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Comparative spectroscopic study of Nis_,Se, single crystals
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By means of a low-temperature scanning tunneling microscope we have carried out a comparative study of
the characteristi¢-V (intensity vs voltaggecurves, taken in tunnel and point-contact regimes, or, NiSg,
single crystals, witk=0.1, 0.3, and 0.5 between 4.2 and 300 K. We show that for certain rangea gap
opens up in the density of states, which we ascribe to electron correlation effects that become prominent when
Se is substituted for S at concentrations closg+d.5. [S0163-182808)10639-3

[. INTRODUCTION mon drawback of all the methods devised so far is the inabil-
ity to control tightly and monitor the total anion to cation
Although interest in the physics of the metal-insulatorratio r in this class of materials. Using presently available
transition(MIT) has been continuous in recent decades, tha&vet chemical or electron microprobe techniquégs in the
discovery of superconductivity and related MIT in some cop-fange 1.98r<2.01. As described in previous work, this
per oxide based materials has led to increased attention t§1certainty affects the reproducibility of the transport mea-
this phenomenon. The NjS,Se, system is believed to be a Surements and the detailed placement of the phase bound-
good candidate to obtain valuable information about MIT&M€S. In the present experiments, where only the main
and to shed light on the physics of the new superconduttorsChanges of the density of states with temperature are pur-
This system has been rather extensively investidatet sued, we consider that the uncertainty idoes not affect the

explore the fairly rich phase diagram that is encountered fopoqﬂgsé?(n\cér?rfn;hnﬁasltgdgétrosco ic techniaues have been pre-
compounds with compositions in the range¥<0.75 and P P P 4 P

iously described®!! We employed a scanning tunneling
for ter_nperatures bgtween 4'2. K a_m_d 300 K. The degree icroscope of standard design which can be operated over
metallicity tends to increase with rising and the degree of

Y . and = the range 2 K—300 K inside &He cryostat to study the
magnetic disorder tends to increase with rising temperaturg,nqctance behavior of nanosize junctions between differ-

T. Of particular importance to the present investigation is thent materials. The tip and sample electrode distance can be
fact that in the range 0.44x<0.55 the resistivityp passes changed in a controlled manner by variation of the
through a very pronounced maximumss raised>*®This  z-piezoelectric voltage. Pt and Au were used as tip counter-
peak separates the low-temperature quasimetallic phase frogfectrodes, with no detectable differences.

the high-temperature semiconducting regime. In the tempera- Current vs voltage| (V), characteristics were measured
ture interval spanning the resistivity anomaly one also enas a function of temperature over different locations on the
counters an anomalous rise of the magnetizatibmith T.  samples to check on reproducibility; such curves are taken in
Both of these observations have been lifkedthe opening 200 ms for a total of 1024 data points. The bias voltage was
of a gap in the density of states of the highly correlatedramped typically betweert 500 and+ 1000 mV. Differen-
electron system which arises from charge carrier interactionsial conductance curvesl|/dV(V), were obtained by taking

as explained further below. This explanation was necessarilgerivatives of thel (V) data numerically. By varying the
rather tentative, because it was based on indirect experimeg-piezovoltage(which controls the electrode separation and
tal evidence. It therefore seemed appropriate to attempt ghe size of the contact regipme covered both the vacuum
more direct investigation based on tunneling and point contunneling and point-contact spectroscopic regimes, with re-
tact spectroscopies for a test of the above hypothesis. Theistances between electrodes ranging fro kb several

results of such a study are reported below. Ohms. The changes in the conductance curves, while the
electrodes were brought together, were monitored in a series
Il EXPERIMENTAL AND BACKGROUND INEFORMATION of measurements on one small area of the sample. This al-

lowed us to monitor the changes in the conduction regime:
Single crystals were prepared by procedures detailede., from tunneling, for which thdl/dV(V) curves provide
elsewheré,using Te as a flux. This avoids contamination of information about the electrode electronic density of states,
the specimens which occurs when the chemical vapor tranN(E), to the point contact regime, in which mainly the in-
port technique is employed for single-crystal growth. A com-elastic scattering processes are probed.
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100 of the samples wittx=0.1 and 0.3 and the quasimetallic
characteristics of the sample witt—=0.5 at low tempera-
tures. This sample exhibits an increase in resistivity by 2.5
orders of magnitude in the range 55 K-75 K and semicon-
ducting characteristics at higher temperatures. All of this ac-

/ cords with earlier work:4©8
According to the literature, the samples witk0.1 and
x=0.3 present a very similar behavior of the resistivity as a

function of temperature, and concerning the phase diagram
they present the same magnetic transitions. We have ob-
served also a similar behavior in our spectroscopic measure-
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o : 77 K ments. Then, we will focus on the properties of the samples
B w0 M with x=0.1 andx= 0.5, to compare their electronic density
» L of states, based on the very different changes of their resis-
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[ (b) highR | tivities with temperature.

Typically, as shown in Fig. 1, one observes U- or V-
shaped conductance curves in the tunneling regime, while
the point-contact measurements lead to almost “flat” re-
sponses essentially independent of the applied voltage. De-

= = viations from this behavior provide information on the dif-

%I/ | .60 |K ferent types of inelastic scattering processes occurring in the
contact region.
-400 -200 0 200 400 The sample withx=0.1 is a semiconductor over the entire
Voltage (mV) temperature range under investigation. The material is para-
_ ] magnetic for T>40 K, antiferromagnetic for 25T
FIG. 1. (a) High-temperature conductance behavior for the <40 K, and weakly ferromagnetic far< 25 K56 A typical

=0.1 sample. The change of shape denotes the transition of t@et of conductance curves at high temperatures (ZTK
conductance regime from tunneling to point contact as the resis- . . . . -
tance is decreased. Approximate contact resistaRege, is indi- 300K) is shown as a semilogarithmic plot in Figal

cated.(b) Logarithmic derivative of (V) curves obtained at 60 K, This permits us to compare junctions with resistances rang-

showing the existence of a gap in the tunneling regime. Inset: Evol 9 from the high tunneling values to those of the contact

lution with temperature of the estimated valueRy for the three regime. U.”der .h'gh rgsstanc(&unnelmg) condltlo'ns th?‘
samples studiedx=0.1, solid circles:x=0.3, crosses: ang  Varation in differential conductance from high bias

=0.5, open circles Relative variation from the value at 300 K, [G(V max)] to zero biag G(0)] is about one order of mag-
curves are shifted for clarity. nitude, a clear indication that the compound is nonmetallic.
However, there is no obvious signature of a gaplike structure

Our ability to control the electrode separation distancedn the conductance spectra in this temperature range; this
during thel (V) measurements permitted us to determine thevery likely indicates that the thermal energies are comparable
resistanceRc, marked in Fig. 1a), at which electrode con- t0 the gap energysee also beloyv The almost flat spectra in
tact is first established. By gent'e manipu'ation it was pos.the contact regime indicate tha.t W|th|n our l‘eSO|uti0n we dO
sible to probe contact areas of similar size in all measurefot observe the effects of any relevant scattering processes.
ments. Typically,Rc values varied by 20% to 30% for a On lowering the temperature, deviations from the symmetric
given sample and temperature. As shown in otheV-Shaped spectra appear at 60 K. We observe an extra dip
investigations? the relative variations of this resistance as aclose to zero bias and a slight asymmetry with respect to the
function of temperature properly reflect the change of bulksign of bias voltage in the low-conductance spectra. The ef-
resistivity with temperature. fect is enhanced in the logarithmic derivative plots,

We emphasize again that all the figures presented in thi€d!/dV)/(1/V) vs V, of Fig. I(b). This leads to an estimated
work are representative of the behavior observed in mang@ap size ofA=60 meV, indicative of the semiconducting

different measurements on different spots on the sample@roperties of the material. When the tip is pressed against the
surface. sample, the conductance spectra become almost Ohmic, as

they do at higher temperatures.

For T<52 K, where the sample becomes antiferromag-
netically ordered, one still encounters V-shaped characteris-

In the inset to Fig. 1 we show the resistiviti€®; , of the  tics in tunneling, with very low conductance at zero bias, but
three samples withk=0.1, 0.3, and 0.5 as a function of as the resistance is diminished toward the transition between
temperature. These results compare favorably and interleaw®nduction regimesR~50 k(1) the spectra evolve into a
properly with thos® obtained by the standard four-probe well defined, rounded gaplike structure. The edges are now
technigue. The agreement between the present scanning tumarked by a broad peak that increases in height as the resis-
neling microscope(STM) and the four terminal measure- tance is lowered. As shown in Fig. 2, the location of the peak
ments validates the use of our STM measurements in provigdositions varies between 100 meV and 150 meV. The gap
ing correct information about electron transport in thesefeatures survive to the highest measurable conductances; we
samples. One should note the semiconducting characteristicgver encountered the flat conductance regime. These peaked

lll. EXPERIMENTAL RESULTS
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-400 -200 0 200 400
Voltage (mV)

-400 -200 0 200 400
Voltage (mV) FIG. 3. Typical conductance evolution in tlke=0.5 sample at

high temperaturega) 110 K, (b) 97 K, (c) 77 K.

FIG. 2. Conductance curves obtained in the point-contact re-

gime for thex=0.1 sample at 50 K, 35 K, and 4.2 (phases with As temperature is decreased, the gap shrinks to a value of
magnetic order 25-50 meV, and usually another dip appears at zero bias. In
Fig. 5 we display several examples of conduction character-
istics of the samplex=0.5 at 4.2 K. Here, the situation is
quite different from that which prevails at higher tempera-
Ires. Figure &) displays a clear gaplike structure, with
peaks att 60 mV, together with a sharp peak\at0 which
evelops as the junction resistance is decreased toward 10
Q. This feature is rendered more prominent in another set
measurements, taken at a different spot on the sample,
own in Fig. Bb), where a structure of width 80 meV ap-

spectra obtained in the point-contact regime may be attrib
uted to inelastic scattering processes associated with ma
netically ordered states that develop at low temperature.

At still lower temperatures one encounters very similar
features, except that the profiles are sharpened. The
shaped valley at zero bias changes to a deeper V-shape at
K [Fig. 2(b)], and very sharp small peaks appear in the 4.2 KSh
spectra at about 200 mefFig. 2(c)]. These peaks, which
increase their height with increasing conductance, may be
originated by the type of inelastic processes mentioned
above.

We next consider th&=0.5 specimen; as shown in the
inset to Fig. 1, this specimen changes, when increasing tem-
perature, from a quasimetallic to a semiconducting regime
near 60 K. Typical conductance data taken at 77 K, 97 K,
and 110 K are shown in Fig. 3. These spectra exhibit the
usual V-shaped background and a gaplike structure around
zero bias. In most cases there also occurs a slight asymmetry
in the conductance with respect to the sign of bias voltage,
especially at the lower temperatures. The tunneling curves
resemble the characteristic ones typical of conventional
semiconductors. A gap feature of about 100 meV is encoun-
tered. It is interesting to note that the gap appears to diminish
with decreasing temperature; this matter is discussed further
below.

Curves obtained in the point-contact regime, shown only
for 110 K, are essentially flat with no indication of inelastic -800  -400 0 400 800
scattering processes. The asymmetry effect and the similarity Voltage (mV)
with respect to ordinary semiconductors are best seen plot-
ting current and conductance vs voltage curves. Figure 4 FIG. 4.(a) | vsV curves, for thex=0.5 sample, obtained in the
shows a set of representative curves obtained at 77 K fatinneling regime at 77 K, showing typical semiconducting behav-
high junction resistances. The clear asymmetry indicates thadr. (b) Conductance vs voltage curves correspondinig Yocurves
this sample is @-type semiconductor. showed in(a).

di/dv (M)
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FIG. 6. Evolution of the conductance curves in a contact as
temperature is varied between 45 K and 55 K, showing the devel-
opment of the maximum of conductance at zero bias, which denotes
the transition to a metallic state at low temperature inxke0.5
sample.

-300 -200 -100 0 100 200 300
Voltage (mV)

FIG. 5. Conductance curves obtained at 4.2 K in #€0.5  nish gjstinct information on electron-phonon, electron-
sample s.howmg the development of the maximum in conductanCﬁ,]agnetiC impurity interactions, or interactions with energy
at zero bias. levels associated with crystal-field splittings.

Figure 6 shows the variation in conductance for a fixed

pears close to zero bias, whose height increases dramaticat?h)zmaCt to thex=0.5 sample when temperature is varied be-

as the contact resistance is decreased. Such enhanceme
are always observed at low temperatures but vary with thé
location of the contact on the sample. As can be seen in th : . : ; -
higher curves of Fig. &), in some cases slight variations of fom the metallic t_o th sem|conduct|ng.reg|me, In reason-
the contact are critical in order to observe the appearance GP'€ agreement with thec vs T data of Fig. 1.
the conductance peak at zero bias. The phenomenon gener-
ally appears at contact resistances less than{10akd for IV. DISCUSSION AND CONCLUSIONS
voltages below+ 200 mV.
The effect may therefore be linked to the transition to the The above experiments provide direct experimental evi-
guasimetallic state exhibited in the inset to Fig. 1, and notedlence for the presence of a gap in NigSg, under condi-
in prior measuremenfsHowever, the spectra suggest thattions where the material is a semiconductor. Depending on
this is not the standard metallic state with(E) circumstances, the gap generally falls in the range 60—150
~N(Eg) meta OVEr @ Wide range of energies. Rather, the datameV, consistent with values previously cited on the basis of
suggest the presence of a very narrow band of states close eptical® and conductivit§** studies. The compound witk
the Fermi level, located inside the gap observed at higher 0.5 is particularly interesting with respect to the very large
temperatures. A model of this type was shown by Matsuuraise of resistivity with temperature between 50 K and 70 K.
et al® and by Yaoet al.? and is discussed in a recent work It was arguefithat correlation effects among electrons favor
by Watanabe and Doniach. a certain degree of electron localization. In a half-filled band
As already stated, the relative height of the central strucof primarily e, states, the electrons, in the limiting case of
ture in thedl/dV curves increases as we attain higher con+otal localization, have an entropy & In2 (kg is the
ductance valuefi.e., a larger size of the contacWWe have Boltzmann constait whereas the entropy of the itinerant
observed the same behavior in different materfiabsd it is  charge carriers is much less. This localization involves a fur-
a common situation when inelastic scattering processes atber narrowing of the already narrow, highly correlated band,
involved in point-contact spectroscopy measurem&nts.  which should lead to the opening of a band gap, as mani-
this case, the larger the rata/| (with a the radius of the fested by the very marked increase in resistivity of samples
contact andl the inelastic electron mean free patithe  of compositions 0.44x=<0.55 with T over a limited tem-
greater will be the information about inelastic processes thagperature range. However, such evidence was at best indirect.
appears in the conductance spectra. This is usually observddie above hypothesis is therefore considerably strengthened
in measurements of the phonon structure in normal metaldyy the present measurements on #e0.5 sample. These
and it is well known that point-contact spectroscopy can furprovide direct observations of a gap which diminishes with

en 45 and 55 K. We clearly observe an increase of the
onductance at zero bias with diminishing temperature,
hich permits us to set the range 50-52 K as the transition
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temperature in the indicated range. However, according to ACKNOWLEDGMENTS

present measurements, the gap never closes completely;

rather, new, metalliclike states develop inside the gap, which This research was supported in part by the National Sci-
can be correlated with the quasimetallic characteristics of thence Foundation under Grant No. NSF DMR-96-12130 and

compound below 50 K. by the DGICyT(Spain under Grant No. MAT95-1542.

1H. Watanabe and S. Doniach, Phys. Re\5B 3829 (1998. 9X. Yao and J. M. Honig, Mater. Res. Bult9, 709 (1994.

2T. Miyadai, M. Saitoh, and Y. Tazuke, J. Magn. Magn. Mater. 1°J. G. Rodrigo, N. Agrait, C. Sirvent, and S. Vieira, Phys. Rev. B
104-107 1953(1992. 50, 7177(1994; 50, 12 788(1994.

A. Y. Matsuuraet al, Phys. Rev. B53, R7584(1996. 113, G. Rodrigo, F. Guinea, S. Vieira, and F. G. Aliev, Phys. Rev. B

4P. Kwizera, M. S. Dresselhaus, and D. Adler, Phys. Re®1B 55, 14 318(1997.

] 2328(1980. 2A. G. M. Jansen, A. P. van Gelder, and P. Wyder J. Phy$3C

_H. Tanako and A. OKiji, J. Phys. Soc. J0, 3835(1983). 6073(1980 (see Section)7 A. M. Duif, A. G. M. Jansen, and
H. S. Jarrekt al, Mater. Res. Bull8, 877 (1973. P. Wyder, J. Magn. Magn. Mate83&64, 664 (1987.

7 . . . .
J. A Wilson, inThe Metallic and Nonmetallic States of Mgtter 135 | Kautz, M. S. Dresselhaus, D. Adler, and A. Linz, Phys. Rev.
edited by P. P. Edwards and C. N. R. R@aylor & Francis, B 6, 2078(1972

BXLO;'don\']l:ASB‘ﬁH Hia T. Hogan. C. Kannewurf. and J. Spalek 14A. K. Mabatah, E. J. Yoffa, P. C. Eklund, M. S. Dresselhaus, and
- Yao, J. M. Honig, 1. Hogan, L. Rannewurl, and J. Spalek, 5 \gjer, phys. Rev. B1, 1676(1980.

Phys. Rev. B54, 17 469(1996.



