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NMR study comparing the electronic structures of ZrH and TiH„
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The temperature and concentration dependences of the proton spin-lattice relaxation time

T&, Knight shift K, and the lattice parameters were obtained for zirconium and titanium hy-

dride samples having a wide variety of concentrations at temperatures where the relaxation
rate was due primarily to interaction with the conduction electrons. A sharp peak in

(T, T) ' was found at ZrH~ qo and TiH, 92, while the tetragonal distortion occurred at
lower concentrations. ( T~ T) '~ changed continuously across the tetragonal transition. The
results are compared with recent band-structure calculations. The dominant proton hyper-
fine field was attributed to core polarization and the hyperfine field was estimated to be
—13.S kCx. A correlation is noted whereby the microhardness of ZrH varies inversely with

(T, T)

I. INTRODUCTIQN

Zirconium lies directly below titanium in the
Periodic Table. It is thus not surprising that their
hydrides display very similar properties. They both
span a nonstoichiometric hydrogen concentration
range of x=1.5 to 2 where the hydrides are desig-
nated by TiH„and ZrH„. In the lower part of this
range the metal atoms form an fcc structure with
the hydrogen randomly distributed among the
tetrahedral sites, while at higher concentrations a
tetragonal distortion with cia&1 occurs. Despite
these and other similarities the hydrides also display
a number of differences. For example, the tetrago-
nal distortion of zirconium hydride is much more
severe and is retained to the highest measured tem-
peratures (500'C) while that of TiH„reverts to the
cubic structure above about 40'C. ' These and other
properties have been ascribed in part to the electron-
ic structure.

In this study, nuclear magnetic resonance (NMR)
has been used to compare the electronic structures of
the two hydrides. This technique has proven itself
useful for TiH„where it was employed for a small
number of samples. Here a much larger range of
samples was used the results indicating that some of
the previous extrapolations must be amended. Pre-
liminary measurements showing a peak in the densi-
ty of states at x=1.8 were reported for the ZrH„
system and a more detailed study is given here.
Subsequent to the present measurements an NMR
investigation by Goring, Lucas, and Bohmhamrnel
appeared which overlaps some of the TiH„portion

of this work. Bowman and Rhim used NMR to in-
vestigate the influence of V alloying on the TiH„
system while Nowak, Zogal, and Minier did the
same for Nb alloying. A number of other NMR
studies of the TiH„and ZrH„systems emphasizing
different aspects but yielding some parameters relat-
ed to the electronics structure have been report-
d 7 —13

In recent years many band-structure calculations
of metal hydrides have appeared following the
pioneering work of Switendick. ' These include
density-of-states (DOS) diagrams for the Ti-H and
Zr-H systems' ' to which our results can be com-
pared. Other measurements directly related to the
density of states include the classical magnetic sus-

ceptibility results of Trzebiatowsky and Stalinski2o

for Ti-H, the magnetic susceptibility and low-
temperature heat capacity for a few samples of Ti-H
and Zr-H of Ducastelle, Caudron, and Costa, ' and
most recently, the low-temperature heat capacity for
the Ti-H system of Bohmhammel, Wolf, Gross, and
Madge.

The proton spin-lattice relaxation time T
&

was
measured as a function of hydrogen concentration at.
three different temperatures and the proton Knight
shift K was obtained at room temperature for a large
number of TiH„and ZrH„samples. The tempera-
ture dependence of T~ for a number of ZrH sam-

ples was also obtained. As will be discussed later
(T& T) '~ and K are related to the density of states.
Since we wish to compare our results to the crystal-
lographic structure, the lattice parameters were ob-

tained for the same samples as were subjected to
NMR. This is important due to a number of small
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discrepancies found among various investigators
that can often be attributed to differences in sample
purity, accuracy in concentration determination, and
heat treatment during sample preparation.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

ZrH2 and TiH2 powder was prepared from the
metal sponge by direct absorption from the gas with
the use of procedures previously outlined. Pure Zr
and Ti metal powder was obtained by outgassing the
hydrides. Properly proportioned hydrides and pure
metal were sealed into small-volume evacuated
pyrex ampoules heated to 525'C for about 20 days,
then to 425 C for an additional 2 days, and slowly
cooled down. Since annealing of the hydrides can
affect the behavior of the tetragonal distortion,
this homogenizing procedure resulted not only in a
series of hydrides with different hydrogen concen-
trations, but also gave the proper annealing. Includ-
ed in the series were two ampoules containing TiH2
and ZrHz without any pure metal mixed in but sub-

jected to the same heat treatment and two identical
samples sealed off in ampoules but not subjected to
the heat treatment. The latter will be referred to in
the text as the unannealed samples and gave slightly
different NMR results. Continuity considerations
of our T, measurements at all three temperatures,
Knight-shift measurements, and x-ray-diffraction
measurements resulted in a relabeling of samples
that should have been TiH& 9s5 and TiH~ 973 to be
TiH& 92s and TiH& 925. The original errors were

probably due to incorrectly recording the weights.
The number of Ti-H samples is large making this
insignificant in any event. It is believed that the rel-
ative concentration determinations are meaningful
to the third decimal place.

B. NMR measurernerits

highest feasible resonance frequency compatible
with our instrumentation was used, namely 50 MHz.
This also contributed to a better signal-to-noise ratio
and a shortening of the recovery time.

Since the Knight shift is proportional to the reso-
nance frequency, 50 MHz was also used for this
measurement. The difficulty of measuring K in our
case is that the shift is a small fraction of the
linewidth. Bowman et al. and Goring et al. over-
came this with the use of zero-crossing and
multiple-pulse techniques. In this study the signal
following a 90' pulse, phase shifted by 90' from the
instrument reference signal, was observed. This is
equivalent to looking at the dispersion signal in cw
which goes through zero at resonance. It is much
more accurate and simpler to find a null than a
maximum. Resonance was first found for water.
Then the sample was substituted and the frequency
of the synthesizer was adjusted to give a straight
horizontal line on the oscilloscope signifying the
null. Care had to be employed since inserting the
metallic hydride in the coil caused different phase
shifts for different samples. The phase and frequen-

cy were adjusted until the signal was symmetric
about the null when varying the frequency. A run
consisted of measuring all the samples. In each run
the ampoules were mixed in a box and selected ran-
domly so as to eliminate subjective prejudice in
favor of results from previous runs or trends in ac-
cordance to hydrogen concentration.

C. X-ray-diffraction measurements

The crystallographic measurements were per-
formed on the powdered samples using the Debye-
Scherrer technique and Ni-filtered Cu radiation.
Systematic errors were minimized by obtaining a
least-squares straight-line fit to the lattice parame-
ters obtained from the deflections as a function of
I'(8)=0.5(1/sin8+ 1/8)cos 8 and extrapolating to
8= rr/2.

T~ measurements were performed using a Bruker
B-KR321s pulsed spectrometer by flipping the spins
with an initial 180 pulse and monitoring the subse-

quent signal amplitude as a function of time with
the use of a boxcar integrator. The monitoring sig-
nal was usually obtained using a solid echo. T, was
calculated with the use of a least-squares-fit analysis
based on the method suggested by MacDonald.
Since we are attempting to study the electronic
structure, we wish to minimize relaxation contribu-
tions resulting from hydrogen diffusion. The
strength of this process is inversely proportional to
the square of the resonance frequency for the lower
temperatures which we employ here. Thus the

III. EXPERIMENTAL RESULTS

A. Lattice parameters

Figures 1 and 2 show the room-temperature
dependence of the lattice constants of the Zr-H and
Ti-H systems as a function of hydrogen concentra-
tion. Standard usage assigned inconsistent designa-
tions for corresponding regions of the phase dia-
grams of Ti-H and Zr-H. Since we will be compar-
ing the two systems, it is important to clarify the
nomenclature. Below 100'C both Ti and Zr dissolve
negligible amounts of hydrogen in their original hcp
structure. This is called the a phase. The hydride
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FIG. 1 Room-temperature lattice parameters of the Zr-H system showing the fcc 6 phase the fct 6 phase and the
metastable fct y phase in the a+y+6 region. Arrows indicate concentration at which the peak in the DOS appears as in-
ferred from NMR. (a) Hydrogen concentration dependence of a and c, and (b) hydrogen concentration dependence of c/a
and unit-cell volume V. Note change of scale of V for the y phase.

region between x=1.5 and 2.0 has two crystallo-
graphic forms: one is fcc in the lower-concentration
region and the other is a tetragonally distorted fct
region Lith c ja &1. For Zr-H the cubic region is
called the 5 phase and the tetragonal region is called

the e phase, while for Ti-H the cubic phase is re-
ferred to as y and the tetragonal phase as 5. Thus
for concentrations below x = 1.5 in Ti-H there is a
mixed a+@ region consisting of (almost) pure hcp
Ti and cubic TiH, 5, while for Zr-H there should be
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FIG. 2. Room-temperature lattice parameters of the Ti-H system showing the fcc y phase, the fct 6 phase, and the

mixed a+y region. Arrows indicate concentration at which the peak in the DOS appears as inferred from NMR. (a} Hy-

drogen concentration dependence of a and c, and (h) hydrogen concentration dependence of c/a and unit-cell volume V.

These are compared for Zr-H and Ti-H on the same scale in the inset of (a).

a corresponding a+5 region. While this is true fot
Ti-H, an additional metastable tetragonally distorted
fct structure with c/a ~ I is found in this region for
Zr-H and it is called the y phase.

In the calculations of the lattice parameters for
the tetragonal regions, a and c were free parameters
in the least-squares-fitting analysis so that c/a in
the figures represent experimental points. In regions
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where it was obvious that we were in the cubic phase
(e.g. , no splitting of the lines), the analysis was car-
ried out with c set equal to a in order to improve the
accuracy of the calculation. All samples in the
mixed-phase region (x & 1.5) showed traces of a hcp
metal. The increase of a with hydrogen concentra-
tion in the cubic 5 phase of Zr-H is not evident from
the scale used in Fig. 1(a) but is discernable from the
increase of V shown in Fig. 1(b). All Zr-H samples
with x & 1.5 showed traces of the metastable y phase
with c/a & 1 but the percentage of the phase present
was not determined.

Despite the inclusion of a mixed 5+@ region for
Zr-H near x=1.65 by some investigators, it is be-
lieved that for samples uncontaminated by oxygen,
the region is vanishingly small and should not be
delineated in an equilibrium phase diagram. Our
x-ray results did not show such a mixed-phase re-
gion, and neither did our T

&
measurements, which

gave a single relaxation rate. It is interesting that al-
though there is a steady increase in volume with hy-
drogen concentration, when the tetragonal region is
reached the volume remains constant over a small
increase in x and then continues its upward climb.
This plateau is more pronounced in Zr-H.

The fct y phase of Zr-H is considered to be the
stoichiometric compound ZrH as determined from
neutron-diffraction studies of Sidhu et al. Our re-
sults hint at a slight increase in c/a and V for y
occurring at higher x, which may indicate small
changes from stoichiometry.

The inset of Fig. 2(a) using a single scale has been
included for easy comparison of the Zr-H and Ti-H
systems. It is seen that (1) although the unit-cell
volume of zirconium hydride is larger than that of
titanium hydride, the volume of the latter expands
almost twice as much as the former upon the addi-
tion of hydrogen from x=1.5 to 2 (A V=1.3 A for
Zr-H, EV=2.3 A for Ti-H, thus Zr-H expands by
1.2% while Ti-H expands by 2.7%), (2) the tetrago-
nal distortion is much more severe for Zr-H than for

Ti-H, and (3) the distortion for Zr-H occurs at lower
hydrogen concentrations than for Ti-H.

We note for later discussion that the peak in the
density of states as determined from our measure-
ments occurs for both metals at concentrations
above that where the tetragonal distortion starts.

B. Knight shift

The proton Knight shift of ZrH„and TiH was
measured at 295 K as a function of hydrogen con-
centration at a resonance frequency of 50 MHz with
the use of the procedure previously described. The
results shown in Figs. 3 and 4 are the averages of six
measurements, the standard deviations indicated by
error lines. No corrections were made for the mag-
netic susceptibility. This contribution, estimated
from g (Ref 20) is expected to be less than our ex-
perimental error.

The negative Ti-H Knight shift shown in Fig. 4
increases in magnitude with concentration above
x=1.5. The curve generally follows the shape of
( T&, T) '~ (which will be shown later in Fig. 10) for
this temperature Bel.ow x=1.5 we are in the a+ y
region and simply observing TiH& 5 along the entire
concentration range, giving the flat result.

The Knight shift for Zr-H is also negative but
smaller in magnitude than that of Ti-H. The large
errors frustrate our ability to obtain the detailed
shape of the concentration dependence of IC other
than that

~

K
~

increases with x and has a maximum
at the higher concentration range. K's for x&1.5
are not simply those of ZrH& 5 but are perturbed by
the presence of unknown amounts of the y phase.
In both cases

~

K
~

is larger for the unannealed (ar-
row) sample at x=2.

C. Concentration dependence of Tj

The proton spin-lattice relaxation time T& of
ZrH„and TiH„was measured as a function of hy-
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0

0
0.8

I I I I I I I I I ) & l « I

I.0 I.2 l.4 l.6
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I.S 2.0
I I I I I I I

FIG. 3. Hydrogen concentration dependence of the proton Knight shift in Zr-H measured at T=295 K. Arrow points
to the unannealed sample. Curve is drawn as a visual aid.
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FIG. 4. Hydrogen-concentration dependence of the
proton Knight shift in Ti-H measured at T=295 K. Ar-
row points to the unannealed sample. Curve is drawn as a
visual aid.

drogen concentration at three different tempera-
tures: 150, 259, and 301.5 K for ZrH and 150, 200,
and 297 K for TiH„. All measurements were con-
ducted at 50 MHz except for the one at 200 K
which was performed at 19 MHz. This has no sig-
nificance and was due to the unavailability of a 50-
MHz probe at the time of measurement. At 200 K,
there is virtually no contribution to relaxation due to
diffusion so that our conclusions are unaffected by
this change of frequency. The results of the mea-
surements are shown in Figs. 5 and 6.

The constancy of TE in the region x & 1.5 for Ti-
H is again due to the fact that only TiHI 5 is being
observed by the measurements. This is not so for
the case Zr-H. Here in the region x & 1.5, TE is seen
to decrease significantly from its value for ZrHE 5.

This is due to the contribution of hydrogen in the y
phase. Indeed in the measurements of T I for
x & 1.5, a slightly nonexponential decay in the mag-
netization was found, indicating signals from more
than one phase. Attempts were made to fit the sig-
nal amplitude to the function

V= Vo+Msexp( t/T—Es)+M exp( t/T—
E ),

where t is the time between pulses, TEz and TE& are
the relaxation times for the two phases, and
Mr/(Ms+Mal) is representative of the fraction of
hydrogen in the y phase. This analysis was per-
formed on the 150- and 259-K runs. The scatter re-
sulting from this five-parameter fit was too great to
yield any information about the y phase. Hence a
four-parameter fit was performed with TEs chosen
to be equal to its values measured at ZrHE 5q. The
results are shown in Table I. Since the y phase is ex-
pected to be practically stoichiometric ZrH, we
should obtain a single value for T». The scatter is
too large to give an accurate value for this parame-
ter, but it is certainly less than TEs. The results in-
dicate that in the Ez + y+ 5 region, T» is about —,

that of TEs. The points plotted in Fig. 5 were ob-
tained from a least-squares fit of the signal-recovery
data to a single exponential function. Hence the
drop in TE in the a+ y+ 5 region simply reflects
the lower TE contribution of y-phase ZrH.

D. Temperature and frequency dependence of T& T

We will be interested in the parameter TE T in or-
der to gain information on the density of states at
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time Tl of zirconium hydride as a function of hydrogen concentration for three
the unannealed sample. Values for x ~ I.5 represent an average of two T~'s for
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the Fermi level. Data on this parameter for Ti-H
was given in Ref. 2. Figure 7 shows the results ob-
tained in this study for a number of samples of Zr-
H. The curves drawn through the points are not
theoretical but simply visual aids. The figure is bro-
ken up into two parts for the sake of clarity, the
left-hand side giving the results for x &1.81S while
the right-hand side is concerned with x ~ 1.815. It is
seen that contrary to expectations from elementary
considerations, T& T is not independent of tempera-
ture, but this dependence increases as we depart
from x=1.81 on either side. Doolan et al. ' also
found a decrease of T, T with temperature. While
T~ T decreases with T for most of the temperature
range, there is a droop in this parameter at the lower
extremity.

To check on the origin of this behavior the mea-
surements were repeated at a lower frequency for
two of the samples. The samples chosen were the

extreme: ZrH& s& which has the smallest tempera-
ture dependence of T~ T and ZrH& 58 for which the
dependence is greatest. The largest practical change
in frequency was used, namely f= 16.7 MHz and
the results are shown in Fig. 8. Since any diffusion-
al relaxation contributor goes as f on the low-
temperature side, any such contribution in our case
would be magnified ninefold. Similarly paramag-
netic relaxation contributions may be frequency
dependent.

Figure 8 shows that the frequency dependence is
greatest in the drooping low-temperature region of
the curve with only a small effect in the intermedi-
ate region. The sudden drop of T& on the high-
temperature side is simply due to hydrogen dif-
fusion, the effect of which disappears exponentially
as the temperature is lowered. We will concern our-
selves only with data at temperatures below this cut-
off. The diffusional contribution is indeed seen to
become effective at lower temperatures for the lower
frequency.

IV. DISCUSSION

A. NMR interactions

The relation describing the NMR relaxation rate
due to the conduction electrons in transition metals
is given bv

(TieT)o . =4rty, &Icy I [~hf&, (EF)]

+[Hh't'Nd(EF )]'q

+[H~r'Nd«)]'p I,
(1)

where Hhfd' are the hypeeine-field contributions at
the nucleus due to s-contact interaction, d-electron
core polarization, and d-electron orbital interaction,
p and q are reduction factors, and N, and Nd are the
s- and d-electron contributions to the density of
states for one direction of spin at the Fermi level.
The 0 subscript on (T~, T) will be clarified later.

TABLE I. Result of two exponential-decay analyses for finding T& in the y phase of ZrH.

M~/(M~+ Mg)
1.42
1.26
1.19
1.05
0.885

0.04
0.17
0.24
0.15
0.14

0.7
1.3
1.4
0.9
1.0

T=259 K
Tl~ set equal to 2.17 sec

1.42
1.26
1.19
1.05
0.885

0.03
0.10
0.15

0.11

1.4
1.7
2.0

1.7

T=150 K
Tj~ set equal to 4.41 sec
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FIG. 7. Temperature dependence of T~T in ZrH for
x&1.81 (left-hand side) and x&1.81 (right-hand side).
Curves are drawn as visual aids.

N, (Ez) can be neglected with respect to Nd(EF) in
transition metals (where EF lies in the d band), and
this is born out in our case by the negative Knight
shift for which the s-electron contribution is positive
and by the calculations of Gupta for TiHz. Hence
(1) reduces to the form

200—

f = 50.0 MHz
0 ~

O

0

f = I6.7 MHz

«H i.aim

0 0
~ ~

( Ti, T)o ANd(EF——),
and (T~T)0 is a measure of the density of states
at the Fermi level. For reasons to be discussed later,
the dominant hyperfine interaction is probably core
polarization and we write

~ '= 4~r'&ka [~hc' 1'cI (3)

Figures 9 and 10 show the variation of (T~ T)
with hydrogen concentration for ZrH„and TiH„.

B. Zr-H system

Concentration dependence

Consider first the ZrH„system. (T&T) ' first
increases and then decreases with x with the peak
occurring at x=1.80 (Fig. 9) By varying the hydro-
gen concentration we vary the number of electrons
in the conduction band. Switendick's calculations '

indicate that between about 0.4 to 1.0 electrons per
hydrogen atom are removed from the conduction
band when lowering the concentration from its
stoichoimetric composition TiH2. Assuming that
changing x within the nonstoichiometric region

r

2

(T„T) '=(T„T) 1+-,' ~'k,' —,'
I
A(E)

where (T„T)o is the value of T„Twhen T~0 K.
The temperature dependence due to this effect is
usually negligible since it involves the second deriva-
tive.

I I I I f I I I I & I I I I

Ioo 200 300
T( K)

400

FIG. 8. Effect of resonance frequency on temperature
dependence of T~ T for ZrH

& 579 and ZrH &»5.

1.5 &x &2.0 has only a minor effect on the density
of states, varying the hydrogen concentration across
this range effectively sweeps the Fermi level across a
portion of the density-of-states curve and (T~ T)
reflects its structure. Comparison with the theoreti-
cal curve for cubic ZrHz obtained by Gupta' will be
made later.

2. Effect of temperature

Eq~~tio~ (1) implies that T~ T should be tempera-
ture independent and thus the individual curves for
the three different temperatures in Figs. 9 and 1()
should coincide. The derivation of Eq. (1) depends,
however, on the assumption of an infinitely sharp
Fermi-distribution step function, i.e., T~0 K.
finite temperatures one obtains

E=E
T2 (4)

The temperature dependence of T& T was investi-
gated for a number of samples. In order to ascertain
whether this dependence is a property of some spe-
cial peculiarity at certain hydrogen concentrations,
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temperature region (Fig. 8) that paramagnetic con-
tributions are having some effect on our measure-
ments. While T~, should be resonance frequency in-
dependent, the relaxation contribution due to

FIG. 13. Plots of parameters obtained from a least-
squares-fit analysis of the temperature and frequency
dependence of T, T in ZrH„. (a) MC '~ is proportional
to [d X(EF)/d EjF. ~, (b) C' is proportional to

K(EF), and (c) shows paramagnetic contributions to the
relaxation rate.

paramagnetic impurities, T»', should have an f''
dependence (as we shall soon see is indeed the case
here) and be practically temperature independent.

Zogal and Idziak attempted to extract the
paramagnetic contribution to the relaxation rate in
Sc-H by assuming it to be constant and fitting the
data to
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Our results do not follow this relation. We must in-
voke the T dependence. Wiley et al. and Coloring
et al. found T,z' in Pd-H and Ti-H, respectively,
by extrapolating T~ vs T through low-temperature
data (-4K) to 0 K so that the ordinate intercept
gives T&~'. Since the lowest temperature in this
study was —120 K, this method is inapplicable here.
Instead a least-squares fit to (5) was taken with the
use of

0 40 80
T' (IO' K')

120

FIG. 12. Reduction of data of Fig. 8 for two frequen-

cies into a single (T„T) '-vs-T~ relation under the as-

sumption T~~' ~f ' in the region where relaxation due to
diffusion can be ignored.

—1 —1 —1
T1 —T$g + T1p

(TiT) '=C+MT +(TipT)
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M = —,~ kg(Ti, T)0 '
N (E) dE' z =zF

(9)

~C =(T~,T)o ANg(EF)—— (10)

and the free parameters were C, M, and T&z'. The
results are shown in Fig. 11 and indicate that the
data satisfy Eq. (5). The straight lines in the figure
are the fits to Eq. (5) using the calculated M 's, C's,
and T,,'s.

A further indication that our low-temperature re-
sults are affected by paramagnetic impurities is ob-
tained from the data of Fig. 8. T&, should be fre-
quency independent. It is seen that in the lower-
temperature region the low-frequency ( T

~
T)

droops more strongly than the high-frequency one.
This is expected if the droop is indeed due to
paramagnetic impurity relaxation whose strength
goes as f '~ . Thus the equality T~z' (at 16.7
MHz)/Ti~ (at 50 MHz)=(50/16. 7)'i =1.7 should
hold. When a least-squares analysis of the low-
frequency data was performed for the samples
ZrH»8 and ZrH& 8, ~ the resulting T~&' (at 16.7
MHz)/T, z (at 50 MHz) ratios were 1.3 and 1.9,
respectively, or on the average 1.6. Since the mea-
surements were performed in a region where T„
dominates, better agreement should not be expected.
The analysis was repeated with the use of the same
number of free variables as previously, namely C, M,
and T &~' but this time with the use of the combined
data at the two frequencies with the restriction T&z
(16.7 MHz)=1. 7T&~' (50 MHz). The results are
shown graphically in Fig. 12. These M, C, and T,z
are considered the more accurate ones since the
low-frequency data emphasized T&z' while those at
high frequency did so for M and C (in which we are
primarily interested). Figure 13 employed these
values. Figure 12 shows that when the influence of
T,~' is included with a frequency dependence of
f ', the data of T„result in a single universal
(T&,T) ' curve for both frequencies.

Equations (2), (8), and (9) imply that

N~(E) increases. At the ends of the peak where
N~(E) levels out, the curvature is a maximum as
would be expected. It should be noted that the
density-of-states curve and the d N/dE results
confirming this shape are derived from independent
measurements. The general shape can be ascer-
tained from the concentration dependence of T& ob-
tained at low temperature, as indicated in Fig. 9,
while d N/dE is gotten from the temperature
dependence of the NMR parameters.

While the symmetric trend of the thermal
behavior about x=1.80 and the satisfactory fit to
the theoretical equation indicates that the primary
cause of the temperature dependence is that just
described, there is probably also a contribution from
direct changes in the electronic structure caused by
thermal expansion and the temperature dependence
of the degree of tetragonality. These effects would
influence the accuracy of the parameters shown in
Fig. 13.

Figure 13(c) shows that there is no trend in T &z'

as far as hydrogen concentration is concerned so
that one cannot extrapolate these values to estimate
their contribution to those samples where the tem-
perature dependence of T~ was not measured. Since
these contributions make only minor adjustments to
T&„we leave Fig 9as .is, plotting (T, T) '~ instead
of (T&,T) '~ . Nevertheless, the figure gives a good
overall indication of N (EF ).

Although of relatively small influence at the tem-
peratures employed in this study, T&F would com-
pletely dominate the relaxation in the mK range in
the ZrH2 measurements of Zweers et al. ' Their
T~ T, which they ascribed to relaxation due to con-
duction electrons, is almost an order of magnitude
smaller than reported here. Attributing the relaxa-
tion to paramagnetic impurities would explain the
large field dependence they obtain for T~ which they
estimate to go as f and would correspond to the ra-
pid spin-diffusion case. T& T obtained in this study
agree with the results of Pope et al. ' when extrapo-
lated to 500 K.

2
——=( , vr kg/I)—~C dE & =&F

Thus v C and M/~C are proportional to the
density of states and the second derivative of the
density of states at the Fermi level. The results of
the least-squares analysis are plotted in Fig. 13.
They indicate a cuspidal shape for N&(E) vs E.
Near the peak of the density of states (at x= 1.8),
d N(E)/dE is very small showing a linear varia-
tion of N~(E). As one moves away to either side of
this peak, d N/dE increases, i.e., the curvature of

3. The reduction factor q

Since a Korringa-type relation exists for core po-
larization, q in Eqs. (1) and (3) may be obtained
from

K Ti, T= 4~ )'p
aq

1e
(12)

where y, and yF are the gyromagnetic ratio of an
electron and proton. The q we obtain for Zr-H by
comparing the room-temperature J with T&,T has
very large scatter, reflecting the large scatter in K.
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No hydrogen concentration dependence was dis-
cerned within the experimental error, thus the aver-
age and mean-square deviation was taken for the q
at different x, giving

q =0.13+0.03 .

This parameter will be discussed more fully in con-
junction with Ti-H.

4. Connection with the density of states

While our results yield information on the relative
values of the density of states for different hydrogen
compositions, it would be useful to have some esti-
mate of absolute values. The parameter
~C=(T„T) ' which we obtain fmm our mea-
surements is proportional to the density of states at
the Fermi level with the proportionality constant 3
defined in Eq. (10). To obtain A we compare our re-
sults with the density of states obtained by Du-
castelle et al. ' from their low-temperature heat-
capacity measurements. They found N(E~) to be
equal to 0.36, 0.76, and 0.46 states/eV for one direc-
tion of spin for ZrHi. 5s ZrH&. ss and ZrH~ 96,
respectively, while our corresponding values of ~C
are 0.032, and 0.059, and 0.044 (sec K) ' . This
yields 2=0.089, 0.078, and 0.096 eV(sec K)
The almost constant value of 2 shows satisfactory
agreement especially since N (E~) and v C vary
sharply so that small differences in hydrogen con-
centration between the two studies would yield a
large error. The results also indicate that q, which is
related to 3 by Eq. (3), is practically constant over
the whole concentration range. The average value of
A is 0.087 eV/(sec K)' . Ducastelle et al. did not
take into account the phonon interaction parameter
A, which Bohmhammel et al. show should be ap-
proxirnately 0.3 for the hydrides. Multiplying by
(1+0.3) we obtain

in units of eV/(sec K)' . If we substitute this value
of A into Eqs. (10) and (11) we find that dividing the
ordinate in Fig. 13(b) by 0.11 gives the density of
states in number of states for one direction of
spin/eV/atom and multiplying the ordinate of Fig.
13(a) by 3.7X10 [Eq. (11)] gives (d N/dE )E in
states/(eV) . Equation (3) and the above value of q
and A gives us a hyperfine field of

Hhf' ——l3.5,
in kgauss.

The measurements show that T~ in the )' phase
1(Table I) is very roughly about —, of the T

&

of ZrH~ 5 with which it coexists. Since this holds
true at both 150 and 259 K, we cannot attribute this
stronger relaxation to a diffusional component but it
is probably due to a stronger conduction-electron
contribution. The average value of T&y at T=259
K is 1.06 sec and that at 150 K is 1.70 sec. Thus
T&(at 150 K)/T& (at 259 K)=1.6 while the ratio of
the two temperatures is 259/150=1.7, indicating
that T&T=const holds. Sidhu et al. have shown
the composition of the y phase to be ZrH. If we
scan the TiH2 density-of-states diagrams of Switen-
dick' and Gupta' we find that the density of states
stmngly decreases at lower energies where we might
expect the Fermi energy to be for this composition.
It is thus likely that a completely different electronic
structure exists for the hydride. This is born out by
its much larger cell volume and tetragonality when
compared to the host hydride.

C. Ti-H system

While the conditions that influenced ( T ~ T)
for the case of ZrH„(such as the thermal depen-
dence and paramagnetic contribution) also probably
hold for TiH„, no comparable temperature and fre-
quency dependence measurements were performed
on the latter hydride. Nevertheless, as was seen for
ZrH„, the (T&T) ' results should be sufficient to
give a good overall picture of the electronic struc-
ture. Some temperature dependence data are given
in Ref. 2 and will be referred to here.

Comparison of Fig. 10 with Fig. 9 shows that the
behavior of ( T, T) '~ is somewhat different for
TiH„Than ZrH„. In Ref. 2 only a very limited
number of samples were measured and curves were
drawn through the experimental points which ap-
proximated the shapes of susceptibility curves.
Although the values in the two studies are in agree-
ment, the present results do not justify the extrapo-
lations made in Ref. 2. We note that the room-
temperature (T&T) ' and K (Fig. 4) follow the
same pattern. While the susceptibility results of
Trzebiatowsky et al. show a peak at x=1.8 (near
the concentration where the tetragonal deformation
takes place), (T, T) ' goes through a smooth rise.
At x = 1.9, X goes through a trough while (T& T)
has a peak with a sharp break (at lower tempera-
tures). At x =2, X rises again while ( T

&
T) ' goes

down. Thus the NMR results differ in shape from
those obtained for susceptibility measurements. The
shape of X was confirmed by Nagel et al. My
NMR results are, however, in agreement with the
low-temperature specific-heat measurements of
Bohmhammel et al. who also obtained a single
maximum of y (proportional to the density of states
at the Fermi level) at x= 1.9 instead of a trough. To
compound the mystery both (T&T) '~ and K of
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Goring et al. show a pattern similar to that of X at
moderately low temperatures. Below 120 K, Goring
et al. also see a peak in (T&T) '~ and K at x=1.9,
but the peak at x=1.8 remains (inset of Fig. 10).

In an attempt to explain the discrepancy between
my results and those of Goring et al. , I considered
the following. Say that in the sample preparation I
had mixed the pure Ti not with TiH2 but with a
lower concentration so that all the concentration
values are shifted down by 0.1. This would put the
peak in the same place as Goring's and the drop in
(T, T) '~ seen here would be the beginning of the
trough which would not rise again since our max-
imum concentration would be x=1.9. This was
discounted for the following reasons: (1) It would
not explain the absence of a trough at 297 K which
Goring et al. and Trzebiatowsky et al. obtain at this
temperature, (2) the concentration-dependent x-ray
results are in agreement with the room-temperature
results of Azarkh et al. , (3) while the peaks of X
and ( T& T) '~ of Goring et al. coincide with the
concentration heralding the onset of the tetragonal
phase, the peak here is located above this concentra-
tion [my x-ray and (T&T) '~ measurements were
performed on the same samples], (4) the results here
agree with those of Bohmhammel et al. , and (5)
Goring et al. also see a peak at x= 1.9 developing in
K and (T&T) ' at low enough temperatures while
X of Trzebiatowsky et al. do not.

The only manner by which I can explain the
difference in the results is connected with sample-
preparation techniques. The samples used here were
annealed for an extended period in their sealed am-
poules. Azarkh et al. found that they were able to
retain the cubic phase over the entire concentration
range, the tetragonal distortion occurring only for
those samples that had undergone prolonged anneal-
ing. Bohmhammel et al. (with whom the results

OAO I &
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FIG. 14. Hydrogen-concentration dependence of the
reduction factor q for TiH at T=297 K.

here agree) also stressed the importance of the role
of homogenization where they stated that the heat
capacity and susceptibility were different for sam-
ples where these precautions were not taken. Differ-
ences in (T&T) '~ for TiHz for the annealed and
unannealed samples were also found in this study, as
indicated in Fig. 10. Possible effects of annealing on
the long-range order of the direction of the c axis
were discussed in Ref. 2 and this may have an influ-
ence on the behavior of X and ( T

~ T) '~ . Strong
annealing effects were also observed in the Ti-Al-H
system.

In Ref. 2 the hyperfine interaction was attributed
to orbital interactions. This was based on a compar-
ison between the measured hydrogen concentration
dependence of (T& T) ' and K obtained by Stalin-
ski et al. The shape of the two should differ if the
interaction is mostly orbital and be similar for core
polarization. Since they differed, an orbital interac-
tion was assumed. The Knight-shift results ob-
tained here do not agree with those of Stalinski
et al. ; nor do those of Frisch et al. and Goring
et al. Comparing Figs. 4 and the room-
temperature result of Fig. 10, we see that the two are
of the same shape. Goring et al. also obtained simi-
lar shapes for (T&T) ' and K. Thus it is conclud-
ed that the negative shifts and relaxation mechan-
isms are due to core polarization. Similar con-
clusions were drawn by Goring et al. , Bowman
et al. , and Nowak et al. We can thus obtain q
from Eq. (12), and the result for T=297 K is plot-
ted in Fig. 14. q decreases steadily from 0.31 to
0.165 as x ranges from 1.5 to 2.0. Goring et al.
found a similar decrease of q with hydrogen concen-
tration but there the range was 0.54 to 0.22. The
special methods employed by Goring et al. in their
determination of K (multiple pulse sequence with
magic angle spinning) both narrowed their lines
(which in this study is many times wider than the
resonance shift) and automatically eliminated sus-
ceptibility effects which may account for the differ-
ence between the two results.

Goring et al. (as well as Nowak et al. and
Korn ) analyzed their data in terms of the cubic
symmetry of the fcc structure of the hydride. For
this case q ranges from a maximum of 0.5 to a
minimum of 0.2. This occurs when the rz~ character
at the Fermi level goes from 0 to 06 Thus
Goring's results could be interpreted in accordance
with the phenomenological picture presented in Ref.
2 whereby the minimum hydrogen concentration is
assumed to coincide with the start of t2g character,
i.e., there is no t2s admixture for TiH& 5 and that
more tzz character comes in as x increases. Fujimori
and Tsuda' have broken up the 3d density of states
into their eg and t2g character. They indeed found
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that below the Fermi level for TiH2 (where we
would expect the Fermi level for TiHI 5 to be) the
character is almost completely of the eg type with
strong t2s' admixture at the higher energy corre-
sponding to the Fermi level for TiHI. However, the
band calculations that have been performed to
date' ' ' ' make the validity of the broader pic-
ture presented in Ref. 2 very doubtful. The lower q
values found in this study and those of Goring et al.
could be compatible with theory if one takes into
consideration that the immediate environment of the
hydrogen is tetrahedral. If one considers the core
polarization to be due to hydrogen centered orbitals
arising from a combination of metal d electrons at
the Fermi level interacting with hydrogen-centered
inner-valence s electrons, then Ehrenfreund
showed that q can take on values that range from
0.05 to 1.

The overall shape of (TI T) ' obtained here is
consistent with density of states obtained by
Bohmhammel et al. from low-temperature speci-
fic-heat measurements. Since q ~aries with concen-
tration, we must use (TI T) /1/q to get a value
that is proportional to the density of states. Howev-
er, q varies slowly with x and Mq ranges from 0.56
to 0.41 as x goes from 1.5 to 2, so the overall shape
of Fig. 10 is only slightly effected. Since, according
to Goring et al. , q rises somewhat for x near 2 at
low temperature, the shape is even less effected.
For comparison, we take the ratios
Nd(x = 1.9)/Nd(x = 1.55) and Nq(x = 1.9)/Nd(x
=2.0) of Bohmhammel (i.e., the ratios between Nd
at the peak and the two ends) and compare these to
the respective ratios of (TI T) '~ /1/q. These give
2.0 and 1.2 from specific heat as compared to 2.5
and 1.2 from NMR at 150 K, which is satisfactory.
In order to obtain an approximate calibration of the
ordinate in Fig. 10, we define 8 by A =~q8 where

is that of Eq. (2). Comparing Bohmhammel's
density of states with the 150-K (TI T) ' and V q
at the peak, we obtain 8=0.30 eVatom/sec'~ K'/,
so that if the ordinate in Fig. 10 is divided by
0.30Mq where 1/q is obtained from Fig. 14, a rough
value of the density of states at the Fermi level is
obtained in units of eV atom for one direction
Of splI1.

Since

8 =2y~Hhf(vrfikII )'~

we obtain Hhf 13.4 kG. This i——s in agreement with
what we obtained for Zr-H for which we found
Hhf=13. 5 kG. Thus by assuming the same hyper-
fine interaction for Zr-H as for Ti-H we obtain that
the larger values of K and (TIT) '~ of Ti-H as
compared to Zr-H [a factor of about 1.6 at the peak

for the low-temperature (TI T) '~ /U q ] is due to
the larger density of states of the former. This
agrees with the theoretical results of Gupta' who
also obtained a larger density of states for TiH2 than
ZrH2 where the ratio was 1.4 at the peaks. The
value Goring et al. obtained for the hyperfine field
at the proton in Ti-H was 8.3 kG while Nowak
et al. found it to be 8.8 kG in Ti-H-Nb.
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FIG. 15. (a) Gupta's (Ref. 18) DOS near the Fermi lev-

el for cubic ZrH2, and (b) sketch of presumed DOS upon

splitting of the doubly degenerate states.

D. Comparison psmith electronic structure:
Tetragonal deformation

Since extensive band calculations have been pub-
lished for cubic TiHz and ZrH2, an attempt will be
made to compare these with the measurements. It
will be seen that a simple straightforward extension
of the theory to the nonstoichiometric case cannot
be made without invoking further hypotheses.

Figure 15(a) shows the density of states for cubic
ZrHz calculated by Gupta. " The corresponding dia-
gram for cubic TiH2 is very similar except for
scale. ' A central theme in the Switendick-Gupta
theory is that the Fermi level lies at the center of a
peak in the density of states derived mostly from the
flat doubly degenerate states joining I 25 and 1-3 1I1

the A direction. The tetragonal distortion is attri-
buted to a Jahn-Teller effect which splits the degen-
erate states. As an aid to the discussion the result
expected from such a split in schematically sketched
in Fig. 15(b)

Let us see how the concentration dependence of
( T, T) '~ can be understood according to this
description. The results of the band splitting can be
followed by comparing (T~ T) '~ for TiH„at 297
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K (where the tetragonal distortion is very small)
with the low-temperature results for TiH„and ZrH„
at all three temperatures (where the distortion is
large). At 297 K, (T&T) '~ for TiH„ is seen in Fig.
10 to rise steadily as x ranges from 1.5 to 2 in ac-
cord with the assumption that the Fermi level moves
to higher energy and thus to larger density of states
with increasing x, and that the Fermi level at x=2
lies at the center of the peak of the density of states.
At lower temperatures the tetragonality increases
and so does the splitting. In particular (T&T)
decreases drastically in the high-x region. By ob-
serving the temperature dependence of (T~T)
for TiHz given in Ref 2, .one can follow how part of
the peak breaks away as the tetragonality is in-
creased with decreasing temperature. Since at x=2
only half of the degenerate band is occupied, the
splitting of the band into parts above and below the
Fermi level must cause the electrons to spill into the
lower peak and completely fill it. Thus we can asso-
ciate (T&T) '~ at x=2 for TiH„at 297 K with
point 8 of Fig. 15(a) while the low-temperature
peaks of TiH„and that of ZrH„are associated with
8& of Fig. 15(b) and their values at x=2 with point
C of the same figure. Cxupta's density of states at
the Fermi level for cubic ZrHz is 1.21/eVatom for
one direction of the spin which for our value of
A =0.11 eV sec '~ K '~ gives an expected
(T~ T) '~ of 0.133 sec '~ K '~ . This is a reason-
able value when extrapolating the rising part of the
(T~ T) '~ curves in Fig. 9 to x=2. It is twice the
value obtained at the peak (0.062 sec ' K ' ).
Since not all the states at the Fermi level are derived
from the degenerate states one would not quite ex-
pect a doubling but an exact comparison cannot be
made anyway since the lattice expansion with hy-
drogen concentration would effect the density of
states somewhat. The general trends, however, fol-
low the outline of the experimental curves.

The problem with this description is that for both
TiH„and ZrH„, (T, T) ' increases continuously
as x increases across the distortion. As soon as the
first sample in the tetragonally distorted region is
reached, there should be an abrupt discontinuity in
the curve as the density-of-states configuration
changes from that described in Fig. 15(a) to that in
Fig. 15(b). No such sharp break is observed. One
may argue that the reason a sharp break is not ob-
served is because perhaps the Fermi level lies belaw
the degenerate states at the concentration where the
tetragonal distortion takes place. This would, how-
ever, negate the conclusion that the tetragonal defor-
mation is caused by a Jahn-Teller interaction which
requires the Fermi level to lie within the degenerate
states.

I would like to speculate an a passibility that

would be in accord with both the Switendick-Gupta
description and the experimental results. It sup-
poses that the degenerate states are always split. At
low hydrogen concentration the vacancies spoil the
symmetry, splitting the degenerate states. An exam-
ple of such a possibility is illustrated by the cases of
V3Si and Nb3Sn where calculations showed that ei-
ther vacancies in a cubic structure or a tetragonal
distortion can split the degenerate I ~2 band. As x
increases there are not enough vacancies to support
the splitting and the Jahn-Teller effect takes over
and the crystal structure becomes tetragonal. Since
the degenerate state is always split, no jump in
(T&T) ' takes place as x crosses into the tetrago-
nal region.

Further evidence of hydrogen-vacancy splitting of
the degenerate states can be inferred from the mag-
netic susceptibility measurements of the Ti-V-H sys-
tem by Nagel et al. Switendick has indicated
that a rigid-band description should be applicable
for V substitution, raising the Fermi level in the
TiHr density-of-states (DOS) diagram. With high
enough vanadium concentrations, the Fermi level
can be raised along the DOS diagram to energies
beyond that of pure TiH2. The data of Nagel et al.
show two adjacent peaks as a function of V content
and these are presumably the split states illustrated
in Fig 15(b.). These peaks are further apart the less
the hydrogen concentration, i.e., the greater the va-
cancy concentration. The two peaks remain at tem-
peratures above where the tetragonal deformation
takes place and are also seen to exist when the low-
temperature data are extrapolated to the cubic
phase. Thus we see that there is a splitting of the
degenerate states even in the cubic phase which can
be attributed ta the vacancies.

One may also speculate that a vacancy splitting
may result in the nonstoichiometry of these hy-
drides. As Switendick has shown, hydrogen-metal
interaction brings metal states down below the Fer-
mi level, thus lowering the energy. One might thus
expect that the TiH2 and ZrH2 should be the most
stable compounds. This, however, could be offset by
a vacancy splitting of the degenerate band which
would also lower the energy of occupied states. The
nonstoichiometry indeed extends to the hydrogen
concentration of x= 1.5 where the Fermi level seems
to lie at the beginning of the split band [near point A
in Fig 15(b).] .A further decrease in concentration
would place the Fermi level below the band and no
energy reduction would be obtained by the splitting.
In this context, one should note that V alloying
reduces the nonstoichiometric range to x = 1.7 in-
stead of x=1.5. ' Presumably V substitution may
also break the symmetry and aid in the splitting.
Thus not as many vacancies are needed to split the
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degenerate states, raising the minimum non-
stoichiometric range to x=1.7 instead of x=1.5.
Reasoning along these lines may also explain why
Azarkh et al. obtained cubic rather than tetrago-
nally deformed titanium hydrides in nonannealed
samples. One may infer that annealing removes
order-disturbing centers such as dislocations. These
may disturb the symmetry and cause the energy-
lowering degenerate band splitting, thus making a
tetragonal distortion unnecessary in unannealed
samples.

E. Metallurgical applications

Beck first measured the hydrogen concentration
dependence of microhardness in ZrH„ in order to
prove that 5 and e are distinct phases rather than
the 5 phase simply being e phase with c/a = 1. Bar-
raclough et al. showed, however, that the ini-
crohardness changes continuously across the 5-e in-
terface (inset of Fig. 9). Thus one cannot attribute
the abrupt change in microhardness to a change in
phase. Neither can one correlate the microhardness
behavior to the hydrogen concentration or unit-cell
volume, since while these change monotonically
across the entire concentration range, the mi-
crohardness at first decreases and then increases
again. It is seen, however, from Fig. 9 that when
(Ti T) ' (which is proportional to the DOS at the
Fermi level) increases, microhardness decreases. At
the concentration where (Ti T) ' has a peak, mi-
crohardness is minimum and then increases again
when ( Ti T) ' decreases. Thus it seems that there
is an inverse correlation between the microhardness
and the DOS at the Fermi level.

This observation can be of significance in metal-
lurgical alloy design. For example, DOS calcula-
tions have been made for many metal systems (such
as the hydrides) showing peaks and valleys in X(E).
While controversy exits as to whether the rigid-band
model can be quantitatively relied on, there is gen-
eral agreement that the Fermi level can be shifted to
peaks or valleys in the DOS by alloying, as was
demonstrated for example for the case of Ti-V-H by
Nagel et al. and Bowman et al. If the correlation
alluded to here is of general validity, it may be use-
ful in designing alloys having desired mechanical
properties.

V. CONCLUSIONS

We conclude the following.
(1) X-ray and NMR measurements of ZrH„did

not indicate a mixed 6 + g region at the 5-e phase

boundary.
(2) A plateau is found in the variation of the

unit-cell volume with hydrogen concentration over a
small range of x where the tetragonal distortion be-
gins.

(3) A peak in the DOS is obtained at hydrogen
concentrations above that at which the tetragonal
distortion occurs. Both the tetragonal distortion and
the peak in the DOS occur at higher concentrations
for TiH„ than for ZrH„.

(4) The proton hyperfine interaction in TiH„and
ZrH„ is primarily due to core polarization with a
hyperfine field of Hq~' = —13.5 kG.

(5) The concentration dependence of ( T i T)
can be made to agree with Gupta's DOS band calcu-
lations. A sharp peak occurs at ZrHi so and TiHi 9z
in the tetragonal phase.

(6) The concentration dependence of (TiT)
varies continuously while crossing the cubic-
tetragonal transition region.

(7) The Switendick-Gupta description of the
tetragonal deformation cannot be incorporated in a
simple manner to explain the NMR and x-ray data
in the nonstoichiometric compound. It is speculated
that even at low enough hydrogen concentrations
where the system is cubic the degenerate states are
split by hydrogen vacancies and the Jahn-Teller dis-
tortion takes over when the vacancy concentration
cannot support the splitting.

(8) A correlation between the microhardness and
the DOS at the Fermi level [(TiT) ' ] was noted
which indicates an inverse relationship between the
two.
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