hence DOShas not been
obtained the best fit values &;=0.9+-0.1 eV andW, probed by previous studies at low enough temperatures to
=1.2+0.1 eV. The two work functions are different but closely look into the low-bias region/\{|<0.1 eV) in the



metallic phase. In particular, the shallow dip opening up bejeads toﬁ(EF)—>O. However, such effects occur in elec-
low 15 meV could not be seen till<50 K. In contrast to  tronic systems that are substantially disordered and often in
past studies the present investigatidone with bulk barrier  the insulating side of the critical region of metal-insulator
does not have the spatial resolution inherent in STM basegansition . Thus a Coulombic origin of the pseudo gap may
STS investigations, although, it gives a much stabler juncnot be the most likely possibility.
tions which can be effectively cooled to 4.2 K in order to  Recently, it has been shown that in manganites the ground
explore the small bias regime. The tunneling DOS that Westate can be a phase separated state with coexistence of mi-
report is thus an averaged spectrum. However, in the tentroscopic clusters of antiferromagnetiosulating and fer-
perature region of interest to UB<T,, all the past STM  romagnetic(conducting phase$? In the region of phase
based tunneling studies have shown that the metallic phase égparation, model calculations/simulations show thafl at
by far the most prevalent phase. In addition, since there is &g around the chemical potential there is a PG with the
gap in the DOS of the insulating phase it will make negli- pOSo|¢|™ with m>1. In this case the PG tags the chemical
gible contribution to the total tunneling conductance. It ispotential. In three-dimensional La,CaMnO; and
thus expected that what we observe primarily give the chart 5, Sr MnO, these models predict that the phase separa-
acteristics of the metallic phase. tion and the PG formation occurs below a certain carrier
The occurrence of a shallow depletion in the DOS in acgncentration, which is the low doping regime<{0.2). In
conventional metallic system is rather unusual. The observane concentration range of our sampbes 0.25-0.4 such
tion of such a depletion is thus an interesting issue. Apicroscopic phase separation leading to a PG is not expected
pseudogap in the DOS & has been observed in bilayer iy the parameter space explored so?farowever, given the
manganites by angle resolved photoemission spectroscopynall value of the gap one cannot rule out similar mecha-
experiments carried down to 10 R.In these systems nisms to be operative.
(though they are metallidhere is vanishing spectral weight  Another alternative scenario is the existence of polaronic
of the DOS atEg . In cubic (three-dimensionalmanganites  states. The metallic state in these materials can have local-
like La; _SKMnO; (with x=x,~0.2) though there is a fi- jzed dynamic Jahn-Teller distortions. Electrical conductivity
hite spectral weight at the Fermi level, below the MIT, it is shows clear evidence that strong electron-phonon interaction
unusually low:**" However, these photoemission experi-is present in these manganifé€®Such interactions can lead
ments were done above 80 K and with their energy resolutg |ocalized polarons that can bind a fraction of the carriers
tion (>0.15 eV), we will not be able to probe the region jn shallow localized states leading to a dip in the DOS and
where we see the small gap opening up. The optical condugG formation. This will depend on the width of conduction
tivity experiments> as mentioned before finds a Drude-like pand and is expected to be more effective in systems with
conductivity although the Drude weight is much smaller thannarrower bandand lowerT,). Indeed, we find that the depth
that expected from the carrier concentration. All these exyf the gap is more in LCMGin which the polaronic effects
periments point towards the anomalous nature of the DOS igre more pronouncedhan in LSMO.
these materials in the ferromagnetic metallic phase below 1o symmarize, we have carried out detailed tunneling ex-
T.. Our observation that though the DOS is finite there is &eriments on single crystals of LSMO and LCMO, which
noticeable depletion at low-energy range closeEfomay  show CMR. We analyzed the tunneling data using a model of
explain some of the anomalies such as low Drude weight anghe barrier in order to find the energy dependence of the

high resistivity in these materials. DOS, N(E), from the tunneling data. We found that fi
<15 meV there is a depletion of the DOS unlike conven-
E. Physical mechanism for the pseudogap formation tional metals. This depletion being a low-energy phenomena

In the following we suggest some of probable scenario$OWs up clearly only at low temperatures. As outlined
that may explain the anomalous nature of the DOS. The dee_lbove.there are different interactions that can lead to such a
pendence of the observed DOS on Eg).for |¢[>15 mev ~ depletion or a shallow pseudogap DOSER!.
with £=0.5 already points to the existence of significant cor-
relation effects as has been seen in a number of correlated
metallic oxides close to the insulator metal transitiom
gﬂdltlon we observe the PG. The quadratic dependence of J.M. acknow|edges CS|RGovernment of |ndihfor fi-
N(e) on e for || <15 meV is suggestive of a Coulomb gap nancial support. A.K.R. wants to thank D.S(Government
as seen in many insulatofsIn disordered insulators a soft of India) for a sponsored scheme. The work was done under
gap opens up and a long-range Coulomb interactietir() India-Russia ILTP program.
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