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Density of states of hole-doped manganites: A scanning-tunneling-microscopy/spectroscopy study
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Variable temperature scanning-tunneling-microscopy/spectroscopy studies on single crystals and epitaxial
thin films of hole-doped manganites, which show colossal magnetoresistance, have been done. We have
investigated the variation of the density of statP©9), at and near the Fermi energk), as a function of
temperature. Simple calculations have been carried out, to find out the effect of temperature on the tunneling
spectra and extract the variation of density of states with temperature, from the observed data. We also report
here atomic resolution images, on the single crystals and larger range images showing the growth patterns on
thin films. Our investigation shows unambiguously that there is a rapid variation in density of states for
temperatures near the Curie temperaturg ( While for temperatures below,, a finite DOS is observed at
E;, for temperatures nedr, a hard gap opens up in the density of states fgarFor temperatures much
higher thanT, this gap most likely gives way to a soft gap. The observed hard gap for temperaturd§ near
is somewhat higher than the transport gap for all the materials. For different materials, we find that the
magnitude of the hard gap decreases adthef the material increases and eventually, for materials with a
close to 400 K, the value of the gap approaches 7&80163-18209)11407-3

I. INTRODUCTION Il. EXPERIMENTAL DETAILS

. . Single crystals of La_,PbMnO; were grown by the flux
The phenomenon of colossal magnetoresist#BaR) in method using PbO and PpBs solvents.The flux ratio has

hole-doped rarg-earth manganites has, in recent_ times, beBBen optimized to lower the growth temperature, to combat
the subject of intense research effdr§.These oxides be- o high volatility of the flux. In addition, the heating, soak-
long to theABO; class of perovskite oxides and contain ajng and cooling temperatures have been optimized. The pre-
mixed valency of Mn, which occupies tii@site. TheA site  ¢yrsors, homogenized in a ball mill, are transferred to a
is occupied by rare-earth ions like Nd, La, etc. or by divalenty|atinum-iridium crucible and closed tightly with a platinum
ions like Pb, Ca, etc. These oxides, therefore, have the gefid. The growth process is carried out in a cylindrical resis-
eral formulaR;_,M,MnO;, whereR is La, Nd, etc. andM tive furnace, controlled by a programmable temperature con-
is Ca, Pb, etc. There are a number of basic issues which nee@ller. The charge is soaked at 1050 °C for 24 h and slow
to be resolved to understand the unusual transport propertiedoled in steps of several ramp rates ranging from 0.2 to
of these materials. One of the interesting properties is tha@.5°C/h to 850° C, and thereafter furnace cooled to room
sharp peak in resistivityd) close to its ferromagnetic tran- temperature. Crystals of typical dimensions X B5
sition temperatureT;). The peak inp is generally believed x1.5 mn? are obtained by this method. The composition of
to arise from an insulator-metal-like transition on coolingthe as-grown crystals is found by energy dispersive x-ray
below T.. Since the system shows a transition from an in-(EDX) analysis. The lead content is varied by changing the
sulatorlike state abovE. to a metallic state below, itis  charge-to-flux ratio. Single crystals of the compound
likely that there is a change in the density of std@©S at  (La,_,Nd,);_PbMnO; are grown by a similar method
the Fermi level E;), nearT.. The change in the DOS at [this compound will be, hereinafter, referred to as
E¢[n(Es)] is thus ushered in by changing the temperature(NdLa),_,Pb,MnO;, which signifies that the Nd and La
This issue is of fundamental importancer&;) will decide  concentrations are- (1—x)/2, for the particular compound
the nature of charge transport in the material. Questions liketudied herg La,O5, Nd,O5, and MnCQ are dissolved in
the existence of a gap in the DOS Bt, localization of the ratio 1:1:4 in the flux mixture of PbO-PpRand crystal
states neaE;, etc. are still unresolved. We formulate the growth initiated as in the case of LaPhMnO;. Here,
following definite questions which we would like to seek crystals of typical dimension, 2:62.5x 1.5 mn?¥, were ob-
answers to(1) Is there a finite DOS d&E; below T, i.e., in  tained.
the metallic state, and if so, does it have a temperature de- Epitaxial films of Lg ¢Ca,,MnO; (referred as LCMQ
pendence?2) Does a gap open up in the DOS né&grabove  were prepared by pulsed laser ablation on LapéObstrates,
T., i.e., in the paramagnetic insulating state and if so is itusing the procedure described in Ref. 6.
temperature dependent? The resistivities of the samples were measured by four-
In this paper we report our extensive investigations of theprobe van der Pauw methdgtbr the single crysta)sor four-
DOS of these materials as a function of temperature, usingrobe linear methodfor the thin film). The magnetoresis-
variable temperature scanning tunneling spectroscopy. Wiance was measured using a superconducting solenoid.
have carried out our studies on epitaxial thin films and single Scanning tunneling microscopy/spectroscof§TM/S
crystals of various compositions. Mainly we have studiedwas done in a homemade variable temperature STM. The
two systems, namely, LaCa  MnO; epitaxial thin films schematic diagram of the STM/S setup is shown in Fig. 1.
and single crystals of the system,LaPbMnO;. The STM was operated from 100 K up to 375 K. During the
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V and the tunneling current ) was stabilized at a particular
?NI;%I;OG DIGITAL - | \Iéaluelj v_vith :Eeffeeggaclf I_ooplirt1 tnze ‘_‘sam(;;l_e” Eﬁdeee
AMPLE/ ig. 1), i.e., the feedback signal to iezo(Fig. eeps
HOLD thg I, (and hence the tip—sgample di;ptahc:mngtant, fon!O a
constant tip bias. This is done to fix the tip-sample distance,
4 * i.e., the tunneling distance, at a particular value. The feed-
DIGITAL back was then put to “hold” mode by giving a digital signal
ZHEZO ] DIG;ll‘AL to the sample/ﬁold circuit, i.e., they\?aluegof thge feegback
SWITCH , |1: signal was held constant and not allowed to cha_nge. Thi:_; is
RSV arrevi 8 done to prevent the feedback loop from changing the tip-
- sample distance when the tip bias is changed to obtain the
J;} 10" VA —p—| FEEDBACK | I-V spectra. Thus, tunneling spectra, for constant tip-sample
y LeRaur distance, can be obtained using this method. For details see
A S Ref. 7. The tip bias was swept betweenl V at a frequency
L \\MICA of 6 Hz and a set of-V curves thus obtained were recorded
THERMOMETER .. . . ..
COPPER SUBSTRATE HEATER digitally using a 16 bit analog to digital convertéADC)

card. The gain of the current amplifier is®1¥/A and the

FIG. 1. A schematic representation of the STM/S setup. Theesgplution of the ADC card is 30@V, so the minimum
dottgd box indicates the STM head, which is kept in a cryopumpegneasurable current with this setup is about 3 pA. The data

environment. were recorded at a rate of 7.2 KHz. A set of-¥ curves was

_ . . .averaged. Thell/dV-V anddInl/dInV-V curves were ob-
experiment the STM chamber is kept in a cryopumped €MVhained by numerical differentiation of such averabé&/

ronment and all other pumps are disconnected from the SY%urves. This procedure was repeated for different values of

tem. stabilization currents and at different points on the sample
Since we have operated our STM from temperatures up Q. rface. at each temperature

375 K and down to 100 K, we have chosen samples having a To determine the exact value of the gaps observed, vari-

wide range off to get data for ,a good range both above and,p, o gistance tunneling measurements were carried out for
below T.. The single crystals’ surfaces were scraped me

) ST one samplé¢ (NdLa), 74Pk »MNnO3]. This was done only for
chanically to expose a fresh surface before loading in th e Tl e
STM. The thin films were cleaned with methanol beforefosmve tip bias(filled states of the sampleThe procedure

co ) llowed w h m ve ex he tip bias w
oading in the STM chamber. Mechanically cut Puan oo B0 0% S50 B2 BP0 PR L T RS
tips were used for all the tunneling exper|ment§.6The samplegag kept in the sample mode. With an active feedback loop
were b?"ed at about 370 K, in a vacuum of 30 ° torr, for the tip went closer to the sample for lower biases, in order to
24 h prior to the STM/_S measurements. The STM Chambefieep thel, constant. This gave us a large dynamic range for
was then cooled to liquid nitrogen temperatures and th@h
chamber was isolated from the extern_al pumps. The Sampl?r%ct voltage value for which thig goes to zero and hence the
were further baked, at ar_ound 340 K,_m a cryo_pumped MVl orrect energy value for the band edges. For details of this
ronment for 5-6 h to avoid condensation of residual gases Oethod see Ref. 8
the sample surface. The samples were then imaged at various T
magnifications and at different temperatures. The images ob- IIl. RESULTS
tained also served as a test of the cleanliness of the sample
surface. The images were taken in the constant current mode, In Fig. 2 we show the resistivity data of the samples stud-
with the tip bias kept at 1.5 V and the tunneling current,ied. The materials, as expected, show a peaj at a tem-
during imaging, was stabilized at values ranging from 1 to 2perature close td .. We designate this temperature, where
nA (exact values are specified for the particular images the peak inp occurs, adl |y (IM denotes insulator to mejal
Reproducible images were obtained over long durations inThe resistivities of the single crystals are much less than that
dicating that the surfaces were stable and only after obtainingf the thin film. However, due to the small size of the crys-
reproducible images was tunneling spectroscopy carried outals, the absolute values pfhave uncertainties. The details
This ensured the cleanliness of the sample surface before tloé the samples are given in Table I. Some of the quantities
|-V spectra were recorded. We found that if gases like nitrowere not measured due to experimental limitations, but the
gen are made to condense on the surface, most of the featurgssential quantities for our subsequent analyses and conclu-
in the -V curves are washed out and the surface cannot bgions have been measured. The resistivities are shown in zero
imaged. During data acquisition no external pumps werdield or in an applied field3 or 6 T). For the LCMO film the
used and only the cryopump placed inside the chamber wa®aximum magnetoresistan¢®R) is in excess of 80% for
used to retain the vacuum. Transport propertiag., resis- an applied field of 6 T. For (NdLg), Py ,MnO; the maxi-
tivity) of the samples were measured before and after thewum MR (at 3 T) is nearly 70%. Here we have defined the
tunneling experiments and no change in the properties wa¥lR as[p(0)—p(H)]1/p(0). It can beseen from the data on
observed. This shows that there was no change in the oxygdhe (NdLa}, ;Pky ,/MNnO; system that th& . and T, can be
content of the samples after the tunneling experimentsyaried over a large temperature range by substituting Nd in
which were carried out in vacuum, as the transport propertieplace of La. This is expected, because The in these ma-
depend critically on the oxygen content. terials, decreases as the averdgsite cation radius({f »))

For recording thd-V spectra, the tip bias was kept at 1.5 decreases. Hew site refers to thé\ site of theABO; struc-
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FIG. 3. Atomic resolution image of lggPh, ,MnO; single crys-
tal. The image was taken in the constant current mode, with a tip
bias of +1.5 V and a tunneling current of 1.2 nA. The temperature
of the sample was 320 K. The parallelogram indicates a cell of size
4.02x4.02 A.

brighter spots is 4.020.2 A as derived from our calibra-
tion done on graphite. These materials have a pseudocubic
structure and the unit cell is nearly cubic or rhombohedral
with @~60.52° (for a perfect cubex=60°), as obtained
from x-ray structure determination. The Mn-O-Mn distance
in these materials is around 3.8\ . The distance observed

by us is thus close to this distance and the difference can
arise due to the uncertainty in calibration. One may thus

FIG. 2. (a) The resistivity and magnetoresistance of the LCMO argue that the surface exposed has Mn-O-Mn chains. How-
epitaxial thin film.(b) The resistivity and magnetoresistance of the ever, we have not been able to ascertain, unambiguously, the
(NdLa), 7Py ,MnO; single crystal. The inset shows the scaled chemical identity of the imaged atoms. To determine the

resistivities of three of the samples studi¢d) LCMO thin film,
(B) (NdLa)g7Phky,MnO; single crystal, (C) LaggPhyMnOs,

showing the variation iy, .

chemical identity of the atoms, further studies involving bias
dependent imaging of the surface have to be performed. We
also observe a distortion from the perfect square array, as can
be seen from the 4.02 X4.02 A parallelogram drawn in

ture. Substitution of smaller Nd in place of La thus leads toFig. 3.

the reduction ofT;.%1°

Figure 4 shows an 853 X906 A image of the LCMO

Figure 3 shows an atomic resolution image obtained fotthin film. This image shows atomically smooth terraces,
the sample LggPhy MnO;. The distance between the which end in atomic level steps as marked by the arrows.

TABLE I. The details of the samples studied. The Curie temperaflgg, (the temperature where the
peak inp occurs {T ), the transport activation gafE(), the maximum value of the gap in the DOS n&ar
for T=T., measured by tunneling spectroscopyA(2,, and the temperature where the gap in the DOS
opens while heating the sample from much belRWT 4. are shown, for the different samples. Some of the
values could not be measured due to experimental limitations.

Sample Type Tc (K) TIM (K) Ea (eV) 2Amax (eV) Tgap (K)
epitaxial
Lag §Ca MO, i 196 0.121 0.215 178
(NdLa), 74Ph, ,MNO single 290 275 0.052 0.156 254
0.78°70.2 3 crystal ' :
single
Lag Pby MnOs arystal 338 0.059 325
Lag Pk MNO; single 401 0.041

crystal
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FIG. 6. G-V curve for 500 A platinum film, at 307 K. The solid
line is the calculate@-V curve(described in text The inset shows
the G-V curve for the same film at 134 K. The solid line is the

. . Icul -V .
FIG. 4. An 853 Ax906 A image of the LCMO thin film. The calculatedG-V curve

i ken in th ith ip bi f L

image was taken in the constant current mode, with a tip bias o The G-V curves, for all the samples, show qualitative

+1.5 V and a tunneling current of 2 nA. The temperature of the . fi ith t ¢ h the t t .
sample was 298 K. The atomically smooth terraces are terminate@'ations Wi emperature, - when € temperature IS

by atomic steps, some of which are marked by the arrows. changed across th€.. This is obvious directly from the
G-V curves. Before a detailed discussion of the results, we

oint out some preliminary observations which can be made
rom theG-V curves shown above, which are common to all

! the samples studied. Far<T,, the G-V curves[Figs. 5c)
Figure 5 shows thdl/dV-V (G-V) curves for two of the and 5§f)] resemble those for a good metal, like platinum.

samples, Lg/Ply MnO; single crystal and LCMO thinfilm. - 0 2o "ahiee Value of the zero-bias conductanGg)(

In our subsequent discussions we have referred to these . :
o . —and theG-V curves are parabolic. The parabolic nature of
curves. We have shown the data for three distinct region

T<T.,T=T., andT>T,.. To avoid overcrowding of data, The G\1/6 curves 1S essentially a property of th? tunng!lng
) barrier:® This is expected as the metallic state is stabilized
we have shown only a cross section of the data taken.

below T.. For comparison we show, in Fig. 6, th@-V
curve for a 500 A film of platinum at 307 K. The inset shows

These are typical growth patterns often observed in thin fil
samples of these oxidés?!’

the G-V curve for the same film at 134 K. The calculated
363K 2 366K curves shown in the figure are discussed later in Sec. IV B.
4 L5 The film was grown on a fire-polished glass surface using
X 1 electron-beam evaporation, in a base pressure of 1.
(a) 05 ( d) As the temperature is increased Te=T., G, goes to
0 0 zero and a gaplike feature opens up near zero bias, i.e., the
100 Fermi level[Figs. §b) and Se)]. As the temperature is in-
S w0 338K 3 177K creased further t&>T,, G, becomes nonzero again and
5 60 2 the gaplike feature vanish¢Bigs. 5a) and Fd)]. But these
E 2 G-V curves are qualitatively different from the metal-like
% 20 (b) ! (e) 24 G-V curves forT<T.. We will see below that this particular
= 0 0 feature of the tunneling data fdr>T, implies the existence
° . 1 of a soft gap neaE;, with additional contributions t@s,
227K 0.8 155 K arising due to finite temperature.
20 0.6
10 04 IV. DISCUSSION
(C) 0.2 (f) ) .
o The tunneling spectroscopy data as presented in the pre-

0
1 -1 05 0 05 1

g'astmple bias (V ceding section need to be analyzed quantitatively before fur-

ther conclusions can be drawn from them. There are different
FIG. 5. G-V curves at different temperatures fa, (b), and(c) recipes for obtaining the density of states from tunneling
Lag Phy aMnO; single crystal andd), (e), and(f) LCMO thin film.  data**~'* However, the problem becomes involved if the
The gap observed fof~T., i.e., 2A, is shown for the LCMO DOS itself is temperature dependent. This is in addition to
sample. the temperature dependence which arises through the Fermi
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functionf(E,T). In the following, we have tried to take into 5
account all these effects to derive certain quantitative con-

clusions about the DOS. We have arranged the following (a)
discussion in four subsections, to analyze our data, so that 4

guantitative information about the DO®(E)] can be ob- 338 K
tained to the extent possible. In the first section we analyze
the data for energyE—E¢|= 0.2 eV which is the region
away fromE; so that the overall temperature dependence of 240 K
n(E) can be obtained. In the second section we analyze the ]

n(E) near thek; for the ferromagnetic regionT(<T.). In M
the third section we analyze the data for temperatures near W 363K
the transition temperaturé,(T~T.). In the fourth section 1

we have investigated the region closeBeg, for the para-
magnetic regimeT1>T,).

dinl/dInV

0.5 0 05

A. DOS for |E-E¢|= 0.2 eV sample bias (V)

In this section we discuss the features in the DOS|for
—E¢|= 0.2 eV. Figure 7 shows thatIn 1/d In V-V curves for 3 T
different temperatures, for some of the samples studied. 254 — 24K
dIn 1/dInV is the normalized conductivitydd/dV)/(1/V). (b)
This quantity is generally used as a measure of the DOS, 6 1
independent of the barrier paramet&tghe division of the
differential conductanced(/dV) by 1/V reduces the effect
of the barrier parameters. Within certain limddni/dInV
does give a measure of the D&5.This quantity
(dInl/dInV) is not well defined near zero bias, when there
is a gaplike feature in the DO8ow G;) near the Fermi
level™ Due to this limitation we have calculated
dinl/dInV outside the region of very lowGq(|V|
=0.2 V) from the observed data. The tunneling spectra for
the low-bias region will be discussed in the following sec-
tions. From Fig. 7 we conclude that the DOS {&— E;| r r r
=0.2 eV changes dramatically with temperature, when the -0.5 0 035
temperature is changed acrobs. The behavior shown in sample bias (V)

Fig. 7(a) is a typical example. Fof <T., the DOS has a

stronger dependence on energy, on both the filldek Q) FIG. 7. dInl/dInV-V curves for |[V|=0.2 V at different
and unfilled ¢>0) side than that fof >T_. Also the tem-  temperatures for (8 LagPkyMnO;(T.=338 K), (b)
perature dependence ofin1/dInV) saturates forT/T. (NdLa)g 7Py »MNO; (T, =275 K). The inset in(b) shows the
<0.75, as shown in the inset of Fig(bf where we have dInl/dInV-V curves at two temperatures for dgek, MnO;
shown an example for l,gPk, ,MnO;, which has aT, (Tym=401 K), which illustrates that for temperatures well below
>400 K (we could not measurd, due to experimental Tim . there is no appreciable change in the DOS with temperature.
limitations; however, thd,, =401 K).

The temperature variation ofd(nl/dInV) at a given For T~T,, a gaplike feature is present in the DOS near
voltageV=0.9 V[(dInl/dInV)yg4y] is shown in Fig. 8 to E; and this results in a very sharp increase in the DOS be-
find out the extent of variation ind(In1/dInV). We have yond a particular voltage. This is seen in Fig. 8 as a rapid
chosenvV=0.9 V, as it is away fronV=0 and thus repre- increase of§Inl/dInV)ygy, close toT.. The increase in
sents states away fro; . It can be seen from Fig. 8 that DOS at higher energie@way fromE;), in the temperature
(dInl/dInV)gg vis higher forT<T, than that folT>T. (a  range close td. where there is a gap &;, may imply a
preliminary observation has been reported in Ref. 12 andransfer of relative spectral weights to higher energies when
similar observations have been reported in Ref). This the gap opens up.
implies that the DOS is higher in value far<T,, in this
energy range, and it has a distinct temperature variatioh as
changes througf ;. Eventually, forT<T., a temperature
independent value is obtained. This was seen before in the For T<T,, there is a finite tunneling conductance at zero
inset of Fig. 7b). The behavior seen in Fig. 8 has two note- bias, Gy. This is expected since, foF<T., the metallic
worthy features. First, there is a distinct peak instate is stabilized and so we conclude that there is a finite
(dInl/dInV)ggeyvatT~T.. This is seen in all the samples. DOS atE{[n(E;)]. However,G, also depends on the barrier
Second, the peak is sharper for the single crystal than for thparameters of the tunnel junction formed between the tip and
thin film. sample, in addition to(E;) and the temperature. For tun-

'dInV

dinl/

244K

198 K

dinl/dInV

305K

B. Tunneling data for T<T,
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FIG. 8. A plot of the quantity dInl/dInV)yqy vs T for two .
samples, showing the redistribution of spectral weight with tem- /G- 9. Thegoy vs T/T, plot for L& Pk sMnOs, showing that

perature. The solid lines are guides to the eye and typical error bafiEr) drops to zero just below, when the temperature is in-
are shown. creased from belowl.. A typical error bar is shown. The inset

shows theggy vs T/T,y plots for the sample&) LCMO thin film

neling spectroscopy done at variable temperature it is diffi@"d () (NdLa)o 7Pk, 2MnO; single crystal. The solid lines are

cult to ensure the constancy of these parameters. The usdfides to the eye.
normalization procedures which remove the effect of the bar-: : . .
rier parameters do not describe the region near zero(béas KgT and temperature independent beldwy, just like a

nearE,) satisfactorily. To remove this dependence on themetal. To strengthen this conclusion, quantitatively, we car-

barrier parameters and also get an estimate of the relati\[éed outa S‘r'.‘p'e calculation using the expression for t_unnel-
change ofn(E;) with temperature, we normaliZ8, by the ing current given below and a constant DOS for both tip and

tunneling conductance at 0.9 \i( o). But G g itself might sa:?é)rlﬁ.fcliq;?:;)miogi(lj\gsbg;?i@?épreSSIOn for the tunneling
have a temperature dependence due to the change in DAY P '

with temperature at that energy. We expect that the variation o eV eV
of Gy/Ggp g, due to the variation 064, can be accounted I(s,V,W,T)=cf Ng| E+ > Nt( E—- 7)
for if the observed temperature dependencé&gf itself is -
taken care of by some normalization factor which is indepen- eV eV
dent of the barrier parameters and depends only on the DOS X|f| E— 7,T) —flE+ 7T”
at that energy. Therefore, we plot the quantity
1= SoD ( dInI) " X1(s,E,W)dE, @)
It = GogM dinV 08V where the barrier penetration factois given by

where @Inl/dInV)qgy 1 is the value ofdInl/dInV at a e _ _ YRR =Y
sample bias of 0.9 V and at a temperatt@ird his quantity is ts,EW)=exd ~2ksy2(W-E)], &

known experimentally and it is independent of the barrierwhereE is the energy of the electron,is a constant depen-
parameters and depends only on the DOS at that particulatent on the tip-sample effective junction arsas the tip-
energy at a temperatufé This normalized ratiggy(T) in  sample distanceyV is the average work function of the tip
Eq. (1) is thus expected to mostly reflect the variation arisingand sample surfac/ is the bias between tip and sample,
from the temperature variation af E;). The plots ofgyy for  is the temperature\,(E) andNg(E) are the tip and sample
three different samples are shown in Fig. 9. For all theDOS, respectivelyk=m/#% (m is the electron magsand
samplegyon(T) shows a rise below (or T,y) as the ma- f(E,T) is the Fermi function at temperatufe In the above
terial enters the metallic state and it reaches a temperatuexpression all the energies are measured with respegt to
independent value at lower temperatures. For the epitaxiabhich is the zero of the energy scale.
film the growth of goy [and hence ofn(E;)] is gradual Figure 1@a) shows a comparison between an experimen-
whereas for the single crystals this rise is rather shBinpse tal G-V curve, taken on the LCMO thin film at 160 KT(
observations would imply that(&;) grows rapidly below T  <T,), and a calculated-V curve using constant tip and
and reaches a temperature independent value, as in a metadample DOS, a tip-sample distance o5 & , and a work
This is a very important conclusion of our experiment. function of 1.2 eV. The good agreement between the ob-
The observed parabolic shape of BeV curves and the served data and the calculated curves supports our conclu-
fact thatgon(T) has a negligible dependence on temperaturesion that belowT,, the DOS near and &; is finite and
below T, indicate that the DOS ned; is flat in the scale of metal-like. For comparison, the experimental and calculated
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FIG. 11. A plot of the maximum value of the tunneling gap
15 7 ' (2A a9 VS Tyans, WhereTyansiS eitherT. or Ty, , as specified in
] 5 O-a-\/ the figure. The dotted line is a guide to the eye.
] |
shown in Fig. 5 and the plot @fyy vs T shown in Fig. 9. The
1. ————r o gap (2A) is shown for onegs-V curve in Fig. 5. On heating
ez 0 ¢ from belowT, this gap opens at 15-20 K belowT,y, (or

E-E(eV) : )
T.) and sharply rises to the maximum value. We denote the

temperature where the gap opensTgg,. It then decreases
in magnitude as the temperature is increased further above

G (nA/V)

051 T. and finally disappears as the temperature is increased well
(b) — experimental beyondT. and the observe®, becomes nonzero. These
** constant DOS calculation observations would indicate that closeTg a gap develops
== soft gap calculation in the DOS neaiE;. This gap collapses as the sample is
0 05 0 0.5 cooled belowT.. The nature of the DOS nedt; for T
. >T, will be discussed later.
sample bias (V) These features are observable both in the epitaxial film

and single crystals. However, the transitions are sharper for
s . the single crystals. There is also a very interesting similarity
curves for the LCMO thin film(a) The sample temperature is 160 bet\NeenTgap and the temperature where the MR of the ma-

K. (b) The sample temperature is 328 K, the dashed line showingz ial sh k. It will be int ting t if hi
the constant DOS calculation and the thick solid line showing theeral Shows a peak. it will be interesting to See I such large

model DOS calculation. The inset §bh) shows the model DOS used MR actually arises due to such drastic changes in DOS on

to calculate theG-V curve for the bias rangd/|<0.4 V, for T the application of a magnetic field, when the sample tem-
=328 K. perature is neaf ;. In Fig. 11 the maximum values of the

gaps (A, observed in different materials have been plot-

G-V curves[using again a constant tip and sample DOS anded against thd (or T;y) of the materials. It is clear that
Eq. (2)] for a 500 A platinum film are shown in Fig. 6. the observed & ,,,, has a strong correlation with tiie. . The

The change in conductivitye) below T, will arise from  T_'s of these materials are related to the bandwidthe
a change in the mobility4) and/or a change in the carrier width of the Jahn-Teller splie, band3. A material with
concentratior{N) [c=Neu]. The increase ip belowT¢is  |arger bandwidth has a larger T. The decrease iA ., as
expected due to the suppression of the spin disorder scattef- increases would imply th&A ., decreases as the band-
ing as the local magnetization builds up. Howevem(E;)  idth increases. This is an important conclusidthis also
rises rapidly belowT, and builds up from a zero value at ghows that any mechanism that can change the bandwidth
T., it is expected that the effective carrier concentrafon i change the value of &, and hence the transport prop-
also rises as the sample is cooled below The large varia-  erties close tdl,. Eventually, forT.—400 K (as in mate-
tion in p near T, may be a consequence largely of a variable ria|s like La,-St, sMnOs) the gap is expected to reduce to
n(Ey), giving rise to a large variation in Nwith a lesser  extremely small values. Interestingly, the largEsbbserved
contribution coming from the temperature dependent mobili, these materials is around 400—450 K. These values of the
ity u(T). gaps, measured by tunneling, are comparable to the transport
activation gap in these materials, as estimated fronpthie
T data, which are~0.1 eV (see Table)l

For T~T,, the value ofG, goes to zero and a gap opens  To verify that the gap is real, i.e., the current actually goes
up in n(E) nearE;, as is evident from th&s-V curves to zero within the gap region, we carried out variable sepa-

FIG. 10. A comparison of the experimental and calcula@etf

C. Tunneling data for T~T,
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10 4 1 We propose that the gap which developed nearfor T
081 ~T, collapses to a soft, Coulomb gap for-T.. The pres-
2 o5 ence of a soft, Coulomb gap suggests that the states around
é.““' 1 E; are localized. One then has an interplay of Coulomb in-
2 | 21 teraction and disorder. However, further investigation is re-
N A R B quired before issues like the existence of a Coulomb gap can
% 1 {_var tip bias (V) be established beyond doubt. At this moment we can only
a ’ state that using the above model, we can fit our data quanti-
67’ tatively. However, we cannot guarantee that this is the only
way to explain the data. In the following, we describe the
0.2 4 model calculations which were carried out to determine the
nature of the DOS foll >T..
0.1 4 In Fig. 1), we show the comparison of the experimen-
tal G-V curve taken at 328 Ki.e., forT>T,) for the LCMO
' y T y thin film sample, with the calculate@-V curves[using Eq.
0 0.05 _0'1 . 0.15 02 025 (2)] at that temperature. The dotted line shows the calculated
tip bias (V) curve using a constant DOS for the tip and sample. The

) _ tunneling distance and the work function were taken as 2.5 A
FIG. 12. Variable distanceGs-V curves for the sample and 1.2 eV, respectively. This can be taken as the back-
(NdLa)o 7Pty ;MNO;, at a temperature 270 K. The gdpe IS ground voltage dependence @ffor the tunnel junction, due
indicated by the arrows. Th& scale is logarithmic. The inset to just the barrier parameters,and W. But unlike for T
shows the same curve with a line@ scale and the gap,,, is <T,, the measure®-V curve dips below the calculated
marked by the arrow. constant DOS curve fofV|<0.4 V, therefore suggesting

ration tunneling spectroscopy, as described in detail in Reftf‘"‘Et |t2eor<z ISe\? ?AI\FSCI)n tltqheereDiso: sr:er?irfiégitiesrr?q;rlr]e(:tfl “i?rthe
8. In this technique, the tip is brought closer to the sample a?neaflsurédG-V .curve’ We have (?alculated t}/@_v cgrve
the bias between the tip and sample and consequinly- :

proaches zer@he particular method used is described briefly,tjhsemgatmhglénggglaDc?)ﬁétzu?vg%g ftgretr;rés'ﬁ; ?rz ;?é?g tc?:e

in Sec. I). This gives a high dynamic range in the measure- ame barrier parameters used for the constant DOS calcula-

ment of the tunneling current. This method enables us t(? . : .
effectively measure tunneling currents over a few orders o ion, for th? bias r(_aglomv|<0.4. The model DOS is taken as
quadratic function ofE—E;|. The value of the model

magnitude, so that we can properly define the band edges; " . :
Although we have not converted the variable distance mea- ?hs IS honzero ok ¢ t(vlvr;c? wa?l(reqU|r(§zd flor abgood njl_it.Ch
surements to constant distance measurements, our purpo% our-experimental dajaunike a ~oulomb gap. his

of verifying the band edges, is still served from just the as—COUId be due to the fact that the DOS, in the presence of a

acquired data. This experiment was done only for positive tip%%‘dll?smi?] gaclzor;:r?gseai% ?;1(2li\/(\:/iitjiﬁn;?(tarzzuggu?sr%%ngggC;svw;ﬁh

bias, i.e., for the filled states of the sample. Therefore we .
were able to observe the band edge only for the filled state@S & Nonzero value for the DOS &, at such high

8 . .
of the sample. Figure 12 shows the variable distance condu (_ampgratureé. The caIcuI.ate.cG—.V curve usmg.thls mc_>de|
OS is shown as the solid line in Fig. @). It is interesting

tance Gy) data, and it shows the gap feature, denoted bt te that the t ina dist imated from @Y
Ayar, Just like the constant distance tunneling data. The ex;0 Nnote that the tunneling distance estimated from

. forT<T, (about 6.5 A is much larger than that
periment was done at 270 K and the valueagf, andA (at curves c :
T~270 K) agree to within 0.01 eV. This combination of the estimated from th€-V curves forT>T, (about 2.5 A. This

two techniques gives a quantitative foundation to the Ob_(:ould again be a consequence of the fact that the states near
served gap E; are localized forT>T,. The asymmetry in the experi-

mental G-V curves forT>T, is reproduced, to a certain

extent, by our calculation using the model DOS. Therefore

from the analysis given above we conclude thatTorT; a
Above T, the gap neak; closes again anG, assumes Coulomb(soft) gap is formed aE;.

a finite value. This implies, essentially, appearance of finite To summarize, our experiment suggests that the hard gap

DOS atE;. However, the transport in the material is still existing close tdl. closes at a temperature somewhat higher

activated. This is possible only if the new states arising clos¢hanT. and gives way to a soft gap with localized states near

to E; are localized. We have to interpret our tunneling dataE; . This is an important observation. However, more experi-

carefully since, at such high temperatures, the temperatumaents are needed to confirm the above picture.

itself plays an important role in determining the shape of the

G—_V curves. H0\_Never, we haye carrl'ed out numerlcall calcu- V. SUMMARY AND CONCLUSION

lations again using Ed?2), to find out if the observed disap-

pearance of the gap at high temperatures is due to the ther- From the tunneling studies carried out and the discussion

mal smearing of the tunneling spectra, amle found that in the above sections, it is clear that the density of states of

the disappearance of the gap cannot be explained due to tHeole-doped manganites shows large changes Bgawhen

thermal smearing aloneln order to explain our tunneling the temperature is changed acrdss This plays an impor-

data forT>T_. we have to make the following proposition. tant role in determining the transport properties, like resis-

D. Tunneling data for T>T,
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tance and magnetoresistance, of these materials. When theaterials. Our experiment suggests that, on heating much
temperature is changed acrdss there is a transfer of spec- aboveT., the hard gap gives way to a soft gap né&sar,
tral weight in the DOS. Below ; the metallic state is stabi- indicating that the states nefay are localized. Opening up of
lized and there is a finite DOS neBf, which is flat in the a hard gap can arise from the Jahn-Teller effect whereas a
scale ofkgT. soft gap arises from Coulomb interactions for localized
When the temperature is increased from belqw a gap  states. Our data suggest that there is a presence of both these
appears in the DOS neé&t;, just belowT.. The value of factors abovel ., modifying the nature of DOS.
this gap is comparable to the transport gap, estimated from
the resistivity data abov&.. The maximum value of this
gap is higher for the samples with low&g. It may happen
that, if nearT, the applied magnetic field modifies this fea-  This work is supported by CSIR, Government of India.
ture of the DOS ned;, then this will be reflected as a large The authors would like to thank Professor C.N.R. Rao and
change inp and can thus be the origin of CMR in these Professor T.V. Ramakrishnan for helpful discussions.
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