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Electrical properties of hydrides and deuterides of zirconium have been investigated between 1.1 and
410'K. The metallic nature of these materials is evident in the fact that for compositions approaching
ZrH2, the hydride is a better conductor than is high-purity zirconium. Above 150'K the electrical re-
sistivity exhibits an interesting upturn, which arises from scattering from the optical-mode lattice vibrations.
Excellent 6ts to the ideal-resistivity data are obtained with a simple additive combination of GrOneisen
and Howarth-Sondheimer functions for the respective acoustical- and optical-mode scattering contributions.
The corresponding acoustical- and optical-mode characteristic temperatures are in good accord with ex-
pectations based on earlier inelastic neutron scattering data. Moreover, the optical-mode characteristic
temperature exhibits the expected hydride-deuteride isotope shift of V2. The observed Hall coefFicients are
large in magnitude {much greater than for pure Zr), and indicate majority hole conduction for the fcc 8

phase and majority electron conduction for the face-centered tetragonal c phase. The thermoelectric power
also changes from positive to negative with increasing hydrogen concentration in the range ZrHI. 5

—ZrH~.

I. INTRODUCTION

Zirconium hydride is widely employed as a neutron
moderator in nuclear reactors, and accordingly its phase
diagram, ' thermal properties, ' ' and, neutron scattering
characteristics' ' have been extensively investigated. ,

The data presented below were obtained, some ten years
ago as part of a program to characterize this interesting
material electrically as well. Because of the untimely
death of P. W. Bickel this program was never fully
completed, , and publication of the results was limited to
one brief note in the open literature" and a report to the
United States Atomic Energy Commission. "Although
other works on the electrical properties of zirconium
hydI'ldc hRvc RppcRrcd lIl thc lltcrRturc ' ln thc lIitcl-
vcnlng ycRI's Rnd hRvc confiI'Incd thc metallic nature of
zirconium hyd. rid, e, the results presented below remain
by and large unduplicated.

Of particular interest is the reQection in the electrical
resistivity of the unusual phonon d.ispersion which exists
in zirconium hydride. Neutron scattering experiments
first showed that the zirconium and, hydrogen atoms
occupy separate sublattices with the hyd, rogen atoms
occupying tctI'RhcdI'Rl 1Rttlcc sites lI1 fCC Rnd fRcc-
centered tetragonal (fct) zirconium hydride (approxi-
mately ZrH~, s-zrHs) and further that these hydrogen
atoms behave to 6rst approximation much like inde-
pendent simple harmonic or "Einstein" oscillators. The
level spacing of these Einstein or optical modes is

0.137 CV, which is well above the acoustical-mode
high-frequency cutoG of 0.02 cV. In Ref. j.0 the pres-
ent authors reported observation of a prominent con-
tribution to the electrical resistivity above 150'K
which could be attributed to scattering by these
optical-mode phonons. Shortly thereafter contributions
of the optical mod, es to the speci6c heat were observed,
by Flotow Rnd, Osborne' Rnd by Tomaschs in both the
hydride and, deuteride, and, the appropriate isotope

2

shift of W2 was con6rmed. The electrical resistivity data
on zirconium deuteride reported below Rdd further
confirmation.

This work commenced with investigation of the elec-
trical resistance and Hall coefFicient as functions of
temperature and composition for hydrogen-to-metal
ratios H/M' (deuterium-to-metal ratios D(M) greater
than 1.5. Later, partly because of uncertainty regarding
the inAuence of microcracks on these properties, the
scope of this study was enlarged to include measurement
of the thermoelectric power, a property less sensitive
to the presence of such defects.

II. EXPERIMENTAL METHODS

A. Samyle Preparation and Analysis

The amount of hydrogen that will combine with a
specimen of zirconium is a function of the purity of the
zirconium and hydrogen, the temperature, the hydrogen
pressure, and the surface conditions. '4 The samples
used in this study were prepared by a massive hydriding
technique. "Clean specimens of reactor-grade zirconium
were placed within a vacuum furnace and brought to
hydriding temperature, typically 1450—1650'F. Purified,
hydrogen was then ad, mitted in suKcient amount to
achieve the desired H jM. Hydriding time for a typical
specimen was of the order of 40 h, including cooling
tlIQC.

An accurate knowledge of hydrid, e composition is
neccssRry lf l eliablc interpretations RI'c to bc made f10m
the electrical properties of the samples. In this study,
the composition of each sample was d.etermined from
weight gain and also from vacuum fusion measurements.
If any serious discrepancy existed, , the sample was
reanalyzed by the vacuum fusion method, , which should
have a reliability of &1%. In all cases, the vacuum
fusion analysis is the one reported.
4807
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TABLE I. Electrical resistivities, Hall coeKcients, and crystal structures of zirconium hydride, zirconium deuteride, and zirconium,

T
'K

10'p
Qcm

10'E~ Structure
cm3/C by I rays

T
'K

10'p
Qcm

10'E~ Structure
cm'/C by x rays

ZrHg 54 1.1 44. 5
4.2 44. 5

77 49.2

300 69. 1

+29, 9
+37.3
+34.8

ZrHg, ge 1.1

4.2

77
300

4.31
4, 31
7.82

24. 7

—65.9
—67.9

ZrHy 5g

ZrH) 62

ZrH1. 63

ZrHy. 64

4.2 52.4
77 56.7

300 75.6

4.2 52, 8
77 56.6

300 75.3

4.2 47.4
77 51.1

300 73.2

1.1 43.8
4.2 43.8

77 47.3
300 66.6

+39.0

+11 2

+21 2

+39.8
+39,8
+42.0

fcc+fct

fcc

ZrD] 54

ZrDg 74

ZrDg 76

4, 2 39,4
77 43.3

294 65.7

4.2 38.8
77 42. 3

294 62.6

42. 6
46.0
67.5

43, 6
47.5
67.5

ZrHg, p4

ZrHi sy

ZrHg 87

4.2 33.8
77 38.7

300 60.2

1.1 28.9
4.2 28.9

77 33.2
300 54. 7

4, 2 22. 8
77 27, 6

300 49.5

—32.2
—17.7

—50.4
—39.0

—52.0
—45.8

fct ZrDg 7g

ZrDy 84

Zr (high purity}

77
294

4.2

77
300

24. 8
28.8
51.2

22. 9
26. 7
47. 5

0.213
6.08

42. 6

fct

hcp

ZrHg, go 16.5
19.3
38.4

—66, 0
—61.2

Zr (reactor grade) 4.2

77
300

5.97
12.8
50.8

The as-hydrided, specimens, either in the shape of
small rectangular plates or cylind. rical rods, were first
cut to approximate size with a diamond. cutoff wheel.
Next, the sample was shaped, to the desired dimensions

by means of a polishing block and metallurgical paper.
When Gnished, the samples were ~~ in. long by 8 in.
wide by 20—40 mil thick. These dimensions were estab-
lished by the electrical and cryogenic equipment
available for performance of the measurements. Since
zirconium hydride is very brittle, especially for large
H/M, it was necessary to handle the samples with great
care throughout the preparation and data-gathering
phases. In add, ition, it was found, that unless the samples
were etched, proper electrical contact could not be
established. A suitable etchant consists of 5 parts HF,
45 parts HN03, and 50 parts H20 by volume.

All samples studied were polycrystalline and con-
tained appreciable numbers of microcracks as revealed

by microscopic examination at magnifications of the
order of 250+. FlgUI'e 1 ls a photoInlcl. ogI'aph of ZrIIy. @,

a typical sample. The influence of these d,efects on the
properties studied, will be discussed later. The banding"
shown in this photograph is typical of high-hydrogen-
content zirconium hydride. The effect of oxygen im-

purity variations on the electrical properties of the
samples was not investigated.

B.Electrical Resistivity and Hall-Effect
Measurement Techniques

Stand. ard potentiometric techniques were used for the
resistivity measurements, and the three-probe geom-

etry" was employed for the Hall-effect measurements.

The Hall voltage V~ was taken as one-half the differ-

ence in voltage measured by a pV potentiometer for
forward and reverse magnetic Geld directions. Field
reversal was actually accomplished, by a 180' rotation
of the sample about its long axis. In terms of the

measured quantities, the Hall coeKcient is given by
RII V~1/I=H, where I is the sample thickness, I is the

measuring current, and H is the magnetic GeM strength.
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The voltage drops between resistivity probes varied
from a few hundred to a thousand pV for measuring
currents between 0.2 and 0.4 A. Hall voltages amounted
to a few tenths of a pV and were reproducible to about
0.005 p,V or better.

Electrical contacts to the edges of the sample were
accomplished by means of spring clips. Even though
the sample holder was constructed in such a way as to
minimize constraint during thermal expansion and
contraction of the samples, fracture of the brittle
samples sometimes occurred. This difFiculty is not
easily overcome through the use of thicker samples,
because the Hall voltage (which is small at best) is
inversely proportional to the sample thickness.

The cryogenic and magnetic apparatus and pro-
cedures used in this investigation have been described
elsewhere '~ "
C. Thermoelectric Power Measurement Techniques

The thermoelectric power measurements do not suffer
from complications arising from the brittle nature of
zirconium hydride, inasmuch as thin samples are not
required, and microcracks are of less influence. The
experimental apparatus is illustrated schematically in
Fig. 2. With this arrangement, which was intended
only for rapid exploratory measurements, it was possible
to make measurements between 0 and 150'C. It was
not convenient to vary each junction temperature
separately, but this proved to be of little consequence

~ Xg)

~ :?

:,..;',:.:;.:;;:j;::'-::;":;:.;;,g,.;"":;:.'. :.:.-': ":;P',:-.$„.':;",::;;-jj~":.':.'-,','.'.''&:::-",f.„::;-..:::;.;.~'-'p.-:„..",:P;"

FIG. 1. Bright field photomicrograph of ZrHl gl for a magnifica
tion of 250X.
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Frc. 2. Schematic diagram of thermoelectric power measurement
apparatus.

because the thermoelectric force hV was measured for
a temperature difference AT= Ti —T2, and plots of
AV/AT versus average temperature —,'(T~+T2) were
linear in all cases. Under these circumstances, a plot of
hV/hT versus —', (T~+T2) is equivalent to a plot of
thermoelectric power dV/dT versus T.

All thermoelectric power measurements were made
against copper. Between 0 and 100'C, the absolute
thermoelectric power of copper in pV/'C is given""
approximately by 1.5+0.0069T where T is in 'C. This
quantity was added to the measured thermoelectric
power to yield the absolute thermoelectric power data
for zirconium hydride reported in this paper.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Electrical Resistivity

Liquid-helium temperature, liquid-nitrogen tempera-
ture, and, room-temperature values for the electrical
resistivities of hydrides and deuterides of zirconium
are presented in Table I together with information on
crystal structures. (Data on high-purity and reactor-
grade zirconium are included for comparison. ) Reason-
able agreement with other hydride determinations' '
is evident in the ranges of overlap. As previously noted,
the specimens contained fair numbers of microcracks.
Nevertheless, some confidence in the values listed in
Table I is justified, because specimens cut from different
portions of the same bar yield. ed, resistivities in agree-
ment within one percent or better, resistivity-versus-
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FIG. 3. Electrical resistivities of zirconium hydride and zirconium
specimens at 4.2, 77, and 300'K.
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FIG. 4. Electrical resistivity versus composition for hydrides
and deuterides of zirconium at 4.2 and 300'K. The dashed curve
is proportional to (H/2M) (1—H/22lf) .

concentration curves followed a regular course, and the
observed resistivity at 4.2'K approached zero as stoi-
chiometric ZrH2 was approached.

Although electrical resistivity measurements were
made down to 1.1'K for three zirconium hydride
samples (Table I) no evidence of superconductivity
was found, nor was a measurable magnetoresistance
observable.

The zirconium hydride resistivity data from Table I
are plotted against temperature in Fig. 3. The metallic
nature of these materials is readily apparent, In-

deed, as ZrH2 is approached the hydride is a con-

siderably better electrical conductor than is pure zir-

conium. Although the zirconium hydride curves appear
to be approximately parallel to each other in Fig. 3, the
more detailed data to be presented later indicate sig-

nificant departures from this condition. Accordingly
earlier conclusions" regarding the nature of the con-
tribution of the hydrogen electron to the electronic
structure which were based on parallelism of the
resistivity curves now appear to be unwarranted.

In Fig. 4 the residual resistivity p„=p(4.2'K) and the
room-temperature resistivity p(300'K) are plotted
against composition for the hydrides and deuterides.
The differences evident between the p„values for the
hydrides and deuterides are puzzling in view of data"
which suggest that the Zr-H and Zr-D phase diagrams
are similar. Clearly more data are required to determine
if these differences in p„aregenuine. Also puzzling is the
bump in the hydride data below H/M=1. 65. This could
be associated with the change in crystal structure from
fcc to fct with increasing hydrogen concentration and
the existence of a concentration range where these two
phases coexist. In such a two-phase region additional
contributions to electron scattering would arise from
phase boundaries and extra microcracks generated by
thermal expansion mismatch.

TABLE II. Parameters used to 6t Eq. (1) to experimental

electrical resistivity data on polycrystalline zirconium hydride
and zirconium deuteride.

ZlHI 54 ZrHI g6 ZrDj 84

g (pQ cm)
b (pQ cm)
e, ('K.)
e~ ('K)
p„(yQcm)

19.17
18.35

225
1550

41.8

11.96
15.06

200
1550

4.02

16.16
31.4

210
1096

22.9

It is of interest to compare hydrogen vacancies in
zirconium hydride with vacancies in pure metals as
regards their effect on residual resistivity. By analogy
with the case of simple solid solution alloy theory, " in
the absence of impurities, changes in lattice parameter,
and changes in number of charge carriers, the residual
resistivity in zirconium hydride would be proportional
to x(1—x), where x is the fractional concentration of

hydrogen vacancies (or in terms of H/M, x= 1—H/2M).
Such a dependence (6tted to the experimental point
for H/M= 1.81) has been plotted in Fig. 4 as the dashed
line. This is a fair approximation to the 4.2'K data
despite the obvious failure (see above) of the experi-
mental system to fulfill the conditions imposed by the
model. The slope of this dashed line at ZrH2 yields a
value of 3.3 pQ cm/at. % vacancies relative to the hydro-

gen sublattice, or 2.2 pQ cm/at. % vacancies relative to
the entire lattice. Estimates of vacancy resistivities for
pure noble metals range from 0.4 to 1.5 pQ cm/at. %
vacancies. " The values for zirconium hydride are
surprisingly close to those for noble metals, in view of
differences in electronic structure as indicated by the
much lower ideal resistivities of the noble metals. It
should be pointed out that the zirconium hydride
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measurements enjoy some advantage over the deter-
minations on pure metals, because in the former the
vacancy concentration is known directly from the
hydrogen concentration.

More detailed data on the temperature dependence
of the ideal resistivity for ZrHy, 54, ZrHi. g6, and. ZrD~. 84

are plotted in Figs. 5 and 6 where manifestations of both
acoustical- and optical-mode scattering contributions
are readily apparent. The plotted points represent the
experimental data, while the solid curves represent
parametrized theoretical fits based on the following
simple model. If scattering by impurities (including
hydrogen-deuterium vacancies) and by the acoustical
and optical modes all make independent contributions,
the electrical resistivity should be approximated by a
function of the form

P=P+P =0+'(~T/8 )g(8 /T)+bh(9 /T), (1)

where p„is the residual resistivity, p; is the ideal resis-
tivity, a and b are constants involving scattering cross
sections and electronic factors, T is the temperature,
g(8,/T) is the well-known Gruneisen function'4 for
acoustical-mode scattering, e, is the acoustical resistive
characteristic temperature,

h(8E/T) = L(T/8s) sinh'(8s/2T)] '

is the first-order approximation to the Howarth-
Sond, heimer function" for optical-mode scattering, and
ei is the optical-mode characteristic temperature. The
function h(8s/T) becomes appreciable only above
about O. ieg.

The solid lines in Figs. 5 and 6 represent 6ts of Eq. (1)
to the data using the parameters listed in Table II,
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Fro. 5. Ideal resistivity versus temperature for ZrHI. &4 and
ZrH1 96. The solid lines represent fits of Eq. (1) to the experimental
data, and the dashed lines represent the Gruneisen contributions
alone.
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FIG. 6, Ideal resistivity versus temperature for ZrD1 84. The
solid line represents a fit of Eq. (1) to the experimental data,
and the dashed line represents the Griineisen contribution alone.

while the dashed line represents only the acoustical or
Gruneisen contribution. The agreement is remarkably
good, in general, although a significant deviation exists
at the highest temperatures for ZrH&. 54. Much larger
d,eviations would not be unexpected in view of the
possible lack of independence of the terms in Eq. (1)
and evidence that the acoustical- and, optical-mode
dispersions which actually exist in zirconium hydride
d,epart significantly from the "ideal" Debye and
Einstein (b-function) forms. A fair approximation to the
neutron scattering data for the hydride consists of a
Debye spectrum with a high-frequency cutoG at 0.02 eV
(232'K) for the acoustical mode and a Gaussian dis-
tribution centered at 0.137 eV (1590'K) with a full
wid, th at half-maximum of 0.02 eV for the optical mode. "
The 8, and 88 values used to fit Eq. (1) to the experi-
mental resistivity data on zirconium hydride are in
reasonable agreement, respectively, with these values
for the Debye cutoG and the center of the optical-mod, e
distribution. However, because four adjustable param-
eters (a, b, 8„8s)are used to 6t Eq. (1) to the experi-
mental data, variations of the order of +10% in 8, and
e& do not degrade the agreement between theory and
experiment appreciably. The difference between the
hydride and deuteride is nonetheless readily distinguish-
able, and the lower e~ used to fit the deuteride resistivity
data is in accord with both the expected hydride deu-
teride isotope shift of W2 and the results of neutron
scattering experiments on the deuteride. ~ The present
e~ determinations also show acceptable agreement with
the specific-heat determinations of Flotow and Osborne2
on the hydride and. deuterid, e. However, for the acoustic-
mode characteristic temperature the specific-heat
measurements in the range below 11'K yielded the
value 311'K, which is considerably greater than the
values for 9p obtained in this work. In spite of this
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change from holes to electrons. Interpreted in terms of a
simple overlapping-electron-and-hole-band model this
would imply that as hyd, rogen is added electrons are
contributed to the Fermi sea. These electrons would
reduce the number of holes in the hole band and increase
the number of electrons in the electron band, . However,
a critical test of this hypothesis would require more
detailed electron transport data than were obtained in
this stud, y.

C. Thermoelectric Power

As already indicated, the absolute thermoelectric
power S was a linear function of temperature between
0 and 100'C for all zirconium hydride specimens
studied and can therefore be represented by an equation
of the form

S=A+BT,

FIG. 7. Hall coefhcient of zirconium hydride specimens versus
composition at 300'K.

where A and 8 are constants characteristic of each

TABLE III. Absolute thermoelectric power S of zirconium

hydride specimens.

discrepancy the resistivity data presented here appear
to conhrm the existence of optical and acoustical modes
which contribute in a quasi-independent fashion to the

physical properties. Sample

5=A+BT
10'A 10'B
V/'C V/('C) 2

Structure by
x rays

B.Ha11 Effect

In every case the Hall voltage was directly propor-
tional to magnetic field strength throughout the range
of measurement, 0—30 kG. The corresponding Hall
coeS.cients are tabulated in Table I, and, the 300'K
data are presented graphically in Fig. 7. It is apparent
that as the crystal structure changes from fcc to fct
with increasing H/M the majority charge carriers

ZI'H1, 54

ZrH1, 5g

ZrH1 62

ZIHI 63

ZrH1 64

ZrH1. 81

ZrHI. gp

ZIHI g2

ZrH1 g6

+19.4
+20.5
+21.7
+23.6
+24.5
+4.2
—5.2

5 4
—7, 7

—0.0241
+0.0189
+0.0289
+0.0379
+0.0299
—0, 0091
—0.0141
—0.0271
—0.0271

fcc
fcc+fct
fcc
fcc
fcc+fct
fct
fct

50 specimen. The appropriate values for A and, 8 for various

H/M are listed in Table III, and values for S at 0 and
100'C are plotted against H/M in Fig. 8. The curves
show positive thermoelectric powers for the lower H/M
ratios and negative thermoelectric powers for the larger

H/M ratios. This result is consistent with the simple
overlapping-band picture discussed in Sec. III.B.
However, it should be kept in mind that both the ther-
moelectric power and the Hall effect are often quite
sensitive to small and very subtle changes in electronic
structure and electron scattering, ' "" and so the
question of the manner in which hydrogen contributes
electrons to the Fermi sea remains open.
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.0 IV. SUMMARY

The experimental data obtained in this investigation
clearly d,emonstrate the metallic nature of the hydrides

-IO— and, deuterides of zirconium. The prominent role played
by H or D vacancies in scattering electrons is readily

) l apparent in the strong depend, ence of residual resistivity

FIG, 8. Absolute thermoelectric power of zirconium hydride on H or D concentration. Acoustical- and optical-mode

specimens versus compositio. . at 0 and 100'C. scattering contributions to the ideal resistivity were
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separately identified, and the appropriate hydrogen-
deuterium isotope shift was observed in the optical-
rnode characteristic temperature. The Hall eGect and
thermoelectric power data reveal majority hole conduc-
tion for the fcc hydride phase and majority electron
conduction for the fct phase.
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The de Haas —van Alphen effect has been used to study the extremal areas, cyclotron masses, and spin-
splitting zeros on all three sheets of the Fermi surface of platinum. For the F-centered electron surface
and X-centered hole pocket, newly developed inversion techniques have been employed to obtain the
Fermi radius and Fermi velocity at all points on these surfaces. By performing the appropriate integrations
over these surfaces, we have been able to determine the number of carriers and the density of states for
these surfaces. Our observations on the open-hole surfa"e, when combined with band-structure calculations,
confirm the shape and connectivity of this surface. By combining effective-mass data with spin-splitting
zero data, we have obtained information on the magnitude and anisotropy of the g factor on all surfaces.
In general, we find the g factor to be different from 2.0 and quite anisotropic. The effective-mass measure-
ments, when compared with band-structure calculations, indicate an enhancement of approximately 30%.

I. INTRODUCTION

The de Haas —van Alphen eBect has proved to be a
powerful tool for the determination of the Fermi sur-
faces of metals. Traditional measurements yieM the
cross-sectional areas of the Fermi surface in planes
normal to the magnetic field. Recently however, this
effect has been shown to be capable of yielding detailed
measurements of the cyclotron mass, Dingle-Robinson

temperature, and g factor of electrons on the Fermi
surface. %'ith such information available, studies of the
de Haas-van Aiphen (dHvA) effect in metals now
appear useful not only for determining the shape of the
Fermi surface, but also for determining the limitations
of the one-electron model calculations and estimating
the magnitude of the many-body interactions. Pt is a
metal especially suitable for such a program since it is
known from the heat capacity' 2 and the magnetic sus-




