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In order to examine possible sources of the discrepancies between the proton NMR parameters for
ZrH, as reported by R. C. Bowman, Jr., et al. [Phys. Rev. B 27, 1474 (1983)] and C. Korn [Phys.

Rev. B 28, 95 (1983)], proton spin-lattice relaxation times (7)), lattice parameters, and magnetic sus-

ceptibilities (X¥) have been measured for high-purity ZrH, samples in the composition range
1.5 <x < 1.9 that had been typically annealed at 525°C for 21 d. When these results are compared
with the corresponding parameters obtained on the as-prepared ZrH, samples of Bowman et al. it
was found that the anneals generally had only minor effects on the proton T'; values, lattice parame-
ters, or X(T) behavior. The most notable exception is a ZrH; ;o sample that was initially composed
of a mixture of 8(fcc) and e(fct) phases and converted to just the € phase upon annealing. Although
the anneals gave small systematic decreases in the unit-cell volumes, the tetragonal distortions (i.e.,
c/a ratios) were not affected within experimental accuracy. Furthermore, both the proton
(T,T)~'/? peak and T, T temperature dependences were also not significantly changed by these an-
neals. Although the X(T) values in the € phase decrease rapidly with increasing hydrogen content, a
local X(T) maximum that reflects the Pauli component from a peak in the Fermi-level density of
states is observed near x =1.80. The dominant X(7') decrease is primarily attributed to reductions
in the orbital contribution with the increasing tetragonal distortion. Variations in the concentrations
and distributions of oxygen and paramagnetic impurities are believed to be responsible for most of
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the differences found in the previous studies.

I. INTRODUCTION

The role of electronic structure on the cubic-tetragonal
phase transitions of the nominal-dihydride phase formed
by the group-IVb metals Ti, Zr, and Hf has received con-
siderable theoretical’?> and experimental’=° attention in
recent years. In particular, the tetragonal distortion has
been attributed to a solid-state analog of the classical
Jahn-Teller effect'® that involves a splitting of the
transition-metal d-electron states in the region of the Fer-
mi energy Er. Bowman et al.® (afterwards referred to as
BVCAS in this paper) and Korn’ have provided recent
summaries of the experimental observations as well as re-
lated theoretical descriptions. Independent nuclear mag-
netic resonance (NMR) studies®’ of the proton spin-lattice
relaxation times (7T;) and Knight shifts (0g) in non-
stoichiometric ZrH, yielded very similar general con-
clusions. First, the dominant proton-hyperfine interaction
arises from a core-polarization mechanism!! with conduc-
tion electrons localized on the Zr 4d states. Second, the
Jahn-Teller effect produces a resolved doublet in the elec-
tronic density of states N (E) near the Fermi level for the
tetragonal € phase of ZrH, from the theoretically predict-
ed>!? sharp N (E) peak in cubic ZrH,. This view is also
consistent with electronic specific heats,> photoemission
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spectra,* magnetic susceptibilities,” and augmented plane-
wave (APW) band-theoretical calculations? on cubic and
tetragonal ZrH,. Finally, the peak in N(Ef) occurs at hy-
drogen composition x =1.8 in € phase. -

When the data of BVCAS and Korn’ are compared in
greater detail, some discrepancies become apparent.
Many of these differences are relatively minor ones that
can be attributed to small variations in sample composi-
tions, measurement techniques, calibration procedures,
and data-reduction-analysis methods. However, there are
two more serious inconsistencies between the results of
BVACS and Korn. First, the temperature-dependent
behavior of the proton (7,7)~' parameters differ
throughout the entire common range of sample composi-
tions but show the greatest variation in the region of the
(T,T)~"? maximum (i.e., when x=1.8). Second, Korn
concluded that no two-phase [e.g., 8(cubic) and e(tetrago-
nal) phases] region exists at the room-temperature phase
boundary while the powder x-ray diffraction (XRD) pat-
terns of BVCAS gave clear evidence for a mixed 8-+¢€
phase in ZrH; ;. Subsequent XRD measurements by
Cantrell et al.® (afterwards referred to as CBS) confirmed
the two-phase character in this ZrH,,, sample. The
greatest differences between the ZrH, samples of BVCAS
and Korn appear to be (1) the purities of starting Zr metal
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and (2) the preparation conditions of the hydride samples.
BVCAS studied ZrH, samples prepared from Marz-
grade!® Zr-metal foils where the vendor’s stated purity of
99.99% (with respect to metals) has been verified by in-
dependent emission spectroscopic analysis.'* On the other
hand, Korn used Zr sponge of unspecified purity. Furth-
ermore, Korn reported rather large paramagnetic impuri-
ty contributions to the proton 7T'; relaxation times that
necessitated a special analysis to extract the conduction-
electron T; components. Phua et al.!® in a series of pa-

pers have emphasized that conventional approaches to

deduce diffusion and conduction-electron contributions
from proton T; data even with rather small concentra-
tions of paramagnetic impurities are often unreliable. Be-
cause of the high purity of their initial Zr metal (e.g., 20
ppm Fe) and absence of any anomalous effects in the
rigid-lattice proton line shapes,'* BVCAS had neglected
paramagnetic impurities effects during the analysis of
their proton T; data. The NMR and XRD samples of
BVCAS had been prepared'* by heating cleaned Zr foils
to 500—600°C with stoichiometric amounts of hydrogen
gas for several hours. After equilibrium conditions had
been established (i.e., pressure changes with temperature),
the reactor was slowly cooled (usually overnight) to room
temperature. Korn prepared his samples by heating
weighed mixtures of Zr metal and ZrH, powders in evacu-
ated Pyrex tubes for about 20 d at 525°C. Korn has also
suggested that annealing may affect the behavior of the
tetragonal distortion as well as the NMR parameters.

The present paper reports the NMR and XRD results
obtained when portions of most of the ZrH, samples (i.e.,
for compositions in the range 1.5<x <1.9) from the
BVCAS and CBS studies were annealed at 525°C for ex-
tended periods (usually 21 d). Furthermore, the effects of
these thermal anneals on the magnetic susceptibilities
were examined. With the exception of one ZrH, ;o sam-
ple, the anneals did not alter the ZrH, phase compositions
or unit-cell parameters nor significantly modify either the
composition or temperature-dependent behavior of the
proton T; values. While one ZrH, ;o sample changed
from mixed 8+ € phases to pure € phase, a second ZrH; 1
sample retained a mixture of & and € phases after the
525°C anneal. Although differences in oxygen-impurity
contents may influence the width of the two-phase re-
gion,® a definitive assessment could not be deduced from
the current NMR and XRD experiments. In any case, the
anneals did not remove most of the discrepancies with
Korn results, which are now thought to be mainly due to
various complications'® from paramagnetic impurity ef-
fects on Korn’s proton 7'; data as as well as possible un-
certainties in his XRD data. Nevertheless, the basic
soundness of the proposed Jahn-Teller mechanisms®—# for
tetragonal distortion in e-ZrH, to produce a peak in
N(Ep) when x = 1.8 remains intact.

II. EXPERIMENTAL PROCEDURE

The original synthesis conditions for ZrH, samples has
been previously described.®®!* Since their preparation,
the ZrH, materials had been stored in evacuated and
flame-sealed glass tubes as either the initial foil pieces or
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powders that had been ground in a purified-argon-
atmosphere glovebox. Various ZrH, sample tubes that
contained either the foils or powders with compositions in
the range 1.50 <x < 1.95 were annealed at 525°C for 21 d
with the exceptions of two tubes of ZrH, 5y (sample No.
B10) that were separately annealed for 8 and 14 d at
525°C. After each annealing was completed, the sealed
sample tube was either furnace cooled or air quenched to
room temperature. No differences due to cooling tech-
nique were subsequently noted except for the air-quenched
ZrH, 45 sample that appeared to have suffered some loss
in the stoichiometry to give NMR and XRD results simi-
lar to the ZrH; o samples. The annealed tubes were
opened in a glovebox filled with purified argon; all foil
samples were ground to —200 mesh powder; and the
powders divided into samples for the NMR, XRD, and
magnetic-susceptibility experiments. A Cenco oven
equipped with a thermocouple display and recorder that
monitored the entire annealing cycle was used for these
anneals. The furnace temperature did not vary by more
than +1°C from its nominal value.

The proton T; data were obtained with the normal-
inversion recovery method in an identical way to the
method of BVCAS. The ZrH, samples had been sealed in
evacuated 7-mm-o.d. glass tubes. The proton-resonance
frequency was 34.5 MHz and measurements were per-
formed over the temperature range between 115 and 300
K.

Two different x-ray diffractometers® were used to deter-
mine the XRD patterns of the annealed ZrH, powders: a
Phillips-Norelco (XRG-3000) with a theta-compensating
slit and a Rigaku D/MAX automated diffractometer with
a rotating-anode generator. Both XRD systems were
operated in the 6-260 scan mode using Cu Ko radiation
and a nickel filter. The Phillips generator was operated at
35 kV and 15 ma, and the Rigaku unit was operated at 50
kV and 80 ma. The XRD samples were mounted on mi-
croscope slides with double sticky transparent tape and
were open to the air.® National Bureau of Standards sil-
icon (sample No. 640a) was used as an internal standard.
The ZrH,, samples were run in duplicate at room tempera-
ture and the unit-cell parameters were derived from the
XRD patterns with full-matrix least-squares-fitting pro-
grams. All the 20 data were reproducible to 0.05°.

The magnetic susceptibilities were derived from least-
squares fits to the magnetic field dependences of the mag-
netizations measured between 5 and 20 kG with a S.H.E.
Corporation superconducting quantum interference device
magnetometer. The magnetization data were also correct-
ed for the contributions of the Kel-F sample container.
The susceptibilities were determined for temperatures be-
tween 7 and 300 K.

III. RESULTS AND DISCUSSION

A. XRD studies

The room temperature lattice parameters @ and ¢ for
the unannealed (i.e., as originally prepared for the BVCAS
and CBS studies) ZrH, materials and those samples an-
nealed at 525°C are summarized in Table I and are com-
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TABLE I. Summary of unit-cell parameters at 293 K for ZrH,, samples from x-ray diffraction measurements.
Sample Anneal

x number Phase conditions a (nm) ¢ (nm) c/a V (nm)?
1.997 Bl € Us 0.498 25(9) 0.444 88(9) 0.8929(8) 0.11044(9)
1.950 B9 € U 0.497 84(9) 0.44508(9) 0.8940(8) 0.11031(9)
1.901 B4 € U 0.497 29(8) 0.44541(9) 0.8957(8) 0.11015(9)
1.901 B4 € 525°C, 21 d 0.496 89(6) 0.44497(5) 0.8955(6) 0.109 86(6)
1.852 B8 € U 0.496 24(9) 0.446 70(8) 0.9002(8) 0.11000(9)
1.852 B8 € 525°C, 21 d 0.49547(5) 0.44671(6) 0.9016(6) 0.109 66(6)
1.835 B7 € U 0.495 72(6) 0.447 50(5) 0.9027(6) 0.10997(6)
1.835 B7 € 525°C, 21 d 0.49590(4) 0.446 10(5) 0.8996(5) 0.109 70(5)
1.801 B3 € U 0.49377(8) 0.45056(10) 0.9125(9) 0.109 85(9)
1.801 B3 € 525°C, 21 d 0.494 37(4) 0.45018(4) 0.9106(4) 0.109 55(4)
1.776 B12 € U 0.49300(9) 0.452 04(9) 0.9169(8) 0.109 87(9)
1.776 B12 € 525°C, 21 d 0.492 18(3) 0.451914) 0.9182(3) 0.109 47(6)
1.750 B5 € U 0.49167(8) 0.454 18(8) 0.9237(7) 0.109 7909)
1.750 BS € 525°C, 21 d 0.49122(4) 0.45317(4) 0.9225(4) 0.109 35(6)
1.701 B15 € U 0.489 90(9) 0.45728(10) 0.9334(8) 0.109 75(9)
1.701 B15 ) U 0.478.58(9) 0.10961(9)
1.701 B15 € 525°C, 21 d 0.489 15(8) 0.456 69(9) 0.9336(8) 0.10927(9)
1.701 B15 8 525°C, 21 d 0.477 83(11) 0.109 10(10)
1.701 B10 € U 0.490 53(8) 0.457 05(8) 0.9321(8) 0.109 89(9)
1.701 B10 8 U 0.47841(8) 0.109 50(9)
1.701 B10 € 525°C, 8 d 0.48968(11) 0.45729(10) 0.9338(9) 0.109 65(10)
1.701 B10 ) 525°C, 8 d 0.478 59(12) 0.10962(11)
1.701 B10 e 525°C, 14 d 0.489 38(12) 0.45672(11) 0.9333(9) 0.109 38(11)
1.651 B13 ) U 0.478 52(12) 0.109 57(11)
1.651 B13 b} 525°C, 21 d 0.47770(5) 0.10901(5)
1.603 B2 8 U 0.478 50(9) 0.109 56(8)
1.603 B2 L} 525°C, 21 d 0.477 75(5) 0.109 04(5)
1.551 Bl11 8 U 0.47843(11) 0.10951(9)
1.551 Bl11 8 525°C, 21 d 0.477 54(5) 0.108 90(6)
1.501 B6 8 U 0.478 57(10) 0.109 56(9)
1.501 B6 ) 525°C, 21 d 0.477 59(5) 0.108 94(6)

2U represents unannealed (as-prepared).

®Annealed to pure € phase.

pared in Fig. 1. The tetragonal distortion of the e-phase
unit cells are clearly shown in Figs. 1 and 2. The lattice
parameters for the unannealed ZrH, samples given in
Table I are slightly different from the 293 K values re-
ported by CBS. Both sets of parameters had been ob-
tained from the same experimental XRD diffraction pat-
terns. However, during the present comprehensive
analysis of the XRD patterns of the annealed ZrH, sam-
ples it was found that as the c¢/a ratios changed rapidly
for stoichiometries between x=1.75 and 1.90 some of the
diffraction lines actually crossed in their 20 values, which
is shown in Table II. Those lines which cross in 26 values
as x changes include: [113] and [222] at x=1.801, [004]
and [420] at x=1.901, [313] and [402] at x=1.776, and
[004] and [331] at x=1.776. A detailed discussion of this
behavior, which will also identify some other lines that
cross in 20 values, will be presented in a future publica-
tion in a more specialized crystallography journal. Since
the tetragonal distortion can change the relative 20 values
of the diffraction lines, considerable care must be exer-
cised during the indexing of the XRD patterns when the
diffraction lines can cross as shown in Table II. Conse-
quently, a very careful evaluation of the XRD data for the

unannealed as well as annealed ZrH, samples produced
reassignments of some of the Miller indices originally
chosen by CBS. This analysis reduced the errors of the
calculated unit-cell parameters and also decreased some of
the “scatter” in composition dependences of these quanti-
ties. All of the ZrH, samples were subjected to thorough
numerical data-fitting analysis that included full-matrix
least-squares fits to all the available XRD data. There-
fore, the lattice parameters given in Table I are believed to
be the most reliable values that can be obtained for these
ZrH, samples.

Figures 1 and 2 directly compare the effects of the
525°C anneals on the ZrH, unit-cell constants at room
temperature (293 K) and the corresponding c¢/a ratios,
respectively. Within the experimental precision of the
XRD data these anneals show little influence on a, ¢, or
the ¢ /a ratio. Furthermore, the ¢ /a ratios for both unan-
nealed and annealed ZrH, samples are shown in Fig. 2 to
be in good agreement with the ratios measured by Korn,’
Korst,'® and Barraclough and Beevers.'” However, the
expanded scale plot of the unit-cell volumes ( ¥) in Fig. 3
does reveal small systematic volume decreases upon an-
nealing for all the ZrH, compositions studied. Figure 3
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FIG. 1. Stoichiometry dependences of room temperature (293

K) unit-cell axes a and ¢ for unannealed (O) and 525°C an-

- nealed (®) ZrH, samples. Error bars not included fall within the
symbols.

also presents the ZrH, volumes reported by Korn.” The
fractional changes in volume (AV /V,) are the differences
(AV) between the unit-cell volumes for the unannealed
and annealed samples divided by the unannealed volume
(V,). The stoichiometry dependence of AV /V, is given
in Fig. 4 where a linear decrease is observed as the hydro-
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gas from the ZrH, samples during the anneals cannot be
responsible because the largest volume decreases occur for
anneals of samples with the smallest composition (i.e., the
ones with the lowest dissociation pressure). If hydrogen
loss was the cause, the AV /V, behavior would show a
completely opposite change to that seen in Fig. 4.

The decrease in volume upon annealing could be the re-
sult of a redistribution of the hydrogen atoms to more
uniformly occupy the tetrahedral sites such that any
hydrogen-hydrogen repulsions are minimized. This de-
crease in H-H repulsion may reduce residual stresses in

gen content increases.

Since the hydrogen dissociation
pressures increase'® as x approaches 2.0, loss of hydrogen

unit-cell volumes.

the lattice to produce a corresponding decrease in the

Removal of dislocations or intrinsic

TABLE II. Comparisons of selected x-ray (Cu K,) 26 values (in degrees) for selected [ hkl] Miller in-
dices of several e-phase ZrH, samples. The asterisks (%) denote equal 20 or crossover 20 for two dif-
fraction lines with [Akl] values in adjacent columns.

x [222] [113] [331] [420] [004] [402] [313]
1.997 67.87 68.67 85.52 87.57 87.76 90.36 91.10
1.950 67.89 68.64 85.59 87.66* 87.71 90.42 91.12
1.901 67.92 68.61 85.70 87.78* 87.62 90.49 91.13
1.852 67.94 68.44 85.89 88.01 87.31 90.60 91.07
1.835 67.93 68.34 85.98 87.11 88.13 90.65 91.02
1.801 67.92* 67.94 86.33 88.57 86.37 90.81* 90.82
1.776 67.91 67.75 86.47* 88.74 86.02* 90.86 90.72
1.750 67.90 67.47 86.71 89.04 85.52 90.98 90.59
1.701 67.89 67.08 87.03 89.45 84.80 91.13 90.39
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FIG. 3. Stoichiometry dependences of room temperature (293
K) unit-cell volumes ¥V for unannealed (O ) and 525°C annealed
(®) ZrH, samples. Volumes reported by Korn (Ref. 7) are plot-
ted with symbols ¥. Indicated error bars are based upon root-
mean-square values.

point defects (e.g., Zr-metal vacancies) during the anneal
could also produce a small volume decrease.” Small de-
creases in the line widths of higher-angle XRD peaks
were observed upon annealing, which is consistent with
removal of strain or increased sample homogeneity. How-
ever, the present experimental conditions do not permit
quantitative evaluation of this behavior. Furthermore, it
is difficult to explain the systematic decrease in AV /V,
with x for the stress-release mechanism since the mi-
crohardness of the ZrH, phases!’ greatly decrease with x,
which should facilitate defect annihilations at the larger
compositions. Hence, AV /V, would become larger as x
increased, which is again opposite to the behavior in Fig.
4.

The solution of oxygen into the ZrH, lattice provides
an alternative mechanism for the volume shrinkage found
after the 525°C anneals. Although various efforts have
been made to minimize oxygen contamination in these
ZrH, samples (i.e., surface cleaning, sample handling in
gloveboxes with high-purity-argon atmospheres, storage in
evacuated sealed tubes, etc.), oxygen—particularly on
surfaces—cannot be avoided. In fact, ion-sputtered
cleaned surfaces of Zr metal and hydrides have been ob-
served!® to rapidly form ZrO, films with thicknesses of
several nm from the residual oxygen in a 10~° Torr vacu-
um. With photoelectron spectroscopy Berezina et al.?°
found that oxygen from a ZrO, surface layer will rapidly
diffuse in the bulk Zr metal at temperatures above 450 °C.
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FIG. 4. Fractional change in ZrH, unit-cell volumes
(AV/V,) between unannealed and 525°C anneals. Quantities
calculated from volumes in Table I and indicated error bars are
based upon root-mean-square values.

Consequently, surface oxygen on the ZrH, samples could
diffuse into the bulk when annealed at 525°C for many
days. Although hydrogen occupies the tetrahedral inter-
stitial sites in ZrH,,'* the larger octahedral sites are va-
cant. Since oxygen is octahedrally coordinated in the
binary oxides?! Zr;0, ZrO, and ZrO, as well as in various
ternary Zr-based oxides,?>~2* a finite solubility of oxygen
in octahedral sites seem possible to give a ternary ZrO,H,
phase.”> The formation of chemical bonds between the
octahedral oxygen and surrounding Zr atoms could de-

‘crease their initial separations to give a reduced unit-cell

volume. Nevitt ez al.?? found the cubic lattice parameter
a for the ternary Zr-Ir-O, Zr-Pt-O, and Zr-Rh-O alloys
with the Fd3m structure to decrease slightly with in-
creases in oxygen content. Furthermore, when the
stoichiometry of fcc LaH, increases above 2.0, the addi-
tional hydrogen occupies the octahedral sites and the lat-
tice constant and volume significantly decrease.?® Hence,
the solution of surface oxygen during the extended 525°C
anneals of ZrH, could produce the small volume decrease
shown in Fig. 3. With oxygen in the octahedral sites,
repulsive interactions with the hydrogen atoms in neigh-
boring tetrahedra appear likely in the context of a simple
hard-sphere model. This effect would favor the trapping
of hydrogen tetrahedral vacancies near the oxygen atoms.
As x increases, there are fewer vacancies and the number
of hydrogen atoms surrounding the oxygen becomes
larger. Consequently, any oxygen-induced reduction of
the ZrH, unit-cell volume would become less effective
when the stoichiometry increases towards 2.0 and all octa-
hedral sites are completely coordinated by eight hydrogen
atoms. Thus, the AV /V, decrease shown in Fig. 4 would
result.

The suggestion by Korn’ that annealing influences the
ZrH, unit-cell parameters through the removal of order-
disturbing centers such as dislocations would be an addi-
tive contribution to the oxygen effects proposed in the
preceding paragraph. The randomization of hydrogen
atoms to minimize hydrogen-hydrogen repulsions is
another possible effect of anneals. Unfortunately, the
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available XRD data cannot definitely establish whether
one mechanism is dominant although the oxygen effect is
tentatively favored. In principle, all these effects could
combine to produce the small decreases in unit-cell
volumes for the annealed ZrH, samples, which are
greatest for the lower x values (i.e., 1.50 <x <1.65) as
shown in Figs. 3 and 4.

Holmberg and Dagerhamn?! reported the formation of
ZrOy 33 (i.e., Zr;0) as oxygen diffuses into Zr-metal lattice
during 600°C anneals. They also reported that oxygen
randomly occupies octahedral interstices and that after an
initial volume increase as oxygen dissolves in the metal,
there is a slight decrease in the unit-cell volume. The
crystallographic properties of the Zr;O phase are well
characterized.?! The Zr;O phase has been tentatively
identified in the present XRD patterns for the ZrH, sam-
ples with x=1.501, 1.551, 1.603, and 1.651 where the
stronger XRD peaks (e.g., [111];90 and [002]5, at the 26
values 36.26° and 34.46°, respectively) of the Zr;O phase
are well resolved and seen considerably above background.
The amounts of Zr;0 in these ZrH, samples are estimated
to be on the order of 1 at. % or less. The amount of the
Zr;0 detected in the annealed ZrH, samples ranges from
about 1.0 at. % for x=1.501 to less than 0.5 at.% for
x=1.651. This Zr;O phase is barely detectable in the
unannealed ZrH, samples. Consequently, an effect of an-
nealing these ZrH, samples appears to be the diffusion of
surface oxygen into the bulk lattice. However, there are
problems with making an unambiguous identification of
Zr;O as a minor contaminant of ZrH,. Although the
strongest diffraction lines for Zr;O correspond to well-
resolved peaks in the ZrH, XRD data, these weak lines
are also in reasonable agreement with the strongest XRD
lines of the hexagonal a phases of ZrH, (i.e., the [002]s,
and [101],90 peaks at the 20 values 34.84° and 36.51°,
respectively, which are somewhat dependent on hydrogen
content). Furthermore, oxygen contents at approximately
1 at. % have been reported®’ to stabilize the o phase in
ZrH, in the ZrOy H, phase diagram (see Fig. 7b in Ref.
27). In support of the present studies, neutron-activation
and vacuum-fusion analyses were performed on several
ZrH, samples and yielded oxygen contents in the range
1000—4 000 wppm, which establishes an upper limit of
about 1 at.% oxygen. However, the measured oxygen
contents could not be correlated with either hydride
stoichiometry or thermal treatment. Furthermore, these
methods cannot distinguish between the different chemi-
cal forms of oxygen—namely, ZrO, on the surface,!>?°
precipitation as a binary oxide (i.e., Zr;O or ZrO), or oxy-
gen in a ternary ZrO,H, phase. Thus, the weak “impuri-
ty” XRD peaks primarily seen in the annealed &-phase
ZrH, samples can be alternatively interpreted as precipi-
tated Zr;O or the stabilization of some a-ZrH, phase. At
hydrogen contents above x=1.70, the [200] diffraction
line of the € phase with a 20 value of 36.26° obscures the
peaks at this 260 value for both the Zr;O and a-ZrH,
phases. Thus, the XRD patterns cannot detect the pres-
ence of these species in ZrH, samples with x > 1.70.

In contrast to several previous XRD studies®® %18 that
indicated a limited mixed-phase region between the 8§ and
€ phases at room-temperature conditions, Korn’ reported
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that the 8-e phase boundary at x=1.65 has a discontinu-
ous transition without a mixed-phase region. The two
unannealed ZrH, ;o samples (i.e., B10 and B15) are shown
in Fig. 1 and Table I to contain both the § and € phases.
Upon annealing, one sample (B15) remains two phase
with virtually no change in the phase ratio as inferred
from the XRD intensities while the second sample (B10)
completely converts (within the accuracy of the XRD
method) into the € phase. The phase diagram of Ells and
McQuillan?’ for the ternary ZrOyH, system indicates that
at 750° the presence of about 1 at. % oxygen can stablize
the € phase. When the hydrogen content is less than 60
at. %, more than 1 at. % of oxygen is required?’ to stabi-
lize the € phase (i.e., 2.5 at. % oxygen is needed for a 59
at. % hydrogen sample) at 750°C. Thus, an extended
525°C anneal of a mixed (i.e., § and € phase) ZrH, ;o sam-
ple could transform to pure € phase if sufficient oxygen is
available. Since the B10 ZrH, 5, sample did convert to
the € phase while the B15 sample remains two phase fol-
lowing a 21-d anneal at 525°C, the oxygen content is
presumably lower in the B15 material. However, the
oxygen-elemental analyses on these samples were not suf-
ficiently reliable to identify any differences in oxygen con-
tents between the B10 and B15 sample either before or
after the anneals. Korn’ had used Zr sponge of unspeci-
fied purity to prepare his ZrH, samples. This type of Zr
is normally difficult to clean and probably contained sig-
nificant quantities of surface oxide, which can diffuse into
the bulk lattice and can stablize the € phase throughout
the entire ZrH, stoichiometry range that would be two
phase in a high-purity system. Although no isothermal
section is available for the ternary ZrO,H, phase diagram
at 525°C, it is probably very similar to the 750°C diagram
in Fig. 7b of Ref. 27. The most likely explanation for the
XRD data of Korn not showing a two-phase region near
x=1.70 is the presence of enough oxygen to completely
stabilize the € phase for compositions down to about
x=1.65 where only the 6 phase exists at all temperatures.

B. Proton NMR studies

BVCAS (Ref. 6) has provided a detailed description of
the relationships between proton NMR parameters and
the electronic structure properties of transition-metal hy-
drides where particular emphasis was focused upon the
ZrH, system. Consequently, only those key features that
are necessary for the present situation will be briefly sum-
marized. The hyperfine interaction!! with unpaired con-
duction electrons is presumed to be the dominant proton
T, relaxation mechanism for the present high-purity
ZrH, samples since the covered temperature range (i.e.,
T <300 K) is too low for any effect from the diffusion
terms?® and possible paramagnetic relaxation contribu-
tions!'> should also be small. Korn’ reported significant
paramagnetic effects in his 7T'; data, and his samples ap-
pear to be much less pure than the present samples where
the starting Zr foil contained® only about 20 ppm Fe.

Within  the free-electron approximation!' the
conduction-electron contribution to the proton spin-lattice
relaxation time (7T'y,) for transition-metal hydrides is given
by the expression®?
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FIG. 5. Comparison of proton T data at 300 K for unan-
nealed and annealed ZrH, samples.
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where Cy is a constant;® N;(Ep) and Ny (E) are the s-
and d-band density of states at the Fermi level, respective-
ly; H(s) is the Fermi-contact hyperfine field for un-
paired s electrons at Ep; Hys(d) is the core-polarization
hyperfine field of the spin-paired proton s orbitals below
Er from the unpaired metal d electrons at Ep as
described by Narath.!! The negative proton Knight
shifts® for ZrH, as well as APW band-theory calcula-
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FIG. 8. Proton spin magnetization recoveries at 300 K for
unannealed ZrH, samples. Solid lines are least-squares ex-
ponential fits to data for ZrH, e, ZrH; ,0(B15), and ZrH, ;s.
The dotted line. is obtained with expression
0.5[exp(—1/1.722) + exp(—1/0.972)]. See text for discussion.
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tions>!? for ZrH, indicate N4(Ep)>>N,(Er); hence, the
second term dominates Eq. (1). Thermal broadening of
the electron distribution with increasing temperature can
produce a temperature dependence in R (T) through the
relation

mk3T*> 1 d°N(E)

R(M=R(0) |1+ ——— o=

,  (2)

E=Eg

where kg is the Boltzmann’s constant. As long as N(Ey)
is not strongly dependent upon extraneous factors, the
major influence to the R (T) temperature dependence will
be the relative position of Er to any local sharp structures
(e.g., peaks) in the density of states.®?

The proton T'; relaxation times for the 525 °C-annealed
ZrH, samples have been measured under essentially iden-
tical conditions as were used for the original samples of
BVCAS. The comparison of the two sets of 300 K T
data given in Fig. 5 reveals only minor differences where a
pronounced minimum occurs for a stoichiometry just
above x=1.8. Furthermore, Fig. 6 shows that the 300 K
(T,T)~'? parameters, which according to Eq. (1) are
directly proportional to N(Ef), are also not significantly
altered by the 525°C anneals. Within the precision of the
data, the (TT)~!/? peak for the annealed samples has
not shifted from the position at x=1.83 in the initial
BVCAS measurements. Figure 6 also includes the 301.5
K (T,T)~'/? values reported by Korn’ which are seen to
be slightly (but systematically) larger than the present and
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FIG. 9. Temperature dependence of proton T, for two
ZrH, ;0 samples before and after 525°C anneals. Curves
through data points are merely visual aids.
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BVCAS results. Korn’s data place the (7,T)~!/? peak at
x=1.80. The temperature dependences from least-
squares fits of (7,7)~! versus T plots for all the unan-
nealed and annealed high-purity ZrH, samples are com-
pared in Fig. 7. As observed previously by BVCAS, the
temperature dependence becomes strongly negative only
when x=1.8. Furthermore, Fig. 7 shows that the 525°C
anneals had virtually no effect on this behavior.

BVCAS attributed the negative temperature coefficients
of R(T) and ok (T) for stoichiometries near x=1.8 to the
Fermi-level position at the top of the densities-of-states
peak produced by the Jahn-Teller effect. However, Korn’
reported only positive temperature dependences for
R (T)-versus-T? plots where the smallest slope occurs
near x=1.8. Korn has mistakenly assumed that at a local
maximum the second derivative of a function [i.e.,
d?N(E)/dE? in Eq. (2)] is small and increases on either
side of this peak. In fact, only the first derivative van-
ishes at the peak while a negative second derivative actu-
ally defines the local maximum and the magnitude of this
negative parameter directly reflects the sharpness of the
peak. Although Korn had attempted to eliminate the
paramagnetic contributions to the temperature depen-
dences of his T'; data, it now appears that he was only
partially successful for his samples. Thus, an excessive
positive temperature dependence apparently remained in
all of his results to shift the expected negative temperature
coefficients above zero as shown in Fig. 13(a) of Korn’s
paper, where the strong dip near x=1.8 is quite clear.
Because of the higher purities of the BVCAS and present
samples, the paramagnetic relaxation contributions are
now much smaller and the R(T) temperature depen-

dences primarily correspond to conduction-electron
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FIG. 10. Temperature dependence of proton (7,7)"!'/? pa-
rameters for ZrH, ;o samples of Fig. 9 before and after 525°C
anneals. '
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behavior [i.e., in accord with Eq. (2) predictions] as shown
in Fig. 7 where the negative peak at x=1.8 is essentially
independent of the thermal treatment.

As described in the preceding section, x-ray diffraction
indicates that the two unannealed ZrH, ;o samples (i.e.,
B10 and B15) are two phase and consist of approximately
equal amounts of the § and € phases. Figure 8 shows the
experimental magnetization data points from the 300 K
T, measurements for these two unannealed samples. Ex-
ponential lines can represent both sets of data points for
nearly two decades of decay. This result was somewhat
surprising since the 7', values for the neighboring &-
ZrH, ¢s and e-ZrH, ;5 samples differ by a factor of 2.
When the dotted curve in Fig. 8 calculated for total mag-
netization decay from equal amounts of these latter sam-
ples are compared with the ZrH, ;, data points, two obser-
vations are possible. First, the data points are better
represented by the exponential lines than the computed
two-phase curve although the data for the B10 ZrH; 1
sample show systematic positive deviations at the longest
times where accuracy is lower. Second, measured T,
values for the two ZrH, ;o samples in Fig. 8 are just
slightly less (i.e., about 6% smaller) than the mean of the
T, (300 K) values for the neighboring single-phase sam-
ples. These results are consistent with the previously pro-
posed® mixed 8- and e-phase region for 1.65(2)
<x <1.74(2) where N(Ep) changes smoothly (if some-
what rapidly) with hydrogen content for these
stoichiometries.

The temperature-dependent behavior of the proton T';
and (T T)~1/? parameters for the unannealed and 525°C
annealed ZrH; 5o samples are summarized in Figs. 9 and
10, respectively. Although the annealing treatments had
virtually no effect on these parameters for the B15 sam-
ple, systematic T; decreases and (7, T)~'/? increases are
found for the B10 sample under similar conditions. Since
the XRD measurements have shown that the B15 sample
remained two phase with no significant variation in the
relative 8 and € contents after the anneals, no change in
the proton parameters is quite satisfying. However, the
conversion of the B10 sample to pure € phase after a 14-d

|

dN (E)

BOWMAN, CRAFT, CANTRELL, AND VENTURINI 31

anneal at 525°C does clearly change the proton parame-
ters. The increase in (T;7)~!/2 upon annealing implies
that N(Er) became slightly larger in the pure € phase at
x=1.70. This behavior probably corresponds to the rela-
tive Fermi level position on the lower peak produced by
the Jahn-Teller tetragonal distortion as shown in Fig. 9 of
BVCAS. Unfortunately, the proton NMR parameters
provide little new insight into why one sample (i.e., B10)
converts into pure € phase upon annealing while the
second nominally identical sample (i.e., B15) remains
mixed phase. The proton T values for the unannealed
B10 sample are slightly smaller than the values for the
unannealed B15 sample and may correspond to either the
small differences in hydrogen content or the presence of a
slight additional paramagnetic resonance contribution in
the B10 sample. However, the differences are too small to
be considered significant given the +5% uncertainties in
the experimental relaxation times.

C. Magnetic susceptibility studies

The bulk magnetic susceptibilities of paramagnetic
transition-metal hydrides have often been related®* 32 to
the electronic structures of these materials. In general,
X(T) will consist of several components as follows:

X(D)=Xp(T)+Xgia+Xr +Xoro+Xmil T) , (3)

where the diamagnetic contribution from ion cores (Xg;,),
the Landau diamagnetism of the conduction electrons
(XL ), and orbital (i.e., Van Vleck) paramagnetism X, are
usually temperature independent. Although X is gen-
erally quite large in transition-metal systems,3? the X,
and X; terms normally give only small contributions to
X(T). A temperature-dependent contribution X,;(7) can
arise from either ferromagnetic or superparamagnetic im-
purities. The conduction-electron Pauli term Xp(7) is
often temperature dependent in transition metals. When
the thermal broadening of the Fermi distribution in the

electronic states is responsible, the Pauli term is given
by® 293

2

Xp(T)=Xp(0) [1+%72k5 T?

1 _d’N(E) |_1
N(E) dE?

where ‘
Xp(0)=uiN(Ep)/[1—JIN(EF)], 5

g is the Bohr magneton, J is the exchange-correlation in-
tegral, and Xp(0) is the Pauli paramagnetism for nonin-
teracting sp and d electrons. Although it is great oversim-
plification! to assume that changes in X(7) only reflect
changes in N(Eg)—especially since X, is substantial in
most transition metals, the susceptibility is quite sensitive
to the electronic structure and has closely corresponded to
the hydrogen-induced modifications in N(Efp) inferred
from proton NMR measurements in several metal hy-
drides.2%31:32

N(E)

Several groups®®3*35 have previously measured the
magnetic susceptibilities of ZrH,. Most of these studies
have been complicated by nonideal paramagnetic behavior
that have been variously attributed to ‘“ferromagnetic”
impurities. However, the tendency of X(T) to decrease as
the hydrogen content increases from Zr metal to the dihy-
dride was noted by all these authors. Markin and Savin’
have receritly reported a X maximum near x=1.9. An ex-
amination of the purities of the ZrH, samples used for
these X measurements>®3*35 as well as anomalous proton
linewidths in impure ZrH, samples!* lead to the supposi-
tion that Fe impurities are probably responsible for the
“ferromagnetic” contributions to X. Although Fe does
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FIG. 11. Magnetic susceptibilities X(T) for two as-prepared
(open symbols) and 525 °C annealed (closed symbols) ZrH, sam-
ples.

not carry a magnetic moment in Zr metal,>® changes in
the electronic structure upon hydriding or possible precip-
itation of impurity phases apparently generate extraneous
magnetic effects in the ZrH, phases. Consequently,
minimal concentrations of Fe (as well as other potential
magnetic impurities) are highly desirable for reliable as-
sessments of X(7T') in ZrH,.

As part of a general study’’ of the magnetic properties
of ZrH, with O0<x <2.0, the magnetic susceptibilities
have been measured for several of the as prepared and
525°C annealed high-purity ZrH, samples. Representa-
tive X(T) data for some of these samples are presented in
Figs. 11 and 12. The temperature dependences have been
least-squares fitted with the expression

X(T)=X(0)[1+B,T*1+C, /T, (6)

where B, and C, are empirical constants.’® Figure 13
compares the behavior of X(300 K) and X(0) as the ZrH,
stoichiometry varies between x=1.50 and 1.997. Al-
though these parameters are nearly independent of hydro-
gen content in the § phase (x < 1.65), both decrease rapid-
ly (i.e., almost a factor of 3 as x approaches 2.0) with in-
creasing stoichiometry in the € phase. However, the line
drawn through most of the X(0) data reveals a local max-
imum at x=1.83. [The identical composition of the pro-
ton (T,T)~ /2 peak.] The dominant factor in the X(T)
decrease shown in Fig. 13 is probably a reduction in the
X o term with the increasing tetragonal distortion of the €
phase. This view is consistent with Switendick’s qualita-
tive theoretical analysis of X(T) and the ZrH, electronic
structure.” However, a more detailed comparison of Xy,
with electronic structure requires explicit computations of
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FIG. 12. Magnetic susceptibilities for three 525°C annealed
ZrH, ;o samples.

the d-band energy levels in nonstoichiometric e-phase
ZrH,, which are not currently available. The X(0) max-
imum at x=1.83 is attributed to an increase in the Pauli
term, which is superimposed on the X4 decrease, when
the Fermi level moves through the N(E) peak as
descriv *d by BVCAS. Figure 13 also shows that X(T) has
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FIG. 13. Composition dependences of the 300 K magnetic
susceptibilities X(300 K) and the extrapolated parameter X(0).
The line drawn through the X(0) data is a visual aid for the dis-
cussion in the text.
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a negative temperature dependence [i.e., X(0) exceeds
X(300 K)] only when 1.77 <x < 1.85 just as seen in the
proton ox and (7T,7)~!/? parameters.® Since the first
derivative term in Eq. (4) will vanish near a N (E) peak,
the negative X(7T) temperature dependence again implies
d*N(E)/dE? <0 at the Fermi level for x =1.83. Hence,
both the stoichiometry and temperature dependences of
X(T) are consistent with the N(Fr) maximum for ZrH; g3
proposed by BVCAS.

To the extent that comparisons are possible, the 525°C
anneals have modest influence on the X(7') behavior as il-
lustrated for ZrH,gs in Fig. 11. However, a large de-
crease in X(7T) is observed for ZrH; o5 upon annealing as
shown in Fig. 11. Virtually no differences in the lattice
parameters or proton (T;7T)”!/? were noted for these
samples. Hence, the X(T) decrease is not likely to be
caused by changes in N(Ef) or the unit-cell properties.
Furthermore, since emission-spectroscopy measurements
performed on both samples after the X(7T) studies reveal
essentially identical Fe contents (i.e., about 80 ppm), mag-
netic impurities do not appear responsible. The present
XRD studies on annealed ZrH, have suggested that oxy-
gen solubility occurs to some extent at 525°C. It may be
that X, term is reduced by the formation of a ternary
ZrOyH, o9 phase. Further work will be necessary to clari-
fy this behavior.

Some interesting observations are possible for the X(T)
values of the three annealed ZrH, ;, samples shown in
Fig. 12. From Fig. 13 it is clear that X(7T) for sample B15
(approximately equal contents of § and € phases) is almost
exactly given by the average of the X(7) values for 6-
ZrH, ¢5s and e-ZrH, ;5, which is expected for a macroscop-
ic property of a physical mixture. X(7) for B10 (8-d an-
neal) is only slightly smaller where the relative amount of
the € phase is now somewhat greater as estimated from
the intensities of the XRD patterns for the two phases.
However, X(T) for B10 (14-d anneal), which is pure €
phase, is much lower. Since the proton (7';7)~!/? param-
eter for this sample is larger than for B15 (see Fig. 10),
N(Ep) is probably larger for B10 (14-d anneal). Conse-
quently, its smaller X(7T) values are most likely due to the
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greatly reduced X, contribution in the € phase which
masks any increase in the Pauli term to the susceptibility.

IV. CONCLUSIONS

Comparisons of the proton T relaxation times, mag-
netic susceptibilities, and lattice parameters for as-
prepared and annealed high-purity ZrH, have shown that
the tetragonal distortions induced as a Jahn-Teller effect®
and the local peak in the density of states near the Fermi
level are not altered by extended 525°C anneals. The
description of BVCAS for the ZrH, electronic structure
properties remains valid in general agreement with more
recent band-theory calculations.> However, small sys-
tematic volume decreases upon annealing as well as
changes the ZrH, ;o (B10 sample) phase composition and
the X(T') parameters for ZrH, ;5 and ZrH, o, are tentative-
ly attributed to the solution of “small” quantities of oxy-
gen into the bulk. The discrepancies of the present results
(as well as previous BVCAS and CBS studies) with some
of the observations of Korn’ are now believed to reflect
the suspected larger concentrations of oxygen and
paramagnetic impurities in Korn’s samples. These impur-
ities can strongly influence the phase compositions and
physical properties of ZrH,.
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