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The second derivative of the voltage-current characteristic of point contacts and the double
differential cross section for inelastic, incoherent neutron scattering have been measured in
ruthenium. The experimental results are used to reconstruct the phonon state density F(w)
and the electron-phonon interaction function g,. (@) for various symmetry directions in the
single crystal and in a polycrystalline sample. We observe an anisotropy of g,. () in the single
crystal. The functions g, (@) and F(w) are consistent in terms of the positions of structural
features, differing in the relative heights of these features. The functions g,. () and F(w) are

compared with data for other hcp transition metals.

INTRODUCTION

The development of the method of point-contact spec-
troscopy has opened up some new opportunities for experi-
mentally testing the basic tenets of the elementary theory of
metals. Pseudopotential theory makes it possible to calcu-
late the point-contact function of the electron-phonon inter-
action, g, (»), which differs from the Eliashberg function
g(w) in having a form factor, which reduces the effective-
ness of small-angle processes.' For most metals, g, (o) can
be determined experimentally in a simple way?; for nonsu-
perconducting metals, point-contact spectroscopy is essen-
tially the only source of information on the spectral function
of the electron-phonon interaction. Only for the simple s-p
metals K, Na, and Cu has the possibility of using microcon-
tact spectra to refine the psuedopotential been demonstrat-
ed.>* There is considerable interest in studying the electron-
phonon interaction function for transition metals, in order
to determine their microscopic characteristics.

Ruthenium is a transition metal with an hcp structure.
These metals have attracted interest because the supercon-
ducting properties of the various members of this group of
metals differ greatly even though they have nearly identical
electron state densities at the Fermi level and approximately
equal Debye temperatures. For example, the critical tem-
perature of technetium is 7.9 K, and its electron specific heat
isy = 4.3mJ/(mole:K?) (Ref. 5), while the values for ruth-
eniumare T, = 0.5 K and ¥ = 3.1 mJ/(mole-K?) (Ref. 6).
Neutron studies of the dispersion curves w (k) reveal anoma-
lous dips on w (k) for LO[0001] phonons near the center of
the Brillouin zone’ in technetium, which has the highest
critical temperature 7, among hcp metals. The reason for
these dips seems to be a strong selective electron-phonon
interaction.® It was shown in Ref. 9 that the anomalous tem-
perature dependence of the phonon spectrum and the selec-
tive electron-phonon interaction are seen in technetium not
only on the differential level but also on the integral level, as
a shift of the phonons state density F(w) down the energy
scale with decreasing temperature and as a difference
between the positions of the maxima of F(w) and 8pc (@). It
is thus interesting to study and compareg,,. (») and F(®) in
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hcep transition metals which have a low critical temperature
for the transition to the superconducting state and whose
dispersion curves have no anomalies. Ruthenium is a metal
of precisely this type; its electron-phonon interaction func-
tion g,,. (@) has not been studied, and there has been little
study of the lattice dynamics of Ru. All that we have in the
way of experimental data are dispersion curves for phonons
in the [0001] direction.” The results of model calcula-
tions'*'? of the phonon state density F(w) are inconsistent.
The Eliashberg electron-phonon interaction function and its
transport modifications are not known.

Comparison of the neutron and point-contact spectra of
hcp metals is complicated by the significant anisotropy of
the functions® 8pc (@), which is seen only weakly for metals
with a cubic structure.'® In a point-contact study of a poly-
crystalline sample the dimensions of the crystallites are
usually much greater than the diameter of the contacts, so
that there is always some set of spectra which differ from
each other because of different orientations of the crystal-
lites with respect to the axis of the contact. A correct com-
parison of the phonon state density and g,. (@) thus re-
quired information on the anisotropy of g,. (@). In addition
to measuring the point-contact spectrum of the polycrystal-
line sampled used in the neutron measurements, it is also
necessary to carry out a point-contact study of single-crystal
samples in various orientations. In addition, a comparison of
the point-contact spectra of single-crystal samples with the
theoretical functions g,,. (@) does not require taking an aver-
age of the theoretical functions.

In this paper we report an experimental determination
of the phonon state density in ruthenium by inelastic inco-
herent neutron scattering from a polycrystalline sample. We
have used the method of point-contact spectroscopy to find
the electron-phonon interaction functions g, () for the
three principal symmetry directions in the single crystal and
also in a polycrystalline sample.

EXPERIMENTAL PROCEDURE

The polycrystalline ruthenium is obtained by arc melt-
ingin purified argon. It has a resistance ratio R;o0/R 4 , = 25
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(R0 is the resistance of the sample at room temperature,
while R ,, is the resistance at liquid-helium temperature).
The samples used in the neutron measurements are plates 9
or 4 mm thick, from which prism-shaped samples ~1 cm
long are cut for the point-contact spectroscopy. The samples
used to study the anisotropy of g, (w) are cuté-{rom asingle
crystal obtained by electron-beam zone melting with a resis-
tance ratio R;oo/R 4, = 2500. Electrochemical polishing of
the surfaces of the samples for the point-contact measure-
ments was carried out with an alternating current in a 10%
(by volume) aqueous solution of hydrochloric acid. A stain-
less steel plate served as the second electrode in the polish-
ing. ,

We studied the characteristics of clamping point-con-
tacts formed by moving two electrodes with respect to each
other after they had been brought into contact in liquid heli-
um.'* The apparatus used to produce the point-contacts not
only makes it possible to move the electrodes continuously in
the plane in which they make contact with each other but
also to adjust the clamping force. In the experiments with
single crystals, the orientation of the samples is determined
by x-ray diffraction to within 1-2°. The electrodes are
mounted in the clamping apparatus in such a way that the
axis of a contact runs parallel to the same crystallographic
directions in the electrodes. Measurements were carried out

“for the three principal symmetry directions [0001], [1 1201,
and [1010]. The precision with which the samples are ori-
ented is determined by the precision which is possible in the
visual establishment of two parallel planes (the plane faces
of the electrodes, which coincide with the corresponding
crystallographic planes and which run perpendicular to the
axis of the contact). The deviations were no more than 2-3°.

The point-contact function of the electron-phonon in-
teractionisknown tosatisfy'g,. () d ’I /dV?,whered *I /
dV *isthe second derivative of the current-voltage character-
istic of the point-contact with respect to ¥ = w/e, where Vis
the bias voltage on the contact, and e is the charge of an
electron. In the measurements we use a modulation method
with a source of a sonic-frequency modulating signal which
is operated as either a current source or a voltage source. The
dependence of the measured voltage at the second harmonic
of the modulating signal on the static voltage on the contact,
V,(¥),isproportionaltod 2V /dI *andd *I /dV ?,respective-
ly, in these two cases. At a temperature of 1.5 K and for
typical levels of the modulating signal, we achieved an ener-
gy resolution ~ 1 meV in the spectra. In determining the
electron-phonon interaction function g,,. (w) we converted
tod 2V /dI * curves into curves of d I /dV * where necessary
and then subtracted the background due to multiphonon
processes and the nonequilibrium nature of the phonon sub-
system at the contact.'>'® At present, calculations of g, (@)
can be carried out in practice for fewer contacts in the aper-
ture model' (the effective diameter of the contact between
metal half-spaces separated by a membrane whose thickness
is much smaller than the electron mean free path). For the
point-contacts which come closest to the aperture model in
the purer limit, the absolute intensity of 8pc (@) is maxi-
mized. Consequently, the selection of point-contact spectra
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with the maximum intensity makes it possible to reconstruct
the electron-phonon interaction function which corre-
sponds best to the existing theory.

The point-contact electro-phonon interaction function
is found from the expressions

3hwe Va(V) ve  Va(V)
(0)+B(0)=— = — 0.6
8re(0) +B(0)=—— V:d 0899 105 mrs v:d’
(N
d= (4/eks) (h/Ry)"=45.510%k.R,". 2)

These expressions follow from the basic equations of the the-
ory of point-contact spectroscopy' in the approximation of
free electrons. Here V| 4 is the modulation at ¥ = 0, and d is
the diameter of the contact in nanometers. The voltages (ef-
fective values) are expressed in volts, and the resistance is in
ohms. In the case of current regulation we would have
V,(V) = V,(V) [Ry/R(V)1?, where V,(V) = V,(V) [Ry/
R(V)]? is the second-harmonic voltage taken from the
point-contact, R (V) is the differential resistance of the con-
tact, and R is the same, at ¥ = 0. In the voltage-regulation
case we would have f’z( V)=V,(V)X[1+R(V)/R,],
where V,(V) = V,(V) X [1 + R(V)/R¢] is the second-har-
monic voltage taken from the diagonal of the bridge, and
R, =10 Q is the ballast resistance.

The background function B(w) is used in the form pro-
posed in Ref. 13. The background level is characterized by
the parameter ¥ = B /g, (w), where B is the value of B(w)
at energies above the maximum frequency in the phonon
spectrum, and gp." (@) is the maximum value of the point-
contact function of the electron-phonon interaction. The
value of the Fermi wave vector, kp = mvg/#, is calcula}’ted
from the lattice constant of Ru at 4.2 K, a/c = (2.704 A)/
4.276 A)/(4.276 A) (Ref. 17) for four electrons per unit
cell.

For the neutron measurements we use a time-of-flight
spectrometer with a source of cold neutrons.'® For a coher-
ently scattering system such as the crystal lattice of ruthen-
ium, the experimental method for determining the function
F(w) is to measure the neutron scattering law in the poly-
crystalline sample and to average the data over the largest
volume in momentum space. The averaging is carried out
over the momentum transfer x =k, — k, (kqk, are the
wave vectors of the neutron before and after the inelastic
scattering by the lattice site). Here we make use of measure-
ments which were carried out at all scattering angles of the
multidetector apparatus of Ref. 18 and also as a result of
repeated Bragg scattering of the neutrons in a thick sample.
The technique of carrying out the neutron measurements for
two different sample thicknesses makes it possible in princi-
ple to experimentally test the range of applicability of the
incoherent approximation for each of the samples studied
and to determine the validity of the reconstructed functions
F(w).

The test samples are oriented at an angle of 45° with
respect to the incident neutron beam in a transmission posi-
tion. The chopper monochromator is rotated at 11 410 rpm;
this monochromator, combined with a beryllium filter,
means that the sample is bombarded by a beam of neutrons
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FIG. 1. The energy dependence of the function 8(w) [see
(3)] for samples of two thicknesses d: Filled points—d, = 4
mm; open points—d, = 9 mm. The inset shows the differ-
ence 6, — 6,, normalized with allowance for multiple scat-
tering.

with a energy of 4.85 + 0.25 meV, and the energy resolution
of the apparatus is better than 7% in the energy-transfer
interval'® (15-35 meV). In addition, measurements were
carried out with a width 7 = 4 us of the time-of-flight chan-
nel over this energy interval, so we were able to determine
the positions of the structural features in the spectrum and
its boundary within + 0.2 meV.

EXPERIMENTAL RESULTS

Figure 1 shows the functions

B(m)w<%m[1—exp(—%)] df;d)g (3)

reconstructed in the incoherent approximation from the ex-
perimental cross sections for inelastic neutron scattering,
d,o/ded(, for two test samples differing in thickness. Here
Q is the difference between the energies of the neutron,
E, — E,, during inelastic phonon scattering, ( . . . ), means
an average over the angles at which the scattered neutrons
are detected, and T is the main temperature. Figure 1 shows
values of the function (@) reconstructed from the neutron
spectra, averaged over an interval Aw =0.5 meV. The
curves of 8(w) for the samples of the different thicknesses
have not been normalized with respect to each other. It can
be seen from these curves that the phonon spectrum of ruth-
enium has three clearly defined peaks, at 21.1, 26.5, and 30.8
meV. The energy boundary of the spectrum, defined as the
position of the half-maximum point on the steep high-energy
slope, is ,, = 33 meV. The difference between the 6(w)
spectra for the samples of the different thicknesses is a conse-
quence of coherent effects, which fade in importance as the
thickness increases. At the same time, however, multiple in-
elastic processes increase in importance, causing an increase
in the state density in the experimental spectra at energies
® >w,,. Calculations have been carried out on double in-
elastic scattering of neutrons in the approximation of an infi-
nitely thin plate. Comparison of the results of these calcula-
tions with the experimental scattering cross sections shows
that the double-scattering cross sections give an essentially
complete description of the contribution of multiple pro-
cesses at w > w,,, and can thus be used to describe the multi-
ple scattering over the entire energy range studied. The inset
in Fig. 1 shows the difference between the (w) functions
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reconstructed for the different thicknesses, normalized with
allowance for multiple scattering.

Figure 2 shows some typical point-contact spectra of
the electron-phonon interaction in Ru. Shown here are two
curves for each direction and two curves for the polycrystal-
line samples, which demonstrate the reproducibility of the
experimental results.

The error in the position of the peak due to the magni-
tude of the modulation, the nonzero measurement tempera-
ture, and the variation from contact to contactis + 0.5 meV
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FIG. 2. Point-contact spectra of ruthenium. 1,2—The [0001] direction;
3,4—(1120]; 5,6—[1010]; 7,8—spectra of a polycrystalline sample.
Curve 7 is a plot of — d I /dV?(V), while the other curves are plots of
d*V /dI*(V). The characteristics of the contacts are listed in Table I. The
curve labels correspond to the indices of the contacts given in Table I. The
spectra have not been normalized with respect to each other. ’
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Curve 4 in Fig. 3 is the electron-phonon interaction
function found for a polycrystalline sample. For the spectra
of point-contacts between polycrystalline electrodes, the ob-
served variations in the positions and relative intensities of
the structural features are small. All the spectra have a main
maximum at 21-22 meV, and essentially all have maxima or
knees at 27 and 31 meV.

A numerical parameter which characterizes the shape
and energy position of the spectrum is the mean square fre-
quency, which is independent of the main value of g, (»):

= [ ogr(@)do [ | guu(@)daso. 4)

Table II shows the minimum, maximum, and mean val-

2
it i ues of (w?) for various directions for all of the spectra which
i.a” . .
Dy g were processed mathematically. We see that the [0001] di-
1y rection is relatively “soft,” while the values of (w?) for the
6 -7 polycrystalline samples span a broad interval corresponding
7~ g to different symmetry directions.
J \\ ,‘\\ - Shown for comparison in Fig. 3 is the phonon state den-
7,7 /8 AN » 4 sity F(w) (curve 5) found as a result of measurement at
y; N y .
.7 1 room temperature. The function F(w) was reconstructed
7 . 257 - J}] L1 Ly from the double differential scattering cross section, with
o, meV

FIG. 3. 1-4—Point-contact electron-phonon interaction functions
&pc (@) reconstructed from curves 1, 3, 5, and 7 in Fig. 2; 5—phonon state
density reconstructed from the function 6,(w) in Fig. 1; 6, 7, 8—theoreti-
cal curves of F(w); 6—data from Ref. 12; 7,8—Refs. 10 and 11, respec-
tively.

in this particular case. The point-contact functions recon-
structed from curves 1, 3, 5, and 7 in Fig. 2, with the highest
intensity, are shown in the upper part of Fig. 3. The contact
resistances, the characteristics of the spectra, and the elec-
tron-phonon interaction functions are shown in Table I. The
point-contact spectra and the electron-phonon interaction
functions for the [0001] direction (curve 1in Fig. 3) havea
structural feature at 8—12 meV, which is not found for direc-
tions in the basal plane; they have structural features (maxi-
ma or knees) at 20, 21.5, 24, 27.5, and 31.5 meV.

For the [1150] direction (curve 2 in Fig. 3), we see a
maximum at @ = 19 meV and two peaks at 22 and 31.5 meV.
The fine structure in the central part of the spectrum is not
seen in high-intensity spectra. In the [1010] direction
(curve 3), there are maxima at 20, 21.5, 24, 27.5, and 31
meV.

allowance for multiple and many-phonon processes and also
the energy dependence of the Debye-Waller factor. The non-
zero phonon state density at » > o, is a consequence of
anharmonic effects. At low frequencies, up to 14 meV, the
function F(w) can be described well by a quadratic law with
a Debye temperature 8, = 420 K (the dashed part of curve
5), in agreement with the value found?® for 8, from data on
the low-temperature specific heat. The value of (w?) for the
phonon state density found by replacing g,,. () by F(w) in
(4) is 517 meV>.

DISCUSSION OF RESULTS

As can be seen from Figs. 2 and 3, the anisotropy of the
electron-phonon interaction in ruthenium is seen as a redis-
tribution of the intensity among the maxima of the point-
contact electron-phonon interaction function for the various
symmetry directions. The literature reveals previous studies
of the anisotropy of the point-contact electron-phonon inter-
action functions of copper,? zinc,?! tin,?? and rhenium.? In
the case of zinc there is a significant anisotropy; the intensity
of the spectrum along the hexagonal axis is several times
greater than that of the basal plane. The main low-frequency
maximum for the hexagonal direction is higher than, and

TABLE L.

Con- | Crystallogr. |[Measurement Vio [ vms | _ | gmoxq, (@?)

tact direction temperature, | Ko uwv #\2’ ¥ 1e TN MeV?
1 [0001] 1.50 11,0 | 466 | 1,61 | 0.34 0.80 0.67 463
2 [0001] 1.68 25 | 457 | 0.74 | 0.40 047 017 427
3 [1120] 2,85 13,7 | 416 | 132 | 0.34 0.94 082 | 464
4 [1120] 1.50 086 | 246 | 0.39 | 0,26 0.20 0.17 547
5 [1010] 1.65 30.1 576 | 1.46 | 0.27 0.85 0,94 502
6 [1010] 1.50 3.0 | 245 | 0.69 | 0.23 0.64 0.56 507
7 Polycryst. 1550 75 | 200 026 | 025 | 073 |05 | 460
8 Polycryst. 1.50 9.0 | 520 | 0.75 | 0.8 033 0.31 469
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TABLE IL.

Direction (©%) min» MeV? | (0?) .., MeV? | ( ©7), MeV?
Single crystal [0001] 426 464 449+9
[1120] 423 586 50126
[1010] 502 539 521+8
Polycryst. 447 545 503+12

positioned to the left of, those for the directions in the basal
plane. In our case the intensities of the spectra for all direc-
tions are approximately the same, and the difference
between the hexagonal direction and directions in the basal
plane is poorly defined. This difference is characterized by
an additional structural feature at 8-12 meV and by fine
structure in the main low-frequency maximum. Coherent
effects are apparently responsible for the appearance of the
same structural features in the neutron spectrum of the thin-
ner sample (d = 4 mm,; see Fig. 1 and the inset there). The
apparent reason for the difference in the anisotropies of the
point-contact spectra of Zn and Ru is a difference in the
degree of anisotropy of the crystal lattice: For zinc we have
¢/a = 1.856, while for ruthenium we have ¢/a — 1.584, not
far from the value of 1.63 corresponding to an ideal hcp lat-
tice.

The point-contact spectrum of a polycrystalline sample
(curve 4 in Fig. 3) has three structural features, at positions
which are the same, to within experimental error, as those of
the corresponding features in the phonon state density
(curve 5 in Fig. 3). Also shown in Fig. 3 are theoretical
functions F(w) found from phenomenological models. '°-!2
The most satisfactory agreement is found for the data of Ref.
12, where two coordination spheres were considered in the
calculation of the interatomic interaction, and the determin-
ation of the force constants used the experimental values of
all the elastic moduli ¢; and two values of the boundary
frequencies of LO and TO phonons for the [0001] direction,
found from data on inelastic coherent neutron scattering.
Evenin this case, however, the calculated frequencies are too
high for longitudinal optical vibrations at certain values of
the wave vector. The effect is seen on the theoretical function
F(w) as an additional structural feature at frequencies above
the boundary frequency of the experimental phonon state
density.

In comparing the neutron and point-contact spectra,
we should call attention to the decrease in the relative inten-
sity of the high-frequency peaks in the point-contact spectra
from the value in the neutron spectra. This situation was
found for essentially all the transition metals studied.? It
may be a consequence of the particular selection of phonons
in g, (w) in terms of polarization vector® in the method of
point-contact spectroscopy.

As we have already mentioned, in the ballistic mode of
point-contact spectroscopy it is possible to reconstruct the
function g, (w) and to use it to determine several important
characteristics. One of the most important characteristics of
the electron-phonon interaction is the electron-phonon in-
teraction constant
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©max

Ape=2 y grc(0)do/w.
0

The maximum absolute intensity of the function g,,. (@) for
Ru is approximately the same as that for Os (Ref. 25):
(855 (0s) = 0.7). The value of the electron-phonon inter-
action parameter A, averaged over six spectra with the
highest intensities is 0.76 + 0.05. This value of 4. is high in
comparison with that recommended in Grimvall’s mono-
graph®®: A = 0.4 + 0.1. The value found for 4, like the
maximum absolute values of the point-contact functions of
the electron-phonon interaction, may be no more than an
estimate because of our use of the free-electron model in
normalizing g, (») for ruthenium.

Comparing the point-contact electron-phonon interac-
tion functions found for polycrystalline samples of various
hcp transition metals with each other and with the corre-
sponding functions F(w) (Fig. 4), we note an interesting
fact: The point-contact spectra of Ru, Re, and Os are ap-
proximately the same in shape and also in terms of the posi-
tion of the main low-frequency maximum, and the point-
contact spectra of Re (Ref. 27) and Ru agree well with the
corresponding functions F(w) in terms of the positions of
the peaks (so far, we have no data on the lattice dynamics of
Os). On the other hand, the low-frequency peak in the point-
contact spectrum of technetium lies to the left of both the
low-frequency point-contact peaks of Re, Ru, and Os (on

max

gﬂc / gpc

0.5

FIG. 4. a: Point-contact electron-phonon interaction functions. b:
Phonon state density, in reduced coordinates. Solid lines—Tc (Ref. 9);
dashed lines—Re (Ref. 27); dot-dashed lines—Ru (present study); dot-
ted line—Os (Ref. 25).
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the one hand) and the feature in its own phonon spectrum
(on the other). This result confirms our conclusion regard-
ing the special behavior of the electron-phonon interaction
in Tc in comparison with the other hcp transition metals.

Let us summarize the results.

1) The anisotropy of the electron-phonon interaction
functions of Ru is manifested as a redistribution of the inten-
sity among the maxima of the point-contact electron-
phonon interaction function for various symmetry direc-
tions. For the [0001] direction we find an additional
structural feature at 10 meV; it is characterized by spectra
which are slightly “softer” than for the two other directions.
The maximum intensities of the point-contact spectra for the
different directions are approximately the same.

2) The functions g,. (@) and F(w) which we have
found agree well with each other in terms of the positions of
the structural features, while they differ in the relative inten-
sities of these features. This behavior can be explained in
terms of different contributions of phonons with different
polarization directions to the point-contact electron-phonon
interaction function.

3) Comparison of the point-contact electron-phonon
interaction functions and F(w) for the various hcp transi-
tion metals shows that technetium occupies a special posi-
tion in this group of metals.

We wish to thank V. P. Polyakovaya for assistance in
preparing the polycrystalline ruthenium samples, and we
thank A. P. Zhernov and L. A. Maksimov for a discussion of
the results of this study.
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