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Abstract. Results are reporled of the experimental pointsontact spectroscopy and 
of the theoretical investigation of the electron-phonon interaction (EFL) in palladium. 
It is shown that positions of the peaks in the point-contact spectral function are 
determined by the structme of the phonon spectrum, while their relative intensities 
depend on the Fermi surface topology and EPI anisotropy. 

1. Introduction 

This paper completes a series of publications [ I 4  devoted to the investigation of 
phonon spectra and the electron-phonon interaction (EPI) in FCC platinum group 
metals (Pt,  Ir, Rh and Pd). In palladium these properties have been previously stud- 
ied both experimentally and theoretically [5-91, and model calculations of the phonon 
spectrum (see references in [lo]) gave reasonable agreement with experiment [5]. Nev- 
ertheless the resolution achieved in the measurement of the point-contact EPI spectra 
in palladium [8, 91 was unsatisfactory. Hence further experimental investigation of 
the EPI in palladium is desirable combined with the theoretical study of the different 
factors contributing to the point-contact spectral function. 

Previously a simple model for the transition-metal binding energy was proposed 
[Ill in a framework of the pseudopotential approach. This model was used successfully 
in calculations of the phonon frequencies, equation of state, temperature dependence 
of the lattice heat capacity and the macroscopic Griineisen parameter for ten FCC 
transition metals 12, 4, 11-13]. Phonon spectra were predicted in this model and 
used in the theoretical analysis of the EPI for iridium [3] and rhodium [4]. However, 
none of the FCC transition metals has been studied in such detail as palladium has as 
far as lattice dynamics is concerned. Hence the investigation of palladium not only 
enables some light to be shed on the nature of electron-phonon interaction in this 
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metal, but also a comparison of the accuracy of the phonon spectrum obtained using 
the pseudopotential model [ll] to be made with that of other theoretical models. 

The main subject of this paper is the study of the EPI in Pd, and the first section 
is therefore devoted to calculating the phonon spectrum which represents an impor- 
tant part of our work. The following sections are concerned with experimental and 
theoretical EPI spectral functions. 
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2. Theoretical phonon spectrum 

The transition-metal binding energy model which is used in the present study was 
described in detail in [l l ,  121. We shall only mention here that we use: (i) the local 
pseudopotential of the Animalu-Aeine-Abarenkov type; (ii) the screening function due 
to Taylor; and (iii) the short-range pair potential which simulated the d-d interaction, 
exactly in the same form as in [ll]. The parameters of the short-range potential and of 
the pseudopotential were determined by least-squares fitting of the elastic constants at 
equilibrium volume and they are given in [12]. We used the value of effective valence 
for nearly free electrons, Z = 1.6, derived from our band structure calculation [14]. 
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Figure 1. Phonon dispersion curves: full curve, present calculation; points, experi- 
mental data from thermal neutron scattering [SI. 

The calculated dispersion curves are shown in figure 1 together with the exper- 
imental data. The overall agreement between these two sets of frequencies may be 
considered as satisfactory and it is in fact better than in [15-171 for phonons both at 
the Brillouin zone face and at intermediate wavevectors. The transverse branch in the 
[I 111 direction presents an exception since the maximum frequency is underestimated 
by 17%. This disagreement is possibly due to the oversimplified form of the short-range 
potential used in this study (the Born-Mayer form of the potential). Our calculation 
confirms an experimental finding [5] that the phonon anomaly in the T, [I101 branch 
a t  C EJ 0.25 is of the Kohn type. The theoretical position of this anomaly does not 
coincide precisely with the measured value but we were able to show that, for example, 
the shift of this anomaly due to the alloying of Pd is described qualitatively correctly 
in this model [13]. Fortunately it is not necessary to describe this low-frequency fea- 
ture of the phonon spectrum with high numerical accuracy in order to investigate the 
EPI spectral function. It will be shown in section 4 that the corresponding energy 
range gives a negligible contribution to the properties under consideration due to the 
geometric form factor of point-contact spectroscopy (structure factor of narrowing). 
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Figure 2. Phonon densities of states: 1, calculated in [SI using the force constants 
model; 2, present caldation. 

The calculated phonon spectral density F ( w )  is given in figure 2. This function and 
all other theoretical spectral densities described in the next sections were computed on 
a mesh with the step, Aw, equal to 0.05 meV and subsequently they were convoluted 
with the Lorentz function of 0.2 meV half-width in order to simplify comparison of 
the theoretical and experimental curves. Our result is in qualitative agreement with 
the calculation performed using the force constants model [5] ,  as the main features are 
similar in both curves as shown in figure 2. Underestimation of the frequency of the 
T[111] branch mentioned earlier causes distortion of the low-frequency maximum in 
the phonon spectral density. However, the positions of the main peaks and the other 
features of this function at  13.6, 19.0 and 21.8 meV coincide with the measured values 
(see table 1). We conclude here that the pseudopotential model gives a reasonable 
description of the lattice dynamics of palladium and enables u s  to use computed 
phonon spectra in the theoretical study of EPI. 

Table 1. The main features of the measured point-contact spectrum gpc(w) and 
calculated phonon density of states (frequencies in meV). 

wmrr LUT WL (4 
gpc(w) 30.3 16.0T0.1 26.470.3 1 2 . 8 2 ~ 0 . 1 6  
F ( w )  29.9 14.8 26.7 18.83 

3. Experimental study of EPI 

The experimental study of the EPI in palladium was  performed using point-contact 
spectroscopy [18]. We implemented sliding-type contacts created by shear force applied 
between two electrodes. The technique for measuring the point-contact EPI spectral 
function, g,,(u), is described elsewhere [I, 181. Point-contact EPI spectra, i.e. the 
second harmonic of the modulating signal V,(V) cx d2V/d1*(V), were obtained at 
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T = 1.5 K for 38 contacts. Typical experimental point-contact EPI spectra had two 
maxima and a shoulder near 7 meV. Unlike the well known results obtained for needle- 
anvil contacts under compressive force [9] we succeeded in obtaining spectra with an 
initial flat part without any zero anomalies caused by the deformation of the metal in 
the contact region which were always present in the experimental curves in 191. Better 
spectral resolution than in [9] was achieved here due to a sufficiently lower level of 
modulating signal. As a result we were able to observe with confidence an additional 
feature of the spectrum between the two main peaks (at approximately 23 meV). 
The function g,(w) reconstructed from the experimental spectra is given in figure 3. 
The main peaks of this function obtained in the present work are narrower than in 
[8, 91 due to better energy resolution. The location of the two main peaks and the 
mean phonon frequency which were obtained by averaging over 10 g,(w) functions 
are given in table 1. The largest, and hence the most reliable [U], values of the 
electron-phonon coupling constant are equal to 0.23 and 0.34 with the pointcontact 
background evaluated according to [19] and [20], respectively. We always observed a 
relatively high level of point-contact background in our study of palladium contacts. 
This effect is believed to be due to  the electron-paramagnon interaction as in the case 
of platinum [I]. 
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Figure 3. Spectral functions of the EPl and partial contributions from different 
scattering processes: full curve, present tileoretical results; broken line, experimental 
poinhcontact spectrum from [9]; dotted curve, present experimental paint-contaet 
spectrum. 

4. Theoretical calculation of EPI spectral  functions 

The point-contact EPI spectral function for a metal with an anisotropic Fermi surface 
(FS) may be evaluated from the following double integral over FS [18]: 
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where a,, is the volume of the Wigner-Seitz cell, N ( E F )  is the density of electronic 
states at the Fermi level, vb is the velocity of electron at the Fermi surface, w"(k - k') 
is the phonon frequency of the uth branch (atomic units are used in (1)). We use 
k as a shorthand for the wavevector, k, and the band index, n. The summation in 
(1) is over the Fermi surface sheets n,n '  and over the phonon branches. The factor 
MLk, is the matrix element which corresponds to the scattering of an electron from 
state k to state k' by absorption or emission of a phonon of a branch v. The structure 
factor of narrowing, K ( k ,  k'), depends on the wavevectors, k and E', of the electron 
states which contribute to the electric current in the point contact. This factor takes 
into account the influence of the geometry of the microcontact on the efficiency of the 
electron scattering in the spatial region of this contact. We used in our calculations the 
clean limit approximation for the circular hole [HI. The technique for computation of 
g,(w) was developed in [6] and in other papers by these authors. In the present work 
we use the generalization of this method which takes relativistic effects into account 

The difference between gp,(w) and F ( w )  is determined by a number of factors, 
i.e. by the structure factor of narrowing, the EPI matrix element and the topology of 
the Fermi surface. Elimination of the A'(k,k') from equation (1) transforms g,(w) 
into the Eliashberg function g(w)  (also known as a 2 F ( w ) ) .  Further elimination of the 
EPI matrix element from g(w) gives a new function, FFs(w), introduced previously 
in [l, 31. The difference between FFs(w) and the spectral phonon density, F ( w ) ,  is 
determined by the FS topology. Using the constant matrix element in the evaluation 
of the integral in (1) one can study the influence of the structure factor of narrowing 
only (function F,(w) from [4]). 

The calculated Eliashberg spectral function, g(w),  is given in figure 4 in comparison 
with the previous theoretical data [9, 231. Reasonable agreement between different 
calculations is observed with respect to peak positions and relative magnitude. Other 
spectral functions of the EPI are shown in figure 3. We used the FS obtained in [24] 
using RAPW calculation, and the FS topology compares well with previous results of 
Andersen [25]. 

I t  may be shown from our results that the EPI in palladium is determined mainly 
by intersheet scattering on the electronic surface in the Brillouin zone centre (re) as in 
the case of platinum [l]. This seems to be explained by the greater surface area of this 
sheet of the FS with respect to the hole monster (W,) and to the ellipsoid at the X point 
  EL^) which leads to the dominant re-re scattering contribution to FFs(w), F,,(w) 
and hence to all other EPI spectral functions. The topology of the Fermi surface has a 
relatively small influence on the phonon efficiency in EPI as follows from the fact that  
the difference between FFs(w) and F ( w )  is less than for other platinum group metals 

I t  is interesting to note that whereas the ELl-ELl scattering is less efficient from 
the point of view of weighting factors for the corresponding scattering wavevectors 
(see FFs(w) in figure 3), the contribution of this process to g(w) is sharply enhanced 
due to the EPI matrix element, so the main peak of g(w) becomes more intensive 
due to the EL1-EL1 scattering. Taking the EPI matrix element into account leads to 
redistribution of the peak intensities in the 10-20 meV range and to suppression of 
the contribution from phonons with frequencies less than 15 me\'. The Eliashherg 
EPI function for re-re scattering has  a peak at  23 meV apart from peculiarities at 
12 and 17 meV. This feature is revealed in the total g(w) function while it is absent 
in the g(w)  obtained in a non-relativistic approach [6]. Manifestation of this feature 

P21. 

[1,3,41. 
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Figure 4. Calculated Eliashberg function for 
Pd: 1, from [23]; 2, from [SI; 3, present calcula- 
tion. 
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Figure 5. Calculated anisotxopy of poinl- 
.eontact EPI  function for the main crystallo- 
graphic directions. The points, gPc(w), M re- 
constructed from our experimental data. 

in our calculation seems to be connected with the essential influence of spin-orbit 
interaction on the palladium FS, hence we expect that the FFs(w) functions obtained 
in the relativistic [24] and non-relativistic approach [7l should also differ. 

The structure factor of narrowing mainly affects the low-energy part of the spec- 
trum, lowering in fact contribution from phonons with frequencies less than 7 meV 
to zero (compare FFs(w) and F J w )  in figure 3) .  This factor also changes the rel- 
ative importance of the different scattering processes for the point-contact spectrum 
compared with the Eliashberg function. The contribution from the EL-EL scattering 
is enhanced by taking into account the structure factor of narrowing, and the Wh- 
W,, scattering, which is not important for the g(w)  function, contributes substantially 
to the efficiency of phonons responsible for the formation of the EPI point-contact 
function. 

The function gp,(w) is mainly determined by l'-re scattering, the peaks of the 
phonon spectral density at 13 and 17 meV becoming narrower due to suppression of the 
15 meV phonons caused by the anisotropy of EPI matrix element. When one takes into 
account the EPI matrix element the contribution from intra-ellipsoid scattering to the 
total EPI point-contact function increases similar to  the case of Eliashberg function. 
The orientational anisotropy of gp,(w) is not strong but it is noticeable in passing 
from the contact axis orientation in the (001) plane to any direction outside this plane 
(see results for the (111) orientation, figure 5). It is interesting that relativistic effects 
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are the most essential for the FS topology and electron velocities in this direction, 
and the gp,(w) function taken in this orientation has the most pronounced features 
at 13 and 23 meV. The same features are also revealed in the EPI transport function, 
@(U), calculated in the present work (figure 3) while they were not found in the 
non-relativistic approach [7l. Thus we may conclude that relativistic effects should 
be taken into account in order to describe theoretically the fine structure of the EPI 
spectral function even for relatively light elements. I t  should be noted that,  as in 
the case of iridium [3] and rhodium [4], the transport and point-contact EPI functions 
appear to be qualitatively similar in palladium (figure 3). 

In general it is evident that the structure of EPI point-contact function is in fact 
determined by the structure of the phonon spectrum. The suppression of low-energy 
phonons is due to the structure factor of narrowing; Fs anisotropy changes the relative 
intensity of the peaks in g,,(w) compared with F(w);  the anisotropy of the EPI matrix 
element mainly affects the EPI point-contact function in the 10-20 meV energy range. 
All these factors result in the formation of the typical structure of g,,(w) with a 
shoulder at low energies. The calculated position of this shoulder is shifted by 4 meV 
to higher energies compared with the measured one. This could be due to an inaccurate 
calculation of the off-symmetry transverse phonon frequencies in the pseudopotential 
model [13]. At the same time the 23 meV feature found experimentally in this study 
is also present in the calculated g,(w) function at  the same energy, and the positions 
of the main peaks of the measured and computed EPI functions nearly coincide. Thus 
we may conclude that the phonon spectrum used here is sufficiently accurate a t  least 
for frequencies higher than 12 meV. 

It is common practice to use the electron-phonon coupling constant as a quantita- 
tive characteristic of the EPI. In the present work we obtain X = 0.36 from integration 
of the Eliashberg function. This value is close to the value of 0.41 obtained in [24] 
in the Hopfield-Mchlillan approximation and it is lower than the experimental value 
derived in [24] from comparison of the calculated and measured cyclotron masses. The 
reason for this discrepancy pointed out in [24] is connected with the essential role of 
spin fluctuations in palladium. 

5. Conclusion 

Our results indicate that the main structure of the point-contact EPI function in 
palladium originates from the structure of the phonon spectrum, while the ratio of 
the peak intensities is also determined by the FS topology and by the anisotropy of the 
EPI. EPI anisotropy explains the formation of a shoulder a t  the low-energy side of the 
main peak in point-contact, transport EPI functions and in the Eliashberg function. 
The point-contact structure factor of narrowing mainly influences the efficiency of low 
energy phonons in electron-phonon scattering. 

Acknowledgments  

The authors benefited greatly from fruitful discussions of the present results with 
Professor 0 K Andersen, Dr 0 Jepsen, Professor V V Nemoshkalenko and Professor 
I K Yanson. One of us (VNA) would like to thank the MPI FKF for the hospitality 
during his stay in Stuttgart. 



6530 

References 

V N Anlonov et a1 

111 

PI 
131 

~41 

151 

PI 
[91 

161 

181 

1131 
~ 4 1  

~231 
1241 
1251 

Krainyukov S N. Khotkevich A V. Ysnson I K. Zhalkc-Titardo A V, Antonov V N and 
Nemoshkalenko V V 1988 Fiz. Nizk. Temp. 14 235 (Ed. Transl. 1988 Sow. J.  Low Temp. 
Phya. 14 127) 

NemoshMenko V V, Milman V Yu, Zhalk*Titarenko A V, Antomv V N and Shitikov Yu L 
Pis.  Zh. E b p .  Tior. Fia. 47 245 (Engl. Transl. 1988 J E T P  Lett. 47 295) 

Krainyukov S N, Khotkevich A V, Yanson I K, Zhalk-Titarenko A V, Antonov V N, 
Nemoshhlenko V V, Mil- V Yu, Shitikov Yu L and Khlopldn M N 1989 Fii .  Tvcrd. 
Tela 31 123 (Engl. Tranrl. 1989Sou. Ply*.-Solid State 31 419) 

Z h b T i t a r e n k o  A V, Milman V Yu. Antonov V N, Nemoshkalenlm V V. Khotkevich A V and 
Krsinyukov S N 1989 M.etdlojiiite 11 N5 23 

MiiUer A P and Brockhouse B N 1971 Can. J.  Phys. 49 704 
Pinski F J, AUen P B and Butler W H 1978 J. P h y s i p e  Coll. C6 472 
Pinski F J, Allen P B and B d e r  W H 1981 Phys. Rev. B 23 5080 
Car0 J, Coehoorn R and de Groot D G 1981 Solid State Commm. 39 267 
Car0 3 1983 Point-contact spectroscopy of palladium hydride, palladium deutcride and some 

transition metals Doctoml Thesis (Amsterdam: Rodopi) 
Schcber H R and Dcdcrichs P I< 1981 Phonon Diaperrion, Frequency Spectra, and Rr ldcd  

Pmperties of n-letallic Elements (Landoft-Bornstein New series) Group III, vol 13, subvola, 
ed K-M Hellwege (Berlin: Springer) 

Nemoshkalcnko V V, Zhalko-Titarenko A V. Milman V Yu and Antonov V N 1985 Utv. Fii .  
Zh, 30 1372 

Antonov V N, Milman V Yu, Nemoshknlanko V V and 2halbTil.arenko A V 1990 Z.  Phyr. B 
70 223; 1990 Z. Phys. B 79 233 

M i h n  V Yu and Antonov V N I990 Solid S t d r  Commun. 76 1247 
NemoshMenko V V and Antonov V N 1985 Methods OJ Compvtational Physics in thc Solid 

Gupta 0 P 1985 J.  Chcm. Phgs. 82 927 
Vrati S C. Rani N. Gupta D K and Gupta H C 1980 P h p  Lett. 79A 342 
Daw M S and Hatcher R D 1985 Solid State Commrm. 56 697 
Yanson I K and Khotkevid, A V 1986 Atlaa OJ Point-Contact Spectra of Electron-Phonon 

Interaction in M c t o l s  (in Russian) (Kiev: Nauko- Dumka) 
Kutik IO IQ85 Fii .  Nirt .  Temp. 11 0 3 i  (Engl. Transl. 1985 Sow. J .  Lou, Temp. Phys. 1 1  
516) 

Yanson I K, Kulik IO and B a l d  A G 1981 J .  Low Tcmp, P h p  42 527 
Kulik I 0. Omelyanehuk A N and Shekhter R I1977 Fiz. Niak. Temp. 3 1543 
ZhalbTiLarenko A V, Antonov V N, Nemoshkalenko V V and John W 1985 Phys. States Solidi 
132 K15 (Engl. Trsnsl. 1977 Sow. J .  Low Temp. Phya. 3 740) 

Pinski F J. Allen P B and Butler W I i  1978 Phys. Rev. Lett. 41 431 
Antonov V N 1984 Dakl. Akad. Nouk Ukv.SSR A 4 49 
Andencn 0 K 1970 Phys. Rev. B 2 883 

State  Theory, Band Theory of Metals  (in Russian) (Kiev: Naukova Dumks) 


