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Abstract. We report here the preparation of high quality single crystal of PdTe(0001). Various characterizations show 
good quality of the sample formed in single phase with large sample size suitable for various spectroscopic measurements. 
We have carried out hard x-ray photoemission spectroscopic (HAXPES) measurements and found interesting results. While 
Te core level spectrum shows asymmetry as expected in a metallic system, PdTe, the Pd core spectrum does not show such 
features indicating element selective behavior in the photoemission spectra. We also observe satellites in the core level 
spectra providing evidence for finite electron correlation induced effect in the electronic structure. Surface and bulk 
electronic structure is found to be similar in this system. 

INTRODUCTION 

   Superconductors are generally classified by two broad categories – (i) conventional superconductors; properties of 
these materials can be captured by Bardeen-Cooper-Schrieffer (BCS) theory and (ii) unconventional superconductors, 
where BCS theory is not adequate to capture their electronic properties. Most of the high temperature superconductors 
such as cuprates and Fe-based systems belong to the unconventional type. Despite extensive research, the origin of 
superconductivity in unconventional superconductors is still a puzzle. The major concern is the finding of the glue 
that sticks two electrons together forming an electron pair necessary for the superconducting ground state. Fe-based 
systems exhibit additional complexity due to the discovery of coexisting magnetic order and superconductivity as well 
as complex structural phase diagram. It is understood that Fe-based systems can be classified as unconventional 
superconductors. Among the binary compounds, FeSe exhibits superconductivity at 6 K. FeTe is an antiferromagnetic 
metal. Interestingly, superconducting transition temperature becomes much larger than that of FeSe in FeTe1-xSex 
where disorder is expected to play significant role. While the superconductivity in all these materials is of 
unconventional type, PdTe is an example in the same class, where the superconductivity is of conventional type.  

   PdTe is a type-II superconductor with transition temperature close to 4.2 K. Theoretical calculation shows strong 
hybridization between Pd 4d and Te 5p orbitals, which is similar to many other transition metal chalcogenide and 
pnictide unconventional superconductors. It forms in a hexagonal structure with space group, P63/mmc. There are 
some reports on the synthesis of PdTe in its stoichiometric ratio and physical property measurements on it. To our 
knowledge, most of the measurements reported so far are done on polycrystalline samples of PdTe [1-3]. To study the 
anisotropy in bulk properties, electronic structure, topology of the gaps, etc. one requires very good quality single 
crystal. Here, we report our preparation of single crystalline PdTe and its characterization by various techniques. We 
have also performed hard x-ray photoelectron emission spectroscopy to study the electronic structure of the material. 
Surface sensitivity of the technique has been varied to capture the differences/similarities between the bulk and surface 
electronic structure of PdTe. 
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EXPERIMENTAL METHOD 

Single crystal of PdTe was grown by melting the mixture of small pieces of high purity Pd (99.95%) wire and the 
chunks of Te (99.999%). To minimize the external impurity inside the sample, we sealed the Pd and Te mixture in the 
ratio of 1:1 in a quartz ampule at a vacuum of 10-6 Torr. The sealed ampule was heated in a box furnace to 1000 oC; 
the temperature was brought up at a rate of 60 oC/hr and then it was kept at 1000 oC for 3 days. After that the ampule 
temperature was reduced very slowly (2 oC/hr) to 650 oC and then it was cooled to room temperature at a rate of 60 
oC/hr. After 12 days of this process, we were able to get very big and shiny single crystals of PdTe. The characterization 
of this sample was done by employing powder x-ray diffraction (XRD), Laue XRD and energy dispersive analysis of 
x-rays (EDX). The powder XRD measurement was carried out using Panalytical XPERT-PRO vs. 2.1E x-ray 
diffractometer. 

 
      To study the surface and bulk electronic structure, we have performed high resolution hard x-ray photoemission 
spectroscopy (HAXPES) at two different emission angels for same photon energy. This measurement was carried out 
at P09 beamline at Petra III synchrotron radiation center, DESY Hamburg, Germany. The photon energy used to excite 
the electrons was 5946 eV. The HAXPES measurements were carried out at 32 K temperature. The sample was 
cleaved in situ to expose the clean sample surface for measurements. Core level spectral fitting was done using 
CasaXPS software.  

RESULTS AND DISCUSSIONS 

In Fig. 1(a), we show the experimentally measured XRD pattern (open black circle) exhibiting sharp, intense and 
distinct peaks for different reflections. The pattern is consistent with earlier results [1-3] and establish single phase of 
the material prepared. The inset of Fig. 1(a) shows the unit cell of PdTe – red and black solid spheres are Pd and Te 

atoms, respectively. Using the Wyckoff positions of each atom, we generated the Full Prof XRD data fitting the 
experimental results. The fit data superimposed over the experimental results exhibit an excellent representation; the 
difference between the experimental and simulated data is negligibly small. The lattice parameters extracted from 
fitting are a = b = 4.1471 (±0.0006) Å and c = 5.665 (± 0.001) Å with Chi2

 value of 1.85. The elemental analysis of 
PdTe was carried out employing EDX analysis. The Pd:Te ratio obtained from EDX is found very close to 1:1. We 
have also performed back reflection Laue XRD on this sample. In Fig. 1(b), we show the Laue XRD pattern of PdTe 
for the (0001) plane of the crystal. Similar pattern was observed from the Laue XRD simulation using software 
OrientExpress V3.3 indicating good crystallinity of the sample. 

 

 
  (a)                                                (b)    (c) 

          
 

FIGURE 1. (a) Powder x-ray diffraction pattern. The inset figure is the unit cell of PdTe. (b) Laue X-ray back diffraction 
pattern of PdTe(0001) single crystal. (c) Experimental setup for HAXPES study. 
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HAXPES measurements were carried out at two experimental geometries to vary the surface sensitivity [4,5] of 
the technique – (i) normal emission (emission angle kept at 10o with the surface normal, which is close to normal 
emission) and (ii) angled emission (emission angle = 60o).  
The experimental setup is shown in Fig. 1(c). It is clear 
that if λ is the mean escape depth (in figure it is the 
sampling depth) of the photoelectrons for normal 
emission geometry, the probing depth becomes λ/2 for 60o 
angled emission and hence it becomes significantly more 
surface sensitive at angled emission geometry. In this 
way, one can probe both surface and bulk electronic 
structure without changing the scattering cross section 
which can be a big issue if one changes the photon energy 
to probe the surface and bulk electronic structure.  

 
In Fig. 2, we show both the normal and 60o angled 

emission spectra of Pd 3p and Te 3d core levels at 32 K 
temperature. The spin-orbit split Pd 3p3/2 and 3p1/2 peaks 
appear at 533.1 eV and 560.2 eV, respectively with a spin 
orbit splitting of about 27.1 eV. Te 3d5/2 and 3d3/2 peaks 
appear at 573 eV and 583.3 eV, respectively (spin orbit 
splitting is about 10.3 eV). The binding energy of Te 3d5/2 
and Te 3d3/2 are close to the binding energy for the same 
core levels in pure Te, whereas for Pd 3p state binding 
energy is larger than the same state in pure Pd by about 
0.8 eV [6]. One reason for such a large shift could be 
significant positive charge/Madelung potential at Pd sites 
although Te seems to be close to neutral. This is unusual. 
The other reason could be less efficient screening of Pd 
core holes in the photoemission final state while the Te 
core holes are screened well. In addition, we observe 
several weak features, which could be due to the final state 
effects of the photoexcitation process.  

 
In order to find the constituent features in the spectra, 

the whole energy region probed is fitted with 10 peaks; each of the peaks correspond to distinct feature in the spectra. 
These features are asymmetric Gaussian-Lorentzian (GL) product function. Interestingly, the Gaussian part is found 
to be arising primarily from the resolution of the experiment and the intense features can be captured well by varying 
only the Lorentzian width, which represent the lifetime broadening of the photo hole and photoelectrons.  GL mixing 
ratio for the weak intensities, however, could be varied. For a metallic system, it is expected that the core level peaks 
will show asymmetry towards higher binding energies due to low energy excitations across the Fermi level. Since, 
PdTe is a metal, one expects similar behavior in all core level spectra. Interestingly, both main and satellite peaks of 
Pd 3p could be captured well without considering asymmetry, while fitting of Te 3d requires consideration of 
asymmetry.  

 
The energy separation and intensity ratio of the weak features indicate that they are associated to the photo-

excitations of Pd 3p and Te 3d core level electrons. The binding energy difference between the Pd 3p main peak and 
satellite peak is 27.6 eV and indicate significant electron correlation induced effect for the Pd electrons. Te 3d core 
level features also shows satellite peaks. In this case, it is fitted with two satellite peaks; binding energy of Te 3d5/2 
satellites states are 573.7 eV and 592.7 eV. There are quite a few papers on the theoretically calculated electronic 
structure of bulk PdTe but most of them have not taken the electron correlation term into account [2,3,7]. Presence of 
satellite peaks in bulk PdTe core level spectra indicates that the electron-electron interaction is significant and one 
needs to consider the correlation induced effect in the electronic structure of PdTe.  

 
Similar effects can also be seen in 60o angled emission spectrum shown in Fig. 2(b). There is no change in peak 

position and asymmetry of either main or satellite peaks with change of emission angle indicating that the surface and 

(a) 

 
(b) 

 
FIGURE 2. Pd 3p and Te 3d core level HAXPES spectra 

at 32K temperature. (a) Normal emission. (b) 60
� angled 

emission. 
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bulk electronic structure are very similar in this system. Interestingly, the full width at half maxima (FWHM) for some 
of the peaks changes with angle. In earlier studies, it was found that the core level spectra related to the surface of the 
sample either have no change or more broadening effect in comparison to the bulk core level peaks [8-13]. In our 
study, FWHM of the core level peaks in angled emission spectrum are close to the normal emission data, except the 
second satellite observed for Te 3d core level signals; width of this peak decreased in the angled emission spectrum. 
Phonon broadening of bulk core level states for a monoatomic lattice system was first formulated by the Overhauser 
[13]. According to his theory, the bulk core level state broadening linearly depends on the fourth power of (T/��) 
where �� is the Debye temperature of the solid. Later Wertheim et al. showed that �� for surface is less than the bulk 
�� value and used Overhauser’s theory to calculate the change in FWHM for the surface core level states [13]. Clearly, 
our observation of decrease in FWHM in the more surface sensitive spectrum is not in line with this theory. Moreover, 
the energy scale of the change is in eV, which suggest that other considerations are necessary to explain these 
observations. 

 

CONCLUSIONS  

   In conclusion, we have grown high quality single crystals of PdTe, which could be utilized for spectroscopic 
investigations. We have also performed the hard x-ray photoemission spectroscopy on PdTe (0001). This measurement 
was carried out at two different emission angles to probe the differences between the bulk and surface electronic 
structure. While Te 3d spectra exhibit asymmetry in the core level lineshape as expected in a metallic system, Pd 3p 
core level spectra do not show asymmetry in both normal emission and angled emission measurements suggesting 
element specific electron dynamics. Presence of satellite peaks in both Pd and Te core level spectra indicates finite 
electron correlation induced effect for both Pd and Te electrons, which is mostly ignored in many theoretical electronic 
band structure calculations. Change in FWHM of Te 3d satellite shows opposite trend to the phonon broadening theory 
with change of photoelectron emission angle.  
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