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Electrical Resistivity Versus Deuterium Concentration in Palladium
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The electrical resistivity of the palladium-deuterium system has been measured up to a deuterium-to-
palladium atom ratio of 0.9 at temperatures of 273, 77, and 4.2 K. The resistivity ratio p,/po was plotted
versus the atom ratio « at 273 and 4.2 K. The structural resistivity has been calculated, assuming two types
of scattering centers associated with the deuterium having widely different screening radii. A good fit with
the data at 4.2 K is obtained by assuming that the number of d holes per Pd atom takes on the value 0.55~

0.60 upon addition of deuterium.

INTRODUCTION

T has been shown that at room temperature deu-
terium (or hydrogen) occupies the octahedral
interstitial sites of the fcc Pd lattice.!? The octahedral
sites are occupied for both a-Pd and 8-Pd with the
D/Pd and H/Pd atom ratios ranging from zero to 0.72
(here a-Pd and 8-Pd have lattice constants of 3.89 and
4,02 A, respectively). Denoting the D/Pd or H/Pd
atom ratios by x, it is found that only «-Pd exists for
0<xZ0.02. For 0.025%50.60 a-Pd and 8-Pd coexist,
and only 8-Pd is found for 2> 0.60. If p, is the resistivity
of PdH, (or PdD,) and p, is the resistivity of annealed
Pd, then the resistivity ratio (ps/po)ess & and its
derivative increase for increasing » for 0.025x50.70.
The resistivity ratio is a maximum for #~0.76 and the
ratio along with its derivative decreases for 0.765 %
<0.88.% In the PdD, system, the available data show
(pz/po)2ss x and its derivative increase from x~20.02
to x=0.67 with no higher values of x being shown.*
For pure a-Pd (x5 0.02), the derivative of the resistivity
ratio (p./po)ess x is larger than that for the a-Pd-+3-Pd
phase for either PdH, or PdD..

The object of this work is to attempt to understand
the structural part of the resistivity of PdD, and PdH,.
We have chosen PdD, instead of PdH, because it
appears to be easier to maintain the room-temperature
structure of 8- and (a+@B)-Pd at 4.2 K for PdD, than
for PAH,. It will also permit us to see if a maximum
occurs in the plot of p,/po versus x for PdD,, for x> 0.67.
We minimize the thermal contribution to the resistivity
by obtaining data at 4.2 K and then use a modification
of Mott’s model for the resistivity of transition metal
alloys® for the analysis of the structural contribution.
The resistivity results and analysis presented here for
the PdD,, system should be qualitatively applicable to
the PdH, system since these systems are quite similar
in other resistive and crystallographic properties thus
far investigated.*—46-8
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EXPERIMENTAL

The experimental data were obtained at 4.2, 77, and
273 K. In obtaining the 4.2 K data it was necessary to
rapidly cool or quench the PdD, wires from 273 to
4.2 K in order to prevent the migration of D ions from
their octahedral sites (0, 0, 3; 0, %, 0; 4, 0, 0; etc.) to
tetrahedral sites (3, 1, 1; 2, 2, 4; etc.). An analysis of
neutron-diffraction and resistivity-versus-temperature
(po-versus-T) data for PdH, show that up to 259, of
the H may migrate to tetrahedral sites. These octa-
hedral-tetrahedral transitions occur for PdH, for
0.45<x<0.75 if the PdH, wires are cooled without
quenching.®” In the PdH, system the octahedral-
tetrahedral transitions may begin well above 100 K
and continue at least to the neighborhood of 50 K (at
which point a maximum in the resistivity and specific
heat occurs) as the temperature is lowered from 273
to 4.2 K.% (It is not known whether or not additional
transitions occur below these maxima.) While no
neutron-difiraction data are available for PdD, the
resistivity data of PdD, are almost identical to those
obtained for PdH, between 273 and 4.2 K.® However,
at a given temperature, the octahedral-tetrahedral
transitions take much longer in the PdD, system (up
to several hours) than in the PdH, system (not more
than a few seconds). From these data for PdD,, one
can conclude that rapid cooling of the PdD, specimens
from 298 to 4.2 K, as employed in our present experi-
ments, was sufficient to prevent a significant amount
of deuterium migration to the tetrahedral sites.

Wire specimens of 99.995 at.9%, Pd (manufacturer’s
stated purity) and 0.254-mm diam were annealed by
Joule heating in a vacuum of 5)X10~° Torr at approxi-
mately 950 C for at least 0.5 h. Initial resistivity, po,
measurements were made at 4.2, 77, and 273 K by
using the conventional four-probe potentiometric tech-
nique with a Bakelite specimen holder utilizing phos-
phor-bronze spring contacts for the current and
potential contacts to the specimen. There were a total
of six potential contacts spaced 1 cm apart between the
of the Tenth International Congress of Refrigeration (Pergamon
Press Ltd., London, 1960), Vol. 1, p. 74.
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lished).
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current contacts, permitting five consecutive measure-
ments along the wire which allowed detection of
resistance irregularities due either to preabsorption
conditions and/or nonuniform absorption along the
wire after D absorption. The measuring currents used
were 10 mA in all cases.

Deuterium absorption was accomplished electro-
lytically, using a graphite anode and the Pd wire as
the cathode in a 1V D,SO, solution and 5-mA current.
The anode and cathode were separated by a porous
alumina crucible, as shown in Fig. 1, in order to prevent
oxidizing agents that may be formed at the anode from
reaching the cathode, thereby permitting the Pd to
absorb higher concentrations of deuterium. Immedi-
ately after the absorption process, the wires were re-
turned to the Bakelite holder for resistivity measure-
ments at 4.2, 77, and 273 K to obtain p, (or R,).

In order to determine the D/Pd atom ratios, each
specimen was sectioned into five 1-cm pieces which
corresponded to the positions on the Bakelite specimen
holder. Then the deuterium was removed from each
centimeter section by separately heating each section
to 300 C in an evacuated system (~10~% Torr). Tests
showed that of the gases, less than 19, generally re-
mained in the specimens. The specimens were weighed
to three significant figures. The deuterium was ex-
panded into and analyzed with a mass spectrometer
which is capable of 19, precision. The D/Pd atom
ratios were then compared to their respective resistivity
measurements.

RESULTS

The 4.2 and 273 K results are shown in Figs. 2(a)
and 2(b). In Fig. 2(a) it can be seen that p,/po and its
derivative increase with x for 0.02<x<0.65 with
(0z/p0)273 x reaching a maximum in the neighborhood
of x~0.72 then decreasing as x— 0.90. At 4.2 K, the
maximum in (p,/po)s.2 x appears to be near 0.68 D/Pd
atom ratio.

Some of the scatter in the data may be attributed
to two sources: (a) some hydrogen contamination which
varied between 3 and 8%, of total gas concentration
and (b) some evolution of the absorbed D, for x>0.7,
between the resistivity measurements and mass-spec-
trographic analysis. The time period for which evolution
could take place was less than 20 min. (There is no
evidence that evolution occurs at or below 77 K.) The
possible gas loss for this time period is approximately
0.025 D/Pd atom ratio, which is equivalent to a 29
change in p,/po at 273 K. The data shown in Figs.
2(a) and 2(b) include both D and the H impurity in «
[ie., (D+H)/Pd].

DISCUSSION

In Fig. 2(a) an experimental curve has been drawn
through the data points, while the curves in Fig. 2(b)
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F16. 1. Container used for deuterium absorption by Pd.

were calculated for the number of holes (n,) per Pd
atom in the d band being 0.36 and 0.55. (We do not
give the results for 77 K since some octahedral-tetra-
hedral transitions occur during measurement.) The
difference in the data at the two temperatures shown
is attributed to the thermal contribution to the re-
sistivity. At 4.2 K we expect both the thermal resis-
tivity and that arising from lattice defects to be small,
so that their variation with D concentration can be
neglected. If x denotes the D/Pd atom ratio, the
resistivity ratio p(x)/p(0) at this temperature can
therefore be written

p(x)/p(0)=1+pp(x)/p(0), 1)

where pp(x) is the contribution from disorder scattering
by the deuterium randomly distributed among the
octahedral sites in the host fcc Pd lattice. This is also
the resistance ratio since the change in sample dimen-
sions due to lattice expansion upon absorption of D is
negligible here. The average value of p(0) for the
samples used was determined to be 0.105 xQ cm.
Magnetic susceptibility® and electromigration®
studies on the Pd-H system indicate that H exists in
the Pd lattice as strongly screened positive ions, and
presumably the same situation exists for D. To de-
scribe the electronic structure of pure Pd we use the
Mott model,? in which it is assumed that the band
structure consists of a broad free-electron-like s band
overlapping with a narrow d band such that the Fermi
level occurs near the top of the d band. Thus there are
electrons in the s band and an equal number of holes
in the d band. We assume that initially the D atoms

9 See Ref. 5, pp. 189ff.
0 R. M. Barrer, Diffusion in and Through Solids (Cambridge
University Press, Cambridge, England, 1941), p. 220.
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Fr6. 2. (a) Resistivity ratio at 273 K versus D/Pd atom ratio—
experimental curve. (b) Resistivity ratio at 4.2 K—calculated
curves for number of d-band holes equal to 0.36 and 0.55.

contribute their electrons to filling the holes in the d
band. In a covalent bond picture we can think of the
electron as being shared with neighboring Pd atoms,
resulting in a strong screening of the D ion. The D ions
therefore scatter a conduction electron only weakly,
giving rise to a small initial slope (the change in slope
upon appearance of the 8 phase, observed at higher
temperatures, is greatly diminished at 4.2 K, sug-
gesting that its origin is thermal rather than structural).
As the holes in the d band are filled the electrons are
contributed instead to the s band, whose states are
delocalized and hence do not screen as strongly. This
results in the sharp rise in resistance. We thus view the
resistance as arising from scattering by three types of
local structure, denoted by I, II, and III in the po-
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tential-energy diagram of Fig. 3. Each of the three
types is distributed randomly throughout the system.
The screened Coulomb potentials about the D ions
have screening lengths a4 and a,, with a;<a,.

If we neglect the current carried by the holes, then
the Boltzmann-equation approach and the assumption
of an isotopic relaxation time 7 lead to the usual
expression

@

where m.* is the effective mass and N, is the number
of conduction electrons per unit volume. We can write

p=m*/N,eér,

©)

T Ts—s Ts—d

but the contribution from s-d scattering, being pro-
portional to the density of states at the Fermi level,
goes to zero as the d band fills. We therefore believe
that s-d scattering cannot play a significant role in the
sharp rise in p(x)/p(0) with %, and we neglect it.!

When 1/7,., is evaluated in the Born approximation,
the result for pp(x) is (see Appendix)

po(e) = e D@

3r B [n.(x)]
+ f(4k pPa D), (1 —xs)+2g (b r,aa,a5)xaxs . (4)

The quantity #.(x) is the number of electrons per Pd
atom in the s band, and Qo(x) is the volume per Pd
atom, which is weakly dependent upon x because of
lattice expansion. Because the exact variation of lattice
parameter with concentration is not important here, a
simple linear expansion of the lattice parameter from
3.88 A at x=0 to 4.02 A at x=0.60 is assumed. The
quantities x4 and «, denote the number of D atoms per
Pd atom contributing an electron to the d band and
s band, respectively. Both depend implicitly on the
total concentration x. The Fermi wave vector kr is
given by

[f(4krtas)xa(1—2a)

kr=[3m"ns(x)/Q0(x) ]'*,
while f and g are defined by
f(4k p2a?) =1n(14-4k pa?) — 4k p?a?/ (14 4k 520?)

and
a2 In(1+4krfas)—as In(1+4k ra?)

g (k and7a’8> =
al—ag’

Equation (4) cannot be expected to be valid in the
upper range of concentration (at and above the maxi-

11 While s-d scattering does contribute at low concentrations,
we expect that even here its effect is diminished compared with
that in substitutional alloys such as Pd-Ag, since the scattering
potential is centered on a D ion while its matrix element, which
enters into 1/7,.4, is taken between an s state and a d state which
is centered on a Pd ion.
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mum in [p(x)/p(0)]s.2 k) because we have not taken
into account the development of long-range order near
x=1, where the system takes on the NaCl structure.
It therefore overestimates the resistance in this range.
If at x=1 we regard the strongly screened and weakly
screened D ions as constituting independent super-
lattices then the resistance for x<1 will arise from
scattering by type-II and -IIT structures only. Pro-
ceeding as before results in the high charge expression
(see Appendix)

2 (m*)%® Qo(x) - (x—np)(1—x)
pD(x)—g;-— py mf(‘ikﬂls) ' (5)

where ¥2>#;. The parameter #; is the number of holes
per Pd atom in the d band at the initiation of charging,
hence also the number of octahedral sites per Pd atom
available to the strongly screened D ions. The assump-
tion of independent superlattices means that Eq. (5)
underestimates the resistance in the range x> ;.

We expect x4, ¥, and #. to have the qualitative
behavior shown in Fig. 4. We note that x;+x,=x and
1¢(x) =n,(0)+x,. The concentration x, is that at which
the d band fills, and experiments by others® on pal-
ladium-noble metal alloys indicate this to be in the
region of 0.55-0.60. On the basis of the de Haas-van
Alphen (dHvA) measurements of Vuillemin®? on pure
Pd, 7,(0)=0.36. If this value is also used for the
number of holes, we get the curve indicated in Fig.
2(b). The dashed line indicates the continuous curve
which would come out of a more exact treatment of
the onset of long-range order. The effective mass used,
assumed independent of composition, was an average
band mass of 0.49 m, obtained from kr and Ep for
pure Pd. Er was taken as 0.462 Ry, using Segall’s®®
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F16. 3. The three types of local structure assumed present in
the Pd-D system. (I) a Pd atom associated with a strongly
screened D ion, screening length aq; (II) a Pd atom associated
with a weakly screened D ion, screening length as; (ITI) a Pd atom
associated with a vacancy.

27, 7. Vuillemin, Phys. Rev. 144, 306 (1966).
1B, Segal, Phys. Rev. 125, 109 (1962).
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band-structure calculations for copper and the simi-
larity in the band structures of Pd and Cu.®? The
quantity x; was taken as 0.60, and ¢4 and @, were
determined by fitting Eqs. (4) and (5) to the initial
and (extrapolated) final slopes, respectively. The fit
over the entire concentration range is certainly not
quantitative, but if we assume that the number of holes
in the d band increases from 0.36 upon charging, a
much better fit is obtained as shown by the second
curve (#,=0.55). Values for »; in the range 0.55-0.60
are consistent with magnetic-susceptibility data ob-
tained by others on Pd-H.5 The values for the screening
lengths are a4=0.26 a.u., and ¢,=1.11 a.u. (at x=1).
This value for a, is somewhat larger than the Thomas-
Fermi value of 0.74 a.u.

We are aware that the assumption of a spherical
s-electron Fermi surface neglects the appreciable
anisotropy, which ranges up to about 30%,.2 However,
the Mott model, with the interpretation of the dHvA
work that #.(0)=74(0)=0.36, appears to work well
in explaining the transport properties of the Pd-noble
metal alloys.* The apparent failure of the rigid-band
model for Pd-D indicated here suggests that further
work on this system would be of interest. In particular,
a band-structure calculation could be done for the
ordered structure x=1 to obtain #,(1). The rigid-band
model predicts one s electron per Pd atom at D/Pd or
H/Pd=1, while the present analysis would indicate
0.81 electron per atom. In conjunction a dHvA experi-
ment could be carried out. This would depend, however,
on overcoming present experimental difficulty in con-
sistently obtaining high D/Pd ratios.

APPENDIX

The expression for the inverse of the relaxation time
7s-5 for scattering of an s electron at the Fermi surface

1 J. S. Dugdale and A, M. Guénault, Phil. Mag. 13, 503 (1966).
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back into an s state by a single scatterer is'®

1 Q 1
—— dS (1—cos6) | vy | —
Toes 47 Js surface |VEF‘

Q dEN™!
£(3)
2l \dk/ i

Xf d9(1—cosf) sinf | i |2, (Al)
0

The integral is taken over all scattering angles 6
between the initial state k and final state k’. The
matrix element vy is

/ drge* (O (O T (0),
1]

where Wy is the initial state in the presence of the
scattering potential v(r) and ¢y is the final state in
the absence of v. We assume the s-band wave functions
can be taken as plane waves. In the Born approxi-
mation, ¥y is taken equal to ¢y in evaluating vyrk.
Hence

1
Vrk=— / dre~ %=1 ry(r) (A2)
QJa

Since a perfectly periodic potential has no resistance,
we consider the contribution from each type of local
structure of Fig. 3 as arising from the difference between
the actual potential and the average potential there.
The latter is

Uay=[pa+op(aq) Jat[veatop (@) Ixs
+vpa(1—2xs—xs).
Hence the scattering potentials are

(1) =0—10,y
@ =[vpa+op(@s) ]—[vpat2avp (@) +%svp(as)]

= (1—24)vp(@a) — %D (as),
and similarly

(II) v(r)= (1—2x,)vp(as)—xavp(aa);
(II1) o(r)= —%x4avp(as) —xsvp(as).

The total contribution to 1/7.., from each type of
scatterer consists of a term of the form (A1) with the
appropriate scattering potential, weighted by the
number of each type. Denoting matrix elements by
(( )) and integration over the scattering angle by

15 See Ref. 5, pp. 247ff.
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(' )av, we obtain
1  QNpq dE\!
2 2(2}?) .
X{ ([ (vn(aa)}|Davra(1—wa)
+ ([ (v (@) |Davs(1—2.)
+2(Re[{vp(aa) (vn(as))* Davitars}, (A3)

where Npq is the number of Pd atoms in the system.
The appropriate integrals can be evaluated straight-
forwardly, resulting in Eq. (4).

In the high-charge region we assume the resistance
arises mostly from the presence of vacancies in a super-
lattice of weakly screened D ions. The scattering arises
from fluctuations in an average potential

Xs Xd

7D (an)+

vpa-t

VD (ad) .

Vav=

1—1’Lh 1—%h 1—%;,,

The scattering potentials are now

() v(r>=(1—1x‘ Yoo(a;

—ny

Xs

(IIT) vp ().

o(t)=—
1

— N

There are %, type-IT scatterers and 1—ns—x, type-II1
scatterers per Pd atom. Therefore,

1 QNpq (dE)”‘
k 2

2wh

Ts—s dk k=kp

X[ (1 oota a1

Zs \?
Xs
1—nh

+ o) G=mmm |.

Now x4+xs=2%, and from Fig. 4 we see that for #>>u;

we have x;~;. Thus, using x,=x—n, results in

1 QN pq (dE>_1
k 2

ros  2rh

dk k=kp
(x—nn) (1—x)

X(I@D(as»lz)av xZnh.

(AS)
—

Substituting the explicit expression for (|(vp(as))|?av
leads to Eq. (5).



