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We have performed tunneling spectroscopy measurements down to 4.2 K on single crystals of
La0.75Sr0.25MnO3 and La0.7Ca0.3MnO3, 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 levelEF . 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 close toEF , uE2EFu<15 meV; unlike that in conventional
metals. The normalized DOS, close toEF shows an energy dependence}uE2EFu2 at low temperatures but
remains finite asE→EF . The depth of the depletion is more in La0.7Ca0.3MnO3 compared to La0.75Sr0.25MnO3.
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I. INTRODUCTION

The physics of colossal magnetoresistance~CMR! in hole
doped rare-earth transition metal manganites with a gen
formula La12xAxMnO3 is a topic of current interest.1 These
oxides of the ABO3 perovskite structure originate from th
parent compound LaMnO3. A mixed valency is created at th
Mn site (Mn31,Mn41) by substitution of La with divalent
elements such as Ca or Sr. Though the parent compoun
an antiferromagnetic insulator, above a critical dopingx
>0.2) it gives rise to a ferromagnetic metallic~FMM! phase
below the ferromagnetic transition temperatureTc and a
paramagnetic insulating~PMI! or paramagnetic metallic
~PMM! phase aboveTc . Our interests are in the distinc
features in this low temperature FMM phase, which dif
from those seen in conventional metals. For example,
FMM phase even in good single crystals have a relativ
high residual resistivity. The conductivityG is given byG
.e2Ns(EF)D @where D is the electron diffusivity and
Ns(EF) is the density of states~DOS! of the system at the
Fermi level#. Thus, a low conductivity implies a low diffu
sivity for the carriers and/or a depleted DOS atEF . From
optical conductivity experiments it was observed that
Drude weight is considerably lower than what is estima
directly from the stoichiometric hole doping.2,3 On the other
hand at low temperatures one finds the linear specific-h
coefficientg, which is }Ns(EF) and is not much differen
from g free-electron.

4,5 Thus a crucial question that one asks
what is the nature of the electronic DOS close to the Fe
level EF , especially for the compositions deep into the FM
state. Since these states are those involved in the tran
properties, a knowledge of these states is an essential in
dient in our understanding of the physics of these mang
ites. There is a need to look at the DOS near theEF carefully
and to compare it with that in conventional metals. One
the important techniques to studyNs(E) near the Fermi leve
ric
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is tunneling spectroscopy. Scanning tunneling spectrosc
measurements6,7 done on similar CMR systems have show
that Ns(EF) builds rapidly asT is lowered belowTc , which
indicates that the large increase in the conductivity of
system on cooling belowTc can be attributed to the rapi
increase ofNs(EF).

In this paper we report the tunneling spectroscopy~TS!
measurements, carried out on single crystals of CMR m
ganites, La0.75Sr0.25MnO3 ~LSMO! and La0.7Ca0.3MnO3
~LCMO! using barrier-type junctions. The measureme
were carried down to 4.2 K with high-energy resolutio
which allowed us to studyNs(E) very close toEF (uE
2EFu,0.1 eV).

II. EXPERIMENTAL DETAILS

The LSMO and LCMO samples were grown by the floa
zone technique, details of which are published elsewhe8

Figure 1 shows the resistivity data for the samples. LSM
which is a wide bandwidth system, undergoes a PMM-FM
phase transition withTc;342 K. It remains metallic till 4.2
K with a residual resistivity,ro(LSMO)541.6mV cm.
LCMO, which is a medium bandwidth system, has a PM
FMM phase transition withTc;250 K and also remains me
tallic with ro(LCMO)5161 mV cm. The resistivities were
measured by the standard four-probe method with the l
frequency ac technique. The TS experiments were done
standard bath-type cryostat. The cryostat is fitted with a p
cision screw that carries the tip, which is the counter el
trode of the junctions. This screw arrangement allows us
control the pressure on the tip-sample junction and hence
junction resistanceRJ , enabling us to study junctions o
various resistances with this setup. A thermometer fitted n
to the sample reads the temperature. The single crystals’
faces were mechanically scraped and polished just be
loading them into the cryostat. The cryostat was sub
quently evacuated and purged with He gas before coo
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down. The experiments were carried out either in the eva
ated chamber at different fixed temperatures or by dipp
the junctions directly into liquid He. One set of tunnel jun
tions was formed between the sample and Pb as the cou
electrode, the native oxide on Pb serving as the tunnel
rier. A superconducting material was chosen as the cou
electrode because the observation of the superconductin
ergy gap is an evidence of the formation of the tunnel ju
tion. As a check that the observed results do not depend
the nature of the junctions, another set of junctions w
studied between etched Au tips and sample in the spear a
geometry. In case of the Au tunnel junctions data was ta
for different junction resistances. All the tunneling curv
(dI/dV2V) of the junctions were measured by the ac mod
lation technique. When measurements are made with the
within tens of mV and the absolute changes in conductan
dI/dV are only a few percent, the ac modulation techniq
gives a higher signal-to-noise ratio compared to the stand
dc technique, where conductance (dI/dV2V) curves are ob-
tained by numerical differentiation of theI -V curves. Experi-
mentally, we apply a constant amplitude ac modulation v
age dV cos(vt) riding over a dc bias,Vdc , across the
junction,V5Vdc1dV cos(vt) with dV!Vdc ~typical values
of dV.100–200mV). The dc bias across the junction d
termines the energy of the electron crossing the barrier.
dc bias is given by an extremely low-frequency triangu
wave from a synthesizer and is added to the synthesized
wave signal from a DSP based lock-in amplifier by a mix
cum current booster circuit. The lock-in amplifier also me
sures the ac component of the current across the junction
gives the conductance of the junction. A Taylor series exp
sion of the mixed current across the junction gives

FIG. 1. Resistivity vs temperature of La0.75Sr0.25MnO3 and
La0.7Ca0.3MnO3.
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I ~ t !5I dc1~dI/dV!dV cos~vt !

1
1

2
~d2I /dV2!dV2cos2~vt !1•••, ~1!

whereI dc is the dc component of the current. The ac volta
measured~at frequencyv) across a standard resistor Rv
~that lies in series with the junction! gives the amplitude of
the second term in Eq.~1!, which gives the dynamic conduc
tancedI/dV of the junction. ThedI/dV and the dc voltage
across the junction were measured simultaneously using
lock-in amplifier and a dc voltmeter, respectively. Thus
Vdc is varied across the junction we recorddI/dV as a func-
tion of bias. For eachRJ and temperature the experiment w
repeated over 5 cycles and finally averaged for further c
culations.

To minimize heating of the junctions the TS data at 4.2
was taken with the junctions directly dipped in liquid H
The higher-temperature data was taken with the tempera
stabilized at certain given temperatures with He excha
gas around the junction. The tunnel junctions studied, es
cially those with Au electrodes, are of relatively low resi
tances. Heating of the junctions prevented us from going
larger bias. For a 20-V junction the dissipation at the junc
tion is 20mW with a current of a few milliamphere and tha
for a 500-V junction is 0.8mW. The higher-RJ junctions
were too noisy though we could attain stable junctions
few kVs.

III. RESULTS AND DISCUSSION

A. Tunneling conductance

Figure 2 shows typical conductance curves for Pb-LSM
and Pb-LCMO junctions taken at 4.2 K. The supercondu

FIG. 2. Tunneling conductance for Pb-LSMO and Pb-LCM
junctions. The insets showing the respective ln(G/GO21)2ln V
plots, their fits to Eq.~2! and the sharp change over of th
exponentn.
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ing gap in the tunneling data can be seen for both sample
comparison of these conductance curves with scanning
neling spectroscopy studies between platinum electro7

show that they do not follow the normal barrier tunneli
behavior that one observes in the case of conventional m
insulator-metal tunneling. The data show a dip in the tunn
ing conductance at low bias and a flattening at higher b
Interestingly, such a behavior has been found even in a n
ber of other correlated metallic oxides.9 In some of these
oxides the tunnel conductance follows a more generic dep
dence on bias as in Eq.~2! with n.0.5–0.8 and is,1. Note
that this dip does not refer to the sharp dip occurring clos
zero bias in Fig. 2, which occurs due to the superconduc
gap of Pb. To quantify the above statement we fitted
tunneling conductance to the relation,

G~V!5GoF11S uVu

V*
D nG , ~2!

whereV* andn are parameters that are determined from
fit of the conductance data to the above equation. The in
of Fig. 2 show the ln(G/Go21) vs ln(V) plot for LSMO and
LCMO. The regionuVu<DPb.2.5 meV is not included in
this plot and in subsequent calculations because the con
tance in this region is dominated by features in the DOS
the superconducting Pb. From the plots and their fits to
~2! we find that a single exponentn cannot be used over th
whole bias range but it shows a sharp crossover neaV
.15 meV. For LSMO the exponentn'1.8 for V
,15 meV andn'0.6 for V>15 meV, while for LCMOn
'1.9 for V,15 meV andn'0.7 at higher bias. As a chec
that the results do not depend on the nature of the cou
electrode and to probe the low-bias regime,V<20 mV more
thoroughly, another set of junctions were made with Au
the counter electrode. Figure 3 shows the scaled dyna
conductance (G/Go) vs V for LSMO and LCMO, taken with
a Au tip. Go is the conductance at zero bias. For LSMO, t
data were taken varyingRJ from 32 V to 300V, while for
LCMO it was varied from 18V to 400V. The observed
tunneling curve~scaled byGo) becomes nearlyRJ indepen-
dent for RJ>200 V. In subsequent analysis we have tak
tunneling curves for junctions withRJ>200 V. The
ln(G/Go21) vs ln(V) plots ~insets in Fig. 3! for both samples
show that the exponentn turns out to be.2 near zero bias
and .0.7 for uVu>13 meV in good agreement with thos
seen in the Pb junctions~see Fig. 3!. Thus the voltage depen
dence of the tunneling conductance is not dependent on
counter electrode. The exponent ofn.0.8 in these CMR
manganites in the FMM state has been reported previous10

However the sharp changeover of the exponent ton.2 near
zero bias has not been observed before.

In this context we recall that it has been known that
disordered conductors the effect of electron-electron inte
tion can be quite prominent. These systems with strong e
tronic correlations have significantly modified DOS atEF .
Theoretical calculations show that on the metallic side
DOS nearEF is modified as~Ref. 11!,
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Ns~E2EF!5Ns~EF!F11S uE2EFu
D D jG , ~3!

whereD is a constant,Ns(EF) is the DOS at the Fermi level
and j50.5. The second term in the above equation ari
due to the modifications to the DOS due to many-body
fects. The theory also predicts thatD decreases as the ele
tron diffusivity D decreases following relationD}D3}s3,
where s is the conductivity of the system. Generally, th
value of the exponentj50.5 in weakly localized systems
while in more disordered systems~in correlated oxide met-
als! the exponent is larger (0.5–0.8) andj→1 at the metal
insulator transition.9

The observed tunneling conductanceG(V) is approxi-
mately proportional toNs(E2EF), as explained later. The
dependence ofG(V) on V as expressed through Eq.~2! can

FIG. 3. Scaled conductance for~a! Au-LSMO and ~b! Au-
LCMO junctions. The respective insets showing the ln(G/GO21)
2ln V plot to emphasize the sharp change in the exponent fromn
.2 to n.0.7.
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be interpreted as the validation ofNs(E2EF) following Eq.
~3! with the identification of exponentn5j and the energy
scale V* 5D. In these samplesn.0.7–0.8 for uVu
>15 meV, which is indicative of the presence of significa
electron-electron interactions. The further changeover ofn to
2 nearV50, as we show below is indicative of the presen
of a pseudogap in the DOS nearEF . The fits to the conduc-
tance data with Eq.~2! give us an estimate of the paramet
V* , which can be interpreted as the scale of the interac
and a measure ofD/e @Eq. ~3!#. The value of V* is
;250 mV for LCMO, while that for LSMO V* is
;600 mV. It is also rather interesting to note that the valu
obtained here are remarkably similar to those obtained f
tunneling studies on other metallic perovskite oxides9 such
as LaNixCo12xO3 and NaxTayW12yO3. Figure 4 showsV*
as a function ofso for LSMO and LCMO along with those
for the oxides mentioned above, for different doping and th
differentso . Hereso is the residual conductivity, a measu
of the disorder in the system. In all these oxides we find t
V* }so . Though the other transition metal oxides are n
manganites and may have very little in common with the
CMR compounds, the low-temperature tunneling stud
yield similar values for the parameterV* and similar depen-
dence onso . All these oxides belong to the ABO3 class of
perovskite oxides with a narrow conduction band formed
the hybridization of the 3d orbitals of the transition meta
ions with 2p orbitals of the intervening oxygen. Again i
most of these oxides, the charge carriers though itineran
very close to the metal-insulator transition. Presumably
leads to similar correlations in these systems.

The above analysis tells us how the tunneling cond
tance varies withV and reflects upon the DOS, but they d
not give us the exact variation of the DOS with energy. In
following section we address this question of deconvolut
the conductance data to extract the DOS.

FIG. 4. Dependence of corelation gapV* on residual conduc-
tivity of LaNi xCo12xO3 , NaxTayW12yO3, LSMO and LCMO.
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B. Estimation of energy dependence ofNs„E… from tunneling
conductance

In order to get the exact DOS and its energy depende
we have used the following model and extracted theNs(E)
as outlined below. The dependence of tunneling conducta
on bias mainly arises from two sources:~i! the intrinsic en-
ergy dependences of the DOS of the sample@Ns(E)# and the
counter electrode/tip@Nt(E)# and~ii ! the energy dependenc
of the quantum-mechanical barrier penetration factort̄ .
While deconvoluting the conductance data to extractNs(E)
we assume thatNt(E) is flat within the energy range of ou
experiment@(E2EF)<0.5 eV#. Experimental and theoreti
cal calculations show that both Au and Pb have flat DOS
uE2EFu<0.5 V.12,13More nontrivial, however, is to remove
the contribution of the barrier penetration factort̄ while de-
convoluting the data. The standard technique followed in
is to computed ln(I)/d ln(V) assuming that this takes care
the said contribution from the barrier factor. The assumpt
is that the parameterI /V gives us a reasonable estimate ot̄
as found empirically14,15 in many practical cases thereby r
moving the barrier contribution when we compu
(dI/dV)/(I /V). This scaled dynamic conductanc
d ln(I)/d ln(V) has its own limitations. It is only valid when
the energy dependence of the barrier function is stron
than that of the DOS.16 Further it does not eliminate th
effect of the barrier parameter completely and the quan
becomes undefined whenever a gap opens up in the DOS
have used an alternate deconvoluting procedure to norma
the data and obtain the DOS, which is briefly describ
below.16 The tip-sample tunneling current~in the symmetric
form!, across a barrier, at a finite temperature is given by

I ~s,V,W,T!5cE
2`

`

NsS E1
eV

2 DNtS E2
eV

2 D t̄ ~s,E,W!

3F f S E2
eV

2 D2 f S E1
eV

2 D GdE, ~4!

whereE is the energy of the electron,c is a constant depen
dent on the tip-sample effective junction area,s is the tip-
sample distance,W is the average work function of the ti
and sample surface,V is the bias between the tip and th
sample,T is the temperature,Nt(E) and Ns(E) are the tip
and sample DOS, andf (E) is the Fermi function at tempera
ture T. The barrier penetration factort̄ is estimated by a
WKB semiclassical approach. We model the barrier as
one-dimensional trapezoidal barrier and its tunneling pr
ability calculated in the WKB approximation givest̄ as

t̄ ~s,E,W!5exp„22ksA2~W2E!…, ~5!

wherek5Am/\. In the above expression all the energies a
measured with respect toEF which is the zero of the energ
scale. Equation~4! can be simplified at low temperature
kBT!eV (kB is Boltzmann’s constant!, by using a step func-
tion approximating the Fermi-Dirac distribution function. W
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define the tunneling currentI const
0 for a constant tip and

sample DOS@Nt(E)5Nt andNs(E)5Ns] by the relation

I const
0 ~s,V,W!5cNtNsE

2eV/2

eV/2

t̄ ~s,E,W!dE, ~6!

FIG. 5. The DOS calculated for LCMO by two different no
malization techniques at 77 K and at 300 K. TheI /V normalization
data give a larger energy dependence due to the incomplete rem

of the barrier parametert̄ . The energy scale ise5E2EF .
dIconst
0

dV
5sconst

0 ~s,V!5
c

2
NtNs„ t̄ ~s,eV/2,W!

1 t̄ ~s,2eV/2,W!…. ~7!

Equation~7! gives us the differential tunneling conductan
for constant DOS. It clearly shows that the bias depende
of the functionsI const

0 andsconst
0 arises solely from that of the

barrier functiont̄ . With the above approximations we fit th
bare conductance data with Eq.~7! and estimate the barrie
parametersW ands. This fit essentially gives us an estima
of t̄ and takes care of the broad features of the tunne
data, particularly, in the high-bias regime. Thus dividing t
bare data by the estimatedt̄ removes the barrier effect an
gives us a normalized conductance. Thus the observed
ergy dependence of the normalized conductance arises s
from the sample DOS and its energy dependence, which
henceforth refer to as the normalized DOS@N̄(E)#. The
subtleties of this technique and details are discus
elsewhere.16 Though this method of obtaining the DOS give
the correct energy dependence ofNs(E) it does not give the
correct absolute value of the same. By using Pt, which ha
flat Ns(E) in the energy range of interest, we have check
that the tunneling curve is mainly defined by the barr
factor.7 A constant DOS as in Pt gives a parabolic tunneli
conductance (G}V).

In Fig. 5 we have plotted the DOS for LCMO at 77 an
300 K, calculated by the previous method of normalizi
with I /V @i.e., d(ln I)/d(ln V)] and that according to the

val
-

t-
FIG. 6. The temperature varia
tion of resistivity of LCMO and
tunnel conductanceG(dI/dV) for
Pb-LCMO junction. The solid
lines showing the fit forsconst

o at
the respective temperatures as ou
lined in the text.
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methods are different, particularly at higher bias,V and
hence at higher energye ~where e5E2EF). The scaled
DOS calculated from theI /V normalization retain much o
the energy dependence of the barrier, which shows up
steep rising DOS at higher energy. This factor is removed
a large extent in the method followed here. In the discuss
that follows we will only refer toN̄(E).

C. Temperature dependence of tunneling conductance
and DOS

In order to study temperature dependence of the tunne
conductance and the DOS, the tunneling experiment was
ried out at representative temperatures for 4.2 K,T
,300 K, with a Pb-LCMO junction. Figure 6 shows th
evolution of the bare conductance curves with tempera
for LCMO. The solid line in each case indicates the best
to Eq. ~7!, which takes care of the barrier parameter. It h
been observed that at temperatures belowTc the tunneling
conductance curves are weakly asymmetric unlike thos
300 K. An inherent asymmetry indI/dV2V is expected due
to the trapezoidal nature of the barrier. In our theoreti
calculations outlined earlier the assumed work functionW
5(W11W2)/2, thus we had assumed an average value
the tip and sample work functions. In order to explain t
weak asymmetry of the conductance data we modified th
equation~7! suitably to incorporateW1 andW2 as,

sconst
0 ~s,V!5

c

2
NtNs@ t̄ ~s,eV/2,W1!1 t̄ ~s,2eV/2,W2!#.

~8!

As an example, for the conductance curve atT577 K we
obtained the best fit values ofW150.960.1 eV andW2
51.260.1 eV. The two work functions are different bu

FIG. 7. The deconvoluted DOS for LCMO and LSMO at 4.2
from Pb-LSMO and Pb-LCMO junctions. The solid lines close
EF show the fit toN(e)5N(EF)1(e/d)2 at low bias.
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close. With this modified expression we were able to fit t
conductance curves at the intermediate temperatures and
tain the DOS as a function of temperature. Figure 7 sho
the normalized DOS for LCMO and LSMO adopting th
above normalization procedure at 4.2 K. It is clear from t
figure that there is a finite depletion in the DOS nearEF
~smalle) for both the samples. The depletion in the DOS f
the wider band gap LSMO is shallower than that for LCM
We term this depletion as a pseudo gap~PG!. For both the
samples, LSMO and LCMO the deconvoluted DOS fit
function of the formN̄(e)5N̄(EF)1(e/d)2, neare50. It is
this quadratic dependence ofNs(E) on e that gives rise to
n.2 for uVu<15 meV, when we fitted the measuredG(V)
to Eq. ~2!. The fit parameterd for LSMO .110 meV and
that for LCMO .80 meV. Such a depletion in DOS thoug
very shallow is unconventional in a metallic system. We n
that this depletion is not observed at higher temperature
shows up only below 20 K. Since the strong energ
dependent features, like the depletion in the DOS, occur
low 15 meV it is understandable that these features s
showing up only at low temperatures. At higher temperatu
the thermal smearing ('3kBT) suppresses such small e
ergy features.

D. Comparison with other experiments

We would like to put our present investigation in the co
text of past tunneling studies. There are reported TS stu
done on manganites particularly, close to the metal-insula
transition~MIT ! temperature, using scanning tunneling spe
troscopy ~STS!.7,17,18 The first temperature-dependent T
studies close to the MIT using STS was done by a previ
investigation from our group.7 It was observed that a gap i
the DOS opens up atEF close toTc and closes as the samp
is cooled below Tc leading to a finite DOS atEF . A com-
parison of the present conductance data above 100 K
the above investigation7, which was carried down till 100 K,
shows that they are very similar though they have been ta
by different types of tunnel junctions. Spatially resolved S
images close toTc were subsequently reported by Fa
et al.17 on single crystals and films of La12xCaxMnO3 (x
50.33). They observed coexisting metallic and insulat
phases close toTc . At low temperaturesT!Tc the sample
had predominantly metallic regions with a finite DOS ne
EF . Interestingly, even in this metallic state there were sm
yet finite fractions of insulating phases. The tunneling curv
observed by us in the regionT,Tc are similar to those ob-
served in this investigation. In a recent study on LSMO film
~grain size'45 nm) the spatial inhomogeneity of condu
tance close to the transition temperature was investigate18

The results observed are similar to that of Fathet al.17 Al-
though spatially resolved tunneling conductance was m
sured there was no explicit discussion on change of the
neling curve as a function ofT. Interestingly, they also
observed filamentlike insulating phases in the metallic
gime (T587 K). In view of the brief discussion we find tha
the tunneling conductance~and hence DOS! has not been
probed by previous studies at low enough temperature
closely look into the low-bias region (uVu,0.1 eV) in the
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metallic phase. In particular, the shallow dip opening up
low 15 meV could not be seen tillT,50 K. In contrast to
past studies the present investigation~done with bulk barrier!
does not have the spatial resolution inherent in STM ba
STS investigations, although, it gives a much stabler ju
tions which can be effectively cooled to 4.2 K in order
explore the small bias regime. The tunneling DOS that
report is thus an averaged spectrum. However, in the t
perature region of interest to usT!Tc , all the past STM
based tunneling studies have shown that the metallic pha
by far the most prevalent phase. In addition, since there
gap in the DOS of the insulating phase it will make neg
gible contribution to the total tunneling conductance. It
thus expected that what we observe primarily give the ch
acteristics of the metallic phase.

The occurrence of a shallow depletion in the DOS in
conventional metallic system is rather unusual. The obse
tion of such a depletion is thus an interesting issue
pseudogap in the DOS atEF has been observed in bilaye
manganites by angle resolved photoemission spectros
experiments carried down to 10 K.19 In these systems
~though they are metallic! there is vanishing spectral weigh
of the DOS atEF . In cubic ~three-dimensional! manganites
like La12xSrxMnO3 ~with x>xc'0.2) though there is a fi-
nite spectral weight at the Fermi level, below the MIT, it
unusually low.20,21 However, these photoemission expe
ments were done above 80 K and with their energy res
tion (.0.15 eV), we will not be able to probe the regio
where we see the small gap opening up. The optical cond
tivity experiments,2,3 as mentioned before finds a Drude-lik
conductivity although the Drude weight is much smaller th
that expected from the carrier concentration. All these
periments point towards the anomalous nature of the DO
these materials in the ferromagnetic metallic phase be
Tc . Our observation that though the DOS is finite there i
noticeable depletion at low-energy range close toEF may
explain some of the anomalies such as low Drude weight
high resistivity in these materials.

E. Physical mechanism for the pseudogap formation

In the following we suggest some of probable scenar
that may explain the anomalous nature of the DOS. The
pendence of the observed DOS on Eq.~3! for ueu.15 meV
with j>0.5 already points to the existence of significant c
relation effects as has been seen in a number of correl
metallic oxides close to the insulator metal transition.9 In
addition we observe the PG. The quadratic dependenc
N̄(e) on e for ueu,15 meV is suggestive of a Coulomb ga
as seen in many insulators.22 In disordered insulators a so
gap opens up and a long-range Coulomb interaction (a8/r )
es
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leads toN̄(EF)→0. However, such effects occur in ele
tronic systems that are substantially disordered and ofte
the insulating side of the critical region of metal-insulat
transition . Thus a Coulombic origin of the pseudo gap m
not be the most likely possibility.

Recently, it has been shown that in manganites the gro
state can be a phase separated state with coexistence o
croscopic clusters of antiferromagnetic~insulating! and fer-
romagnetic~conducting! phases.23 In the region of phase
separation, model calculations/simulations show that aT
50 around the chemical potential there is a PG with
DOS}ueum with m.1. In this case the PG tags the chemic
potential. In three-dimensional La12xCaxMnO3 and
La12xSrxMnO3 these models predict that the phase sepa
tion and the PG formation occurs below a certain carr
concentration, which is the low doping regime (x<0.2). In
the concentration range of our samplesx'0.25–0.4 such
microscopic phase separation leading to a PG is not expe
in the parameter space explored so far.23 However, given the
small value of the gap one cannot rule out similar mec
nisms to be operative.

Another alternative scenario is the existence of polaro
states. The metallic state in these materials can have lo
ized dynamic Jahn-Teller distortions. Electrical conductiv
shows clear evidence that strong electron-phonon interac
is present in these manganites.24,25Such interactions can lea
to localized polarons that can bind a fraction of the carri
in shallow localized states leading to a dip in the DOS a
PG formation. This will depend on the width of conductio
band and is expected to be more effective in systems w
narrower band~and lowerTc). Indeed, we find that the dept
of the gap is more in LCMO~in which the polaronic effects
are more pronounced! than in LSMO.

To summarize, we have carried out detailed tunneling
periments on single crystals of LSMO and LCMO, whic
show CMR. We analyzed the tunneling data using a mode
the barrier in order to find the energy dependence of
DOS, N(E), from the tunneling data. We found that forueu
<15 meV there is a depletion of the DOS unlike conve
tional metals. This depletion being a low-energy phenom
shows up clearly only at low temperatures. As outlin
above there are different interactions that can lead to su
depletion or a shallow pseudogap DOS atEF .
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