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Images of the basal plane of palladium ditelluride (PgTaken with a scanning tunneling microscope are
discussed with the aid of scanning tunneling spectrosd§3® and angle-resolved photoemission results
taken from the same material. Two states associated with transitions into unoccupied bulk conduction bands
are observed at 0.5 eV and 1.7 eV. The STS results compare well with theoretical calculations of the density
of states of PdTg In addition, the position of features in the STS spectra are found to compare closely with
peaks appearing in the photoemission spectra taken at normal emission and peaks in the inverse photoemission
spectra taken at normal incidence. As well as identifying the tellurium atoms as the main source of tunneling
current for low bias voltages, the STS results provide experimental evidence that the scanning tunneling
microscope preferentially samples states that exist alond’ fasymmetry line of the Brillouin zone in this
material.

The chemical identity of the atomic positions seen in There has been considerable debate over the identity of
high-resolution scanning tunneling microscofTM) im- the most prominent atomic sites appearing in the STM im-
ages cannot be determined from the topographical data. Thigges taken from some transition-metal dichalcogenides. In
shortcoming of STM becomes particularly evident for some cases the brightest features in the STM images have
samples comprised of more than one element. Important addeen attributed to the underlying metal atohiBhis paper
ditional information on the source of the tunneling currentcontributes to this debate by focusing on palladium ditellu-
can be obtained by collecting current versus voltage spectrade (PdTeg), a metallic material belonging to group VIII of
in conjunction with STM images. To be useful, however, thethe transition metal dichalcogenidé®oth metald bands
observed scanning tunneling spectra need to reveal resand telluriump bands contribute to the density of states
nances that can be compared with other spectroscopic resulf809) in the vicinity of the Fermi energy of this layered
for the material in question. Access to photoemission andnateriaf® making it particularly difficult to say which spe-
inverse photoemission spectra is very helpful in this regardies of atom is contributing most to the tunneling current.
because established band-structure theories often allow the Palladium ditelluride has the same structure as cadmium
observed peaks to be confidently assigned to specific eleiadide with a hexagonal unit cell and Brillouin zone as
tron states. When similar features appear at the same energhiown in Fig. 1°8° One layer of PdTeconsists of a hex-
in scanning tunneling spectroscop$TS data, it may be agonally arranged plane of palladium atoms lying between
possible to use the same band-structure knowledge to idetwo planes of hexagonally close-packed tellurium atoms.
tify the source atoms? The prismatic symmetry of the compound means that alter-

Atomic sites have been successfully identified on seminate layers are arranged in an ABC pattern in the bulk crys-
conductor surfaces with the aid of spatially resolved STSal. Thus one Te-Pd-Te layer is sufficient to define the unit
data collected during the topographical scan of the surfAce. cell in the ¢ direction. The bonding between the atoms in
Spatially resolved STS data is preferable but not necessarilgach layer is predominantly covalent. The bottom plane of
essential for this task. The most important requirement is &ellurium atoms in one layer faces the upper plane of tellu-
method that detects all the current versus voltage resonanceam from the layer below. The bonds between adjoining
with energy levels close to the bias voltages used to colledayers of tellurium atoms are attributable to weak Van der
the atomic resolution images. Many metals and metal alloy$Vaals forces and are easily broken by cleaving. The ease
produce stable and reproducible images for bias voltagewith which the samples could be cleaved to produce clean
within 500 mV of the Fermi level without having the flat crystalline surfaces leads to the inference, drawn by other
dangling-bond or prominent surface states that would makauthors studying other transition-metal dichalcogenides, that
it easy to identify the atoms being imageBor such samples the surface terminates with a layer of chalcogenide atotfs.
assistance can be obtained by resorting to STS techniques Freshly cleaved samples of Pgeere imaged in air and
that maximize the collection of well-averaged spectra cain UHV (base pressurelx10 °Torr). For the experiments
pable of revealing weaker bulk states. We have used a spaarried out in UHV, the sample was cleaved in air using
tially averaged form of STS specially designed to detect lonadhesive tape and immediately transferred to the UHV sys-
amplitude electron states. In addition, we have collectedem, where it was heated to 200 °Q @ h and then allowed
angle-resolved inverse photoemission data and used preus cool to ambient temperature. The hexagonal structure of
ously published photoemission data to compare with the ST®dTe is clearly seen in the STM images in Fig. 2. Three
results? rows of prominent high currer{tvhite) spots, each oriented
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FIG. 1. (a) The (0001 surface structure of PdJand a cross
section taken along thel010] direction (dashed lingto show the
(1120) plane.(b) The three-dimensional Brillouin zone for PdTe

at 120° to the other, can be seen in the constant height im-
ages shown in Fig. 2. Figured is an image taken in air
with a set point current of 7.3 nA and a bias voltage of 4 mV,
and Fig. Zb) is a UHV image taken with the current set at
0.36 nA and the bias at0.199 V. The choice of current and
bias in Fig. 2a) suggests this image was most likely taken
with the tip closer to the surface than was the case in Fig.
2(b). The distance 4:80.1 A between the bright spots in the
images in Fig. 2 matches the interatomic distance measured FIG. 2. Constant-height STM images of the basal plane of
by x-ray diffraction!! indicating every atom in one layer of PdTe. The bright areas corresponding to regions of higher tunnel-
the crystal makes an equal contribution to the image. It is noing current are considered to refer to the sites of the uppermost
however possible to decide whether the brightest spots em#gyer of tellurium atoms(a) 33x 49 A? image obtained in air with
nate from a plane of tellurium atoms or from a plane of@ tip voltage 4 mV and a set point current 7.3 r8) 25x 25 A?
palladium atoms. In some parts of the images, it is possiblé&nage acquired in UHV with a tip voltage 199 mV and a set point

to make out a second hexagon of atomic sites of intermediafg/"ent 0.36 nA.

intensity interposed between the bright and dark ones along

the [1010] direction[see Fig. 1a)]. It is possible that such applied voltage, the technique can become unstable. Further-
sites, which have been observed in other transition-metahore, the sharp tips required for atomic resolution do not
dichalcogenide&’ originate from a second layer in the crys- generally produce the best STS datd Current versus volt-
tal. age data can be obtained without disrupting the electronic
Spatially resolved STS requires the feedback controller t@ontrol circuit by adding an ac component to the dc bias
be disabled while the bias voltage is rampeé@iThe voltage voltage at a frequency well beyond the circuit’s cutoff
excursion must be performed quickly to allow the bias tofrequency'* A 2 V oscillation can be used to investigate
settle back to its starting dc level for the resumption of im-states within 2 eV of the Fermi leveEg) of a sample with
aging before drift alters the position of the instrument. Onthe energy resolution obtained dependent on how much cur-
metal surfaces where the tunneling current rises rapidly witlient data can be collected each cycle. The number of voltage
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normal-incidence inverse photoemission spectfright) of PdTe.

FIG. 3. Normalized differential conductancé/(*dl/dV) spec-  The features with the indicated energy levels are discussed in the
tra taken from PdTgsamples. CurveA—C were acquired in UHV,  text. Photons with an energy of 16.8 eV were used to acquire the
curvesD—G in air. A tungsten tip was used for cuni and Ptir  spectrum on the left while the right-hand spectrum was recorded at
tips for the other experiments. CurvBsandG average 90 cycles of a photon energy of 11.4 eV. Both spectra have been smoothed and
a 296 Hz voltage oscillation, while the remaining curves come fromcorrected for the effects of the respective detectses Refs. 15
200 cycles ba 1 kHz oscillation. The dc voltages varied between and 16.

0.55 V and 0.28 V and the set point currents between 0.03 nA and

0.37 nA. The bottom dashed curve is the calculated total DOS for . . .
PdTe taken from Ref. 9. nanceUl around 0.5 eV is seen in all spectra. In the widest

spectra a second pe&k2 appears around 1.6 eV. A reso-

nanceO1 at —0.8 eV and a broader orf®@2 occurring be-
cycles that can be collected and averaged depends only daween —1.5 eV and—1.6 eV are labeled in the occupied
the capacity of the data acquisition system and not on theegion. The distinctiveness of the features observed in STS
stability of the tunneling junction. spectra vary between curves, appearing less pronounced in

In the STS experiments, which led to the spectra shown ijata taken from steepérV curves with higher dc tunneling

Fig. 3, the oscillating bias signals were derived fromcyrrents. Nevertheless, the stringent averaging technique ap-
computer-generated square waves that could be synchrgtieq in forming each averagddV curve and the repetition
nized with the 100 kHz square wave used to trigger the COlseen in several experiments with both W and Ptir tips gives

lection of each current reading. Ninety or more cycles of datqonfigence that the identified features relate to the electronic
were averaged and any capacitive current removed to Pr%tructure of the samples

vide a single averggddv_curve.lf‘The average_d-v curves The right-hand curve in Fig. 4 is an angle-resolved
were then numerically differentiated and divided by to normal-incidence  inverse  photoemission  spectroscopy

flatten gnd normalize the spectréCurvesA—C in Fig. 3 are (IPES isochromat taken from a PdIsample cleaveth situ
normalized STS spectra of Pdleken from an STM oper- . 0 .
in a vacuum of<10™*" Torr. This data was recorded at a

ating in UHV. CurvesD -G were taken with an STM oper- hot f11.4 eV usi lect b ith
ating in air. All curves are plotted with respect to the Ferm;P"oton energy o <+ €V Using an electron beam \fvll an
stimated maximum uncertainty kparallel of ~0.14 A™%,

level, i.e., with respect to the negative tip bias voltage. Thé :
dashed curve at the bottom of Fig. 3 is the total DOS func-1 he details of the bandpass detectqr used to collect the data
tion for PdTe calculated by the authors of Ref. 9. A tungsten "@ve been reported elsewhe?elwo important features of
tip was used to acquire the spectrum in cubyeand Ptir tips  interest in the |sochromat_0c<_:ur at 0.5 ev and_ 1.7 eV. These
were used for the other spectra. Set point currents betwedifaks, labeled1 andJ2, indicate transitions into unoccu-
0.03 nA and 0.37 nA were chosen to vary the tunneling gafpied bulk conduction bands of the sample. The energy as-
while containing the amplitude of the ac tunneling currentsignments were made by taking the Fermi level to be at the
under 40 nA. The need to make provision for the collectionmidpoint of the leading edge of a freshly evaporated Au
of high current values meant a concomitant loss of resolutiolsample that was in electrical contact with the Pg3ample.
when measuring very low currents arouvie 0. The use of The appearance dfL andJ2 in a normal-incidence spec-
a sinusoidal voltage oscillation also meant a slightly lower-trum allows them to be identified as transitions into unoccu-
energy resolution in this part of eadhV curve. Despite pied bulk conduction bands occurring along fh& symme-
being divided byl/V, most spectra in Fig. 3 still tend to rise try line of the Brillouin zongsee Fig. 1)]. Further analysis
as the voltage moves away from zero. The strong voltagef their k-space locations would require assumptions to be
dependence of the tunneling current and the nonzero value ofiade about their initial states. Nevertheless, the band-
di/dV at V=0 are in keeping with PdTebeing a metal. structure plot for PdTecalculated by Guo and Liadghows
There are four features to consider in the experimental’ point energies occurring at 0.7 eV, and 1.9 eV, and\an
STS spectra in Fig. 3. For energy levels ab@&ea reso- point energy at 1.7 eV. The states predicted to exist at the
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TABLE |. List of states predicted df andA for PdTe [Data  in both the STS and PES spectra. It is not possible to deter-
taken from Guo and Liangl986 (Ref. 9.] Note that the authors’ mine the principal source of this feature as one of the pre-
calculations indicate that the(zx,yz)/p(xy) band is predomi-  gicted states has a metdl character and the other has a
nantly tellurium in character. chalcogenp character. The STS peald1 and O2 occur
marginally closer tcEg in the STS spectra than in the PES

States at E(?ai _spectra, a result which i; consistent_ with t.h('a relevant bands
States at Bonding A Bonding positions n .th%,gl‘%l;' p_Iar;e[rsee I;Ig. b)] ?Evmg rr;lnllma at th.eA h
T(ev) character eVv) character eV) point. e inclusion of some off-normal electrons in the
STS peaks would push them to energies marginally higher
1.9 p(2 1.7  d(zxy2)/p(xy) 1.6 than the normal-emission peaks.
0.7  d(zxy2)/p(xy) 0.5 Once features in a sample’s STS spectra are linked to
0.1  p(xy) peaks in its PES and IPES spectra, knowledge of the mate-
—0.7 p(Xy) rial's band structure can be used to interpret the STM im-
_14 p(z) -15 ages. The photoemission results and subsequent theoretical
-16 d(29) calculations indicate that there is heavy mixing of the chal-
27 A 7 cogenp bands and metal bands in PdTg®“*®so that both
41 d(xyx2—y?) —a1 d(xy2—y?d) -4l tellurium and palladium electrons are possible sources of the

high intensity spots in Fig. 2. The STS experiments on BdTe
were performed after STM imaging no longer produced
I" point and at the\ point of the Brillouin zone are listed in atomic resolution images. It can therefore be presumed that
Table | together with their bonding character. The pdakn  the tunneling current signals giving rise to the STS results in
Fig. 4 is broader thad1 and may contain contributions from Fig. 3 have averaged the DOS of the sample over a number
two unresolved transitions with similar final-state energiesdf atomic sites with tellurium and palladium states feeding
close to 1.7 eV. The intensity of the IPES spectrum in Fig. 4into the tunneling current. This mixing may be reflected in
drops distinctively after theJ2 peak indicating a gap be- the position of some of the STS peaks, with, for example, the
tween the lower and upper conduction bands of approxibroadO2 peak seen arounet1.6 eV likely to include con-
mately 1 eV. The strong feature at the start of the uppetributions from both thep(z) andd(z?) electron states. The
conduction band around 4.8 eV is believed to be an imag@ppearance of regions of intermediate intensity along the
state, and further confirmatory work is in progress. [1010] direction in some parts of the images in Fig. 2 is also
The left-hand side of Fig. 4 shows a normal-emissionconsistent with both telluriurp states and palladiumh states
photoemission spectroscopfPES spectrum taken off a contributing to the tunneling current signal.
PdTe sample by Orders and co-work&f§ using a Ne The one clear point to emerge from the STM images in
(16.8 eV) photon beam. Peaks in this PES spectrum correFig. 2 is that electrons from one species of atom, either pal-
spond to transitions occurring along thé\ symmetry line  ladium or tellurium, are the stronger contributors to the tun-
from bulk bands, with a more specifiespace determination neling current at low bias voltages. The STS results together
requiring assumptions to be made about the final-state bandwith the accepted geometric order of the tellurium and pal-
From Table | it can, however, be seen that the occupiedadium layers allow this indetermination to be resolved.
states predicted # and atl” are consistent with many of the Apart from a state at 0.1 eV, which is not sufficiently re-
peaks in the PES spectrum. solved, the states within 2 eV of the Fermi level that are
It is usual, following the theoretical analysis of Tersoff expected to have a chalcogprcharacter are seen in Fig. 3.
and Hamanrl! to compare STS spectra with a calculation of The STS spectra clearly indicate that tellurium atoms are
the sample’s DOS. Good agreement can be seen between tbentributing electrons to the tunneling current at low bias
features©O1,02,U1, andU2, in Fig. 3 and peaks and shoul- voltages on both sides of the Fermi energy. While it is un-
ders in the theoretical DOS function reproduced from Ref. Qikely that these atoms are the exclusive source of the tun-
at the foot of the figure. The availability of angle-resolved neling current from PdTesamples, the fact that these atoms
PES and IPES spectfavhere only the normal results have are expected to occupy the uppermost positions in the crystal
been displayed in Fig.)4llows the extent to which the STS lattice makes them the most likely source of the strongest
data isk resolved to be considered. For unoccupied energgignal. It is thus considered that the positions where the tun-
levels, it can be seen that the peaks andJ2 in Fig. 4  neling current has the highest intensity in the images in Fig.
match the resonancékl andU2 in Fig. 3. From the voltage 2 are the positions of tellurium atoms in the topmost layer of
ramps takend 2 V in Fig. 3, it is clear that the state B2 is  the material.
more prominent than the stateldd. This result indicates the In conclusion, IPES and STS have been used to identify
STS technigue is more sensitive to states existing atAthe two unoccupied bulk states at 0.5 eV and 1.7 eV in the me-
point than it is to those occurring at thepoint, as discussed tallic layered compound Pd}eA number of previously
in Ref. 13. The appearance ©fL andO2 in the STS spectra identified occupied bulk states also occur in the STS spectra.
for energies below the Fermi level further illustrates the senThe position of the resonances in the STS spectra fit closely
sitivity of STS to states existing at th& point. with the position of the peaks seen in the normal-incidence
From Table | it can be seen that the source of the eleclPES and normal-emission PES spectra. Identifying features
trons responsible for the features labef@tl, U1, andU2 in  in the STS spectra of PdJ®ith states known to exist at the
Fig. 3 are thep bands of the tellurium atoms. The two pre- A point and at thel’ point of the Brillouin zone provides
dicted states at 1.4 eV and—1.6 eV appear as a single peak experimental evidence that electron wave functions extend-
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