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Pt-site Knight shifts v, relaxation times, and crystallographic data have been obtained for the LaNi,
Pt„(0&& &5) system. There are two transition-metal sites: one, A, in a La layer and one, B, between
La flayers; different v's are observed for each site. The system is found to be completely miscible and
NMR intensities and crystallographic results show that Pt prefers the B site and that considerable
ordering occurs for x&4. The '"Pt v's are —1% and -0% for the A and B sites, respectively, in
LaPt„. the A-site K is approximately 0 at LaNi4Pt and the B-site K reaches —2% in LaNi475Ptp25.
The shifts, taken together with relaxation times, indicate that s-band effects dominate, particularly for
the A site, in LaPt5 and that the Pt atoms on both sites become more transition-metal-like with
increasing x. Exchange enhancement is shown to be an essential factor at the Ni-rich end. Variations
in chemical activity, as in hydride formation, are discussed in light of these electronic differences
between LaNi, and LaPt, .

I. INTRODUCTION

For technological as well as scientific reasons
the rare -earth —transition-metal compounds having
the CaCu5 crystal structure have attracted consid-
erable attention in the literature. LaNi, is one of
the best metal mediums for the storage of hydro-
gen. ' Along with such metals as titanium and vana-
dium, it absorbs a considerable amount of hydro-
gen per unit volume, but unlike these elements, it
is remarkable in the ease of loading and of removal
of the hydrogen from its matrix. While LaPt, is
poorer in its ability to absorb hydrogen, Pt is
isoelectronic with Ni and has a spin-& -nucleus
which is excellent as a nuclear-magnetic-resonance
(NMR) probe. Furthermore, Pt and Ni metals are
completely miscible, and it was decided to attempt
to form and to study the LaNi, Pt„alloy system.
NMR-relaxation-time and Knight-shift results,
taken with crystallographic data, are used to ex-
plore the electronic properties of this interesting
system. The implication of these results to hy-
dride formation is discussed in the final section.

LaNi„LaPt„and other rare-earth-¹i, com-
pounds have the hexagonal structure displayed in
Fig. l. The ACo~ (11, being a rare earth) com-
pounds also have this structure. ' Their hydrogen
absorption capacity is good, though inferior to that
of their RNi, counterparts. ' Their most prominent
property is that they are strong ferromagnets, with
the magnetism primarily associated with the Co,
submatrix. For example, SmCo, has a high coer-
cive force and a Curie temperature of 997'K. While
the Ni-rich end of Ni-Pt system is ferromagnetic,
the LaNi, Pt„system does not order magnetically,
allowing conventional NMR studies. The ANi~ com-
pounds, with the rare-earth atoms having 4f mo-

ments, do display ferromagnetism' with T, & 30'K.
This magnetic ordering is primarily associated
with the rare-earth sites.

The RT, (T being a transition metal) compounds
as a group are thus both chemically and magnetical-
ly active, and one approach to gaining insight into
these properties is to study sequences with alloying
at either the transition- or rare-earth-metal sites.
Hydride formation" 7 and other propertiese, s-il
have been studied as a function of alloying at either
site. We are not aware of previous NMR studies
for such alloy sequences. There have been no
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FIG. 1. Atomic arrangement in La¹i&. This is the
hexagonal CaCu5-type structure [J. H. Wernick and S.
Geller, Acta Crystallogr. 12, 662 (1959)j, space group
P6/mmmm. The atomic positions are La on la, viz. ,
(000), Ni on 2c, viz. , (3, ~, 0) and (3, 3, 0), here called
Q sites, and Ni on 3g, viz. , (y, O, y), (0, p, y), and (y, p,
&), bere called B sites.
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FIG. 2. Lattice parameter c vs Pt concentration for
LaNi& Pt„, from x-ray diffraction measurements. The
x values shown are nominal values except for the sam-
ples at g = 3.05 and 3.54, which were prepared to nomi-
nal values of 3.00 and 3.50, respectively. They are
shifted here and in subsequent figures by amounts de-
termined from the c values of the other samples.

previous reports of any measurements on

LaNi, ,Pt„alloys, except for LaNi, and LaPt, .
195Pt Knight-shift results are reported in Sec. III

A. Note that there are two crystallographically in-
equivalent transition-metal sites. The A sites,
holding two of the five transition-metal atoms per
molecular unit, lie in the basal plane with the rare
earth. The B sites, holding the remaining three,
lie between. Separate shifts are seen for Pt atoms on
on the A and B sites. Monitoring the relative in-
tensities in the two resonance lines provides a mea-
sure of the relative population of Pt at A and B
sites, and it will be seen that LaNi~Pt3 shows con-
siderable order with Ni at the A and Pt at the B
sites. The Ni-Pt system also orders around cer-
tain, but different, critical concentrations. These
tendencies toward order are expected in view of the
difference in atomic sizes of Pt and Ni. Employing
the Knight-shift & and relaxation-time T, data, the
~ will be partitioned into d and conduction or "s"-
band components. Vijayaraghavan etal. ' partitioned
& for LaPt„but, lacking the T, data obtained here,
arrived at conclusions somewhat different from ours.
In the extreme Ni-rich regime, the combined v and

T1 data can be understood only if it is assumed that

the alloy" s Pauli susceptibility is exchange enhanced
by a factor of 1.5 or greater. The question of ex-
change enhancement in a class of alloys which are
chemically and magnetically active is, of course,
of interest; unfortunately the NMR data do not al-
low any statements to be made concerning the vari-
ation in the enhancement across the alloy sequence.

While the NMR was used to make crystallographic
statements, x-ray-diffraction results were obtained
as well. These corroborate the ordering in
LaNi~Pt3. The lattice pa, rameters a and c are re-
ported. The variation in a and e across the se-
quence are understandable, granted the tendency
for Ni-Pt ordering. Although perhaps accidental-
ly, the variation in a is strikingly like the varia-
tion in tc.

II. EXPERIMENTAL

A. Sample preparation

The LaNi, ,Pt„compounds were prepared by arc
melting on a water-cooled copper hearth with a non-
consumable tungsten electrode. The Ni and the Pt
were fused first, and the alloy then melted with the
La. About 2/o excess La was used to compensate
for losses by vaporization. Several inversions of
the resulting buttons and remelting produced a
homogeneous compound. The buttons were crushed
using a mullite mortar and pestle, and sieved to
- 200 mesh.

The Ni-Pt composition of the compounds was
determined by wet chemical analysis and by x-ray
fluorescence. The root-mean-square deviation
in x from the nominal compositions was found to
be 0. 1. Metallographic examination of the
LaNi~Pt, sample showed a single phase.

All the samples were examined by x-ray diffrac-
tion. These results confirm that there is complete
solid solubility between LaNi, and LaPt„with evi-
dence of ordering at LaNi~Pt, . The c and a crys-
tallographic parameters are shown in Figs. 2 and 3
respectively, across the pseudobinary system
LaNi, „Pt,. Both parameters show approximately
linear increases from x=0 (i. e. , LaNi, ) to x=3
(i.e. , LaNi2Pt, ). In this range of x, c expands less
rapidly and a more rapidly than Vegard's rule pre-
dicts. Less obviously, linear variation asymptot-
ically approaching Vegard's rule occurs near x= 5

for both c and a.
The ratio c/a, obtained from the data of Figs. 2

and 3, is plotted in Fig. 4. In contrast to the rel-
atively gentle changes seen for c and a, c/a displays
a sharp deep minimum. At x = 3, it has dropped to
0. 772, a value markedly lower than the range gen-
erally observed' for RNi, compounds, which have
c/a ranging from 0. 793 for LaNi5 to 0. 822 for
CeNi„hydrogen capacity being higher for com-
pounds of lower c/a. Similar behavior, though with
less dependence of hydrogen absorption on c/a,
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l'IG. 5. Unit cell volume @3a c of LaNi& „Pt„as a
function of x. Crosses at x=0 and 5 are the atomic vol-
umes estimated from adding the individual atomic vol-
umes (Ref. 13), respectively.

FIG. 3. Lattice parameter a vs Pt concentration for
LaNi, Pt„, from x-ray diffraction measurements.
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FIG. 4. Ratio of lattice parameters c/a vs Pt con-
centration for LaNi& Pt„.

occurs for RCo, compounds, where c/a ranges
from 0. 777 for LaCo, to 0. 816 for CeCo, . It would
be of obvious interest to investigate the hydrogen
absorption properties of LaNi, ,Pt„alloys with cja
less than that of LaNi, .

Interestingly, despite all the action in Figs. 3-5,
the measured volume varies linearly throughout the
alloy sequence, as seen in Fig. 5. The molar vol-
umes for LaNi, and LaPt, are smaller than the sum
of the atomic volumes, ' the discrepancy being twice
as large for LaNi, as for LaPt, .

B. NMR equipment

All continuous-wave NMR data were taken with a
commercial 2-16-MHz wide-line nuclear induction
spectrometer, including signal averager and a
30-cm-pole-cap-diameter electromagnet. Low
temperatures were achieved by immersing the sam-
ple in liquid nitrogen or liquid helium within a cold-
finger-insert Dewar which fits into the NMR probes.
All K measurements were referenced to '"Pt in
iodoplatinic acid.

Pulsed NMR measurements were made with a
phase-coherent and pulse-coherent crossed-coil
spectrometer. The maximum rf field H, was 60 G
at the lower frequency and 100 G at the higher
frequency. Room-temperature measurements were
made at 7. 5 MHz using a 10-cm-pole-cap-diameter
electromagnet. Liquid-helium -temperature mea-
surements were made at 7. 5 and 39 MHz using a
superconducting solenoid with a 5-cm bore. A
vacuum-dielectric gold-plated stainless-steel coaxial
tube connected the transmitter and receiver cables
to the probe assembly in the liquid-helium bath. At
30 MHz, some difficulty with rf heating of the sam-
ples was encountered. This problem was circum-
vented by resieving —200 mesh powder through
a 500 mesh screen and allowing the sample con-
tainer to remain partially empty of powder. A sig-
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nal averager, externally addressed by the pulse-
sequence programmer, stored data points along the
entire spin-lattice relaxation curve. Lineshapes
obtained by integrating a spin echo with a boxcar
integrator while sweeping the magnetic field were
stored in the signal averager.

III. RESULTS AND DISCUSSION

A. cw results

The Knight shift K of ' Pt in LaPt, was measured
at room temperature, 77 and 4. 2 'K, and found to
be slightly temperature dependent. The spectrum
of the Pt resonance at room temperature, shown
in Fig. 6, is in agreement with previous work. "
Two distinct resonances are apparent, with inten-
sity ratio 3:2 corresponding to the two crystallo-
graphically inequivalent sites. The separation
between the two sites is 0. 91% at room tempera-
ture and 1.00/c at 4. 2 "K.

Room-temperature Knight shifts of ' 'Pt in
LaNi, „Pt, ternary alloys were observed at both
sites and are plotted versus x in Fig 7. The shifts
of the A and B sites, to a good approximation, track
each other over most of the range of x. The overall
variation with x' is reminiscent of the dependence
of the lattice parameter a on x seen in Fig. 3. The
negative Knight shifts in the Ni-rich region, like
the shifts in many transition metals, are associated
with the negative hyperfine field contributed by the
d-band Pauli term. The magnitude of the tempera-
ture dependences in the alloys was similar to that
observed in LaPt, .

In general, the lines appeared to be symmetric
with widths approximately proportional to the mag-
netic field. The cw linewidth (defined as the dif-
ference in field between the minimum and maximum
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I'IG. 7. Room-temperature Knight shift of '" Pt in
LaNi5 Pt as a function of x. The upper curve is the
shift at the A sites and the lower curve is the jg-site
shift. The ~& in Pt metal is indicated by the arrow.
Error bars show the standard deviation in the mean.
Where no bar is shown, the error is less than or equal
to the dot diameter.
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FIG. 6. Trace of the Pt cw-absorption-derivative
spectrum in LaPt& at room temperature and 13.5 MHz.
The A- and B-site resonances are identified by arrows.
In order to compare Knight shifts, the resonance of

'"Pt metal is shown in the lower trace on the same hor-
izontal scale. Neither the vertical scale nor the number
of scans for the two plots are the same. The vertical
dashed line on. the lower trace shows the position of the
~~5Pt resonance in iodoplatinic acid.

slope of the absorption line), measured on the Pt
8 site at 14 MHz and room temperature, varied
from 16(3) G in Lapt, to 61(12) G in the Ni-rich
compounds. At 4 'K the widths were about twice
as large. The absorption linewidths, as measured
by the pulsed spectrometer, were broader by about
a factor of 2 than would be inferred from inte-
grating the corresponding cw line shapes (even
under the assumption of a Lorentzian line). The
pulsed method is probably distorting the observed
lines, since its rf field H, is comparable to the true
linewidths. Another possibility is that T2, the spin-
spin relaxatior time, might be varying across the
line and thus artificially flattening it. A compar-
ison of T, at the resonance center and at the half-
power point in the LaNi4Pt~ sample at 4. 2 K showed
little variation; hence this explanation seems un-
likely. Thus only cw relative-intensity and line-
width results are reported here.

The relatively strong symmetric broadening of
the lines suggests that the linewidths are primarily
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FIG. 8. Ratio of A-linewidth to B-linewidth ratio for
~~Pt resonance in LaNi& Pt„vs x. The differences in

width recorded at LaPt5 may be due to measurement er-
rors or stoichiometry variations.

FIG. 10. Trace of the Pt cw-absorption-derivative
spectrum in LaNi~ &Pt3 „. plotted as a function of magnet-
ic field (lower plot). For comparison of shifts, a trace
of the 95Pt spectrum in LaPt& is shown at the top of the
figure. Both scans were taken at room temperature and
13.0 MHz. Neither the v;:istical scales nor the number
of scans for the two plots;. re the same.

due to inhomogeneity of the Knight shifts arising
from variations in local stoichiometry. Despite the
noncubic symmetry, there is no measurable aniso-
tropic Knight-shift contribution.

The ratios of the linewidths and of the peak-to-
peak heights at Pt A and 8 sites at 14 MHz and room
temperature are plotted in Figs. 8 and 9 as a func-
tion of x.

The '"Pt spectrum of LaNi, ,Pt, , is compared
with LaPt, in Fig. 10. The shift of the 8 site and

the smaller shift of the A site (relative to the cor-
responding 8 and A sites of LaPt, ) can be seen.
The A-to-8 height ratio in the alloy is less than

here. However, this is compensated by the width
ratio, so that the integrated intensity ratio is
near the random expectation, as is evident from
Fig. 11. There is a sharp reduction of intensity
at the A site in the LaNi2Pt, alloy (not shown),
which indicates that most of the Pt in this alloy re-
sides at 8 sites. In other words, the NMR shows

that there is a high degree of ordering of Ni on the
A and of Pt on the 8 sites. X-ray crystallographic
studies' support this observation.

The relative intensities (as measured by the prod-
uct of the ' 'Pt NMR amplitude and the square of
the peak-to-peak width) of the A sites to 8 sites
are used to deduce the fraction of A sites and of 8
sites occupied by I?t (see Fig. 11). The ordering
at LaNi~Pt3, evident from Fig. 11, appears to be
related to the plateau in the Knight-shift depen-
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FIG. 9. Ratio of A height to B height for ~ Pt reso-
nance in LaNi, „Pt„vs x.

FIG. 11. Fraction of A and B sites occupied by Pt as
determined from the NMR measurements. The dashed
line is the random expectation. Points are A site frac-
tions computed from the experimental width and ampli-
tude ratios of Figs. 8 and 9. The solid A curve is drawn
smoothly through the experimental points and the solid
B curve computed from it.
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dence shown in Fig. 7. Our results suggest tiiat
the NMR method may be more sensitive to changes
in the A-site occupation in LaNi, „Pt„alloys than
conventional x-ray methods. However, we have not
attempted to determine the order-disorder transi-
tion temperature, if any, nor to control the heat
treatment. At some values of x, measurements
were made on two samples, nominally prepared in
the same way (see caption to Fig. 2), with dispa-
rate results. The variations in ordering evident
in Fig. 11; especially at x=3, where the variation
is outside experimental error, are likely to be due
to small deviations in x from nominal values, or
less probably, to inadvertent differences in heat
treatment. Of course other factors, such as dif-
ferences in La stoichiometry, may be at play.

The sharp peaking in the width ratio centered
between x=3 and 3. 5 seen in Fig. 8 arises pri-
marily from narrowing of the B site resonance,
i.e. , it would appear that 8 sites sample much
less inhomogeneity in the Knight shift than do the
A. Presumably this is associated in some way with
the preferential site filling discussed in connection
with Fig. 11. One can speculate on this; a
LaNi, ,Pt3 ~ 5 structure can be visualized having a
doubled unit cell where two-thirds of the B sublat-
tice and three-quarters of the A. are occupied by Pt
atoms. In this structure all the B-layer Pt atoms
have the same local environment while the A-layer
Pt's encounter two distinctly different local environ-
ments. (These A sites have like nearest neighbors,
implying a broadening rather than a splitting of the
resonance line. ) The peaking of the linewidth ratio
to the right of x=3 and the suggested bump in the
A-site fraction of Pt occupancy (Fig. 11) at x-3. 5
are consistent with, while providing no proof of,
such a second distinct Ni-Pt ordering. The present
x-ray diffraction results do not help to resolve
this speculation.

B. Spin-lattice relaxation

Spin-lattice relaxation was observed using either
l Ir —t-(zm —T —r) or (saturation comb)- f-(p7j' —T —77)

pulse sequences, where 7 =30 p. s and where t could
be varied incrementally in many steps over an in-
terval that spanned three or four time constants.

The signal at each increment in t was stored
sequentially in the memory of the signal averager,
allowing sufficient time (8-10 T,'s) for the nuclear
magnetization to equilibrate after each repetition.
The entire spin-lattice relaxation curve was
"scanned" in this fashion many times until a spin-
lattice relaxation recovery curve with a reasonable
signal-to-noise ratio could be observed in the mem-
ory. The comb consisted of from 1-40 pulses
spaced 1 msec apart at 4. 2'K and 0. 1 msec at
room temperature. The pulse width was adjusted
for maximum saturation. Although the condition

In principle, the experimental K can be parti-
tioned into components, the conduction electron
contract term K,. the d-band core polarization term
K„and the Van Vleck orbital term K„b. Thus

K=K +Kcy+K ~b,

where usually K, and K„„are positive and K, nega-
tive.

To estimate the terms of Eq. (1), use is made of
a Korringa relation for hexagonal symmetry' and
the experimental T„

1 K ~K

1 S CP
(2)

where A =xk~k(y„/pe); T is the absolute tempera-
ture, k~ the Boltzmann constant, y„ the Pt nuclear
gyromagnetic ratio, and p~ the Bohr magneton. In
Eq. (2), n is the orbital red iction factor which,
for hexagonal symmetry, is expected to lie be-
tween 0. 2 and 1. The I"s are exchange-enhance-
ment factors, and 8,» is the orbital contribution to
spin-lattice relaxation. The weight, P,~, of the
cross term between the core polarization and the
conduction-electron hyperfine terms is determined

TABLE I. Spin-lattice relaxation times at 4. 2 K.

Sample

LaPt5 a

LaNi2Pt3

LaNi&Pt&

LaNi, .
l Pt,

LaN4. 75P t().25

Site T( (msec)

11(4)
42 (s)

s8. 5(2. s)

s3(2)

s2 (2)

so(4)

& = (7'&BI1(vglvI3)'K'Tt&1 '

1.25
i'll, 2

8. 94

0. 85

0. 28

0. 1S

~T& was also measured at room temperature. T&T was
approximately the same as at 4. 2'K.

II, » WF«M was not satisfied in most cases, the
echo amplitude could be maximized with an ap-
proximate &~-m sequence. No appreciable dif-
ference in relaxation was observed as a function
of the number of pulses in the saturation comb.

For LaPt„ the spin-lattice relaxation recovery
curve appeared to consist of two exponential decays,
each associated with one of the Pt sites. It was not
possible to observe separately the relaxation from
each site, although it was possible, by varying the
magnetic field, to associate the slow component
with the B site and the fast component with the A.
The values of T, at these sites, listed in Table I,
are quite different. The relaxation curves observed
for LaNi, „Pt„(x=3, 2, 1, 0. 25) appeared to have
only one exponential component, that associated
with the Pt B site. The A. -site resonance in these
alloys is very weak or unobservable in both the cw
and pulsed spectra. The values of T, on the Pt B
site decrease with decreasing x.

C. Partitioning of Knight shifts
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by such factors as the symmetry of the lattice and,
in turn, by how many of the d bands intersecting
the Fermi level hybridize to the s band. " It is ex-
pected that P is less than n, more of the order of
0. 1 than 1.

There are too many variables to permit an un-
ambiguous partitioning of I(. As a first approxi-
mation, neglect the s-d mixing term, the orbital
terms A„„and &„„, and the exchange enhancement
(i.e. , set I', = I'„=1). Employing the useful com-
bination of experimental parameters, b = (Aw T, T)
Eqs. (1) and (2) can then be solved for

Pt metol
1.0~~

CP

0.4

I

A site ~&

site

Values of b are shown in Table I. A real solution
to Eq. (3) requires that o. ~ b j(1 —b). Moreover,
when tc is negative (as it is at the B site when x—4),
the observation that &, is always positive demands
the more stringent condition

(4)

As already discussed, the minimum value of cv

is 0, 2. Thus Eq. (4) is violated and no solution of
Eq. (3) is possible for x=0. 25, the alloy for which
b= 0. 13 (see Table 1). Hence at least one of the
simplifying assumptions leading to Eq. 3 must be
relaxed. Turning on the s-d mixing terms tends
to overcome the restraint imposed by Eq. (4), but
a P,„O.6 is required to obtain a real solution of

. &, for @=0.25. Such a value of P,„appears to be
unrealistically high.

Inclusion of exchange- nhancement factors of I',
=1 and I"„&1.54 will allow a real solution at x
=0.25. Such values are not unreasonable for tran-
sition metals with A&~T, T in the range encountered
here. ' ' If the orbital terms A„„and ~„„are in-
cluded without exchange enhancement, using values
appropriate'6'7 to Pt metal (ft,„b =47. 5 sec ' 'K ',
Ic„b =0. 5%), no rea, l solutions for v, at the 8 site
can be obtained for any value of x. Scaling the or-
bital terms down to allow real solutions for rc, re-
quires invoking exchange enhanceme~t up to higher
values of x. Exchange enhancement is plausible in
this alloy system and the present experiments pro-
vide evidence for its presence. It is now useful
to inspect the values of g,. and I(.„obtained with
varying values of I"„, as is done in Figs. 12 and 13.
In these plots, it is assumed that A„b = &„,= p,„=0,
cv = 0. 2, and in Fig. 13 I",= I.0. Note that the B
results are displayed as curves of contant I'„ for
convenience only, since I'„need not be consta. nt
across the system. In fact, since LaPt, is diamag-

&netic and LaNi, paramagnetic, we would expect
considerable variation in I"„. It is of interest to
note that, if 1, reaches some large value (-5-10)
nea, r x=0, &, may be approximately constant across
the system. I', is expected to be less than l „, un-

0.P.

0

I IG. 12. Estimates of the direct-contact Knight shift
divided by &I", obtained from Eq. (5) for various values of
the core-polarization exchange-enhancement factor I,~.
The assumptions affecting these estimates are described
in the text. Partitioning at the A site is limited to x = 5,
the only value of x at which A-site 'I'~ data was obtained.
The variation of the A-site f('.~ at x= 5 with I

~~ was negli-
gible. The value of f(~ for Pt metal (Ref. 17) is also
shown.

less such factors as s-d hybridization in the bands
force it to approach I"„in magnitude. The effect
of choosing I', greater than 1 involves, as is noted
on the ordinate of Fig. 12, a simple scaling of the

Along with this scaling, there is a compensating
shift of the I(:„ofFig. 13. Neither this nor the
presence of nonzero orbital terms qualitatively
affects the conclusions concerning exchange enhance-
ment,

IV. OBSERVATION AND CONCLUSIONS

Before concluding, let us make some observa-
tions concerning the tendency to hydride formation
as well as the catalytic and electrode behavior of
these alloys. While for the AT, compounds in gen-
eral there are hints of correlations between the
number of hydrogen atoms n„absorbed per alloy
molecule and the lattice parameters, the relation-
ship is not simple. It is generally accepted that
there is a minimum distance between hydrogen in-
terstitial sites which is required if compound for-
mation is to be achieved; apparently the AT, com-
pounds considered in this paper meet this criterion.
There is no simple dependence on volume factors.
For example, not only is the molecular volume of
LaPt5 larger than that of LaNi„but, more impor-
tantly, one expects that the volume available to H,
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ily be met if hydride formation is to occur, such
volume factors are not sufficient to determine the
propensity for accepting hydrogen. The electronic
structure properties of the host metals are clearly
of importance. The present NMR results indicate
that LaNi, is more transition-metal-like than LaPt„
implying greater chemical activity involving hy-
drogen. The NMR also show stronger exchange
enhancement, which we believe is a concomitant of
hydrogen activity. The connection between such
manifestations of electronic structure and hydride
formation is, at this stage, only qualitative in na-
ture, but there do exist several quantitative models
which should be considered. For example, in

discussion of the fcc metals, Switendick ' has cor-
related the propensity for dilute H, solution with

the presence of one-electron states above E~ in the

pure metal which have +-like character with re-
spect to the hydrogen interstitial sites. In another
approach Van Mal, Buschow, and Miedema have

applied Miedema's model" of the heat of alloy
formation to the problem of II absorption in the
RT, compounds. For a binary alloy, the heat of
formation per atom is taken to be

hH f(c) [ P(4P) +Q-(hK~) ],
FIG. 13. Estimates of the d-band core-polarization

contribution to the Knight shift obtained from Eq. {3)for
various values of &~, under assumptions identical to
those for Fig. 12. The value of Kp for Pt metal falls off
the scale of the figure near —4.5%.

storage is greater in the former, as was noted in
Fig. 5; the molecular volumes of the compounds
are smaller than the appropriate sums of Ni, Pt,
and La metallic volumes and this compression is
greater in the Ni compound. Despite this, LaNi,
absorbs more hydrogen. A compression occurs on
formation of any of the RT, compounds, and, while
there are correlations within classes of compounds
(e. g. , nH increases with decreasing compression or
decreasing c/a in either the RNi, or &Co, se-
quence, but decreases, when these factors de-
crease, on going from a given RNi, to its Co, or
Pt, counterpart), there is no overall relation be-
tween compression and hydrogen-absorption capac-
ity. Still more important would be a comparison
between hydrogen-absorption capacity and the in-
crease in molecular volume associated with the
addition of H to the lattice. This comparison is
hampered by little data; none, of which we are
aware, exists for adding H to the LaPt, system.
For fcc metals and alloys, a striking correlation
exists" between the volume increase and the hy-
drogen content. The RT, data available' do not
fall on the same curve.

While some volume restrictions must necessar-

TABLE II. Heats of reaction for various RT5H„sys-
tems as calculated by Van Mal et al, {Ref. 22) for
LaNi5H„and LaCo&H„, and calculated in the same way
here for LaPt&H„.

LaNi~H6

LaNi5H4

LaPtgHG

LaPt5H4

LaCo5H6

LaCo&H4

~ {kcal/mole H2)

—6. 5

—4. 5

—11.8
—13.5

where f(c) is a concentration-dependent factor, P
and Q are constants, bQ is the difference in chemi-

cal potential, and ~~is the difference in electron
density at the Wigner-Seitz sphere radius, between
the separate constituent metals. The P have been
deduced using work-function data (i.e. , an unwanted
metal-surface dipole term is present), and the
scheme has been extraordinarily successful in cor-
relating the heats of formation of binary alloys.
Van Mal et al. extended this to the BT,H„case;
calculations for LaNi, and LaCo, yielded a ~II
which indicated that H6 was preferable to H4 in the
Ni compound and the reverse for Co, as is indi-
cated in Table II. We have done equivalent calcu-
lations for Lapt5, with the results (see Table II)
indicating that an nH of 6 is to be preferred, and,
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if it is assumed that the magnitude of &H corre-
lates with the pressure, then LaPt, should accept
hydrogen at roughly the same pressure as LaNi, .
Both predictions are contrary to fact. Volume
corrections to the heats of reaction and neglected
entropy may account for this discrepancy, although
the problem may be more fundamental; chemical
activity of the sort suggested by a strong exchange-
enhanced susceptibility is absent from the model.

Concerning catalysis, it has been noted that a
number of hydrogenation reactions show increased
rates relative to the rate over pure Ni when cata-
lyzed over H-charged LaNi, . ' (Since La is very
sensitive to oxygen, the surface layer was observed
to be depleted of La and the catalytic activity here
was ascribed to pure Ni. ) It is of obvious interest
to investigate the catalytic activity over the full
range of the pseudobinary LaNi, „Pt, system. In
addition, some insight as to the importance of the
electronic factor in catalysis should be provided by
studies of the modification of the catalytic activity
of Pt when incorporated into LaPt, (assuming of
course, that La surface depletion can be excluded
in the experiments).

Recently, LaNi, has proved to be a useful hydro-
gen-storage material for closed nickel/hydrogen
batteries for aerospace applications. ' p separate
Pt-hydrogen-oxidation electrode has to be supplied
in this case. In view of the Pt-metal-like proper-
ties of dilute Pt in LaNi, observed here, it is in-
teresting to speculate whether the Pt electrode
could be replaced in this system by dilute alloy
additions of Pt to LaNi, . Of course, it is impor-
tant that the Pt does not severely poison the hydro-
gen-storage capabilities of the LaNi, if a common
electrode and storage medium is to be achieved.

The above-mentioned properties provided one
motivation for studying the LaNi5 „Pt, system. The
investigation indicates strikingly different elec-

tronic properties at the two ends of the row. The
measurement of relaxation times in conjuction
with the Knight shifts has enabled us to assess the
importance of various contributions to the Knight
shift across the series. The earlier suggestion
that in LaPt, the s term in the Knight shift is the
same at both A and I3 sites, with the core polariza-
tion term zero at the 4, is definitely ruled out by
the present work. Distinct s- and core-polariza-
tion terms are present at both sites in LaPt, .
Upon addition of Ni, there is a marked increase
in the core-polarization contribution. The strongly
negative A. — and B-site shifts observed at high Ni
concentration have been shown to be the result of
strong exchange enhancement typical of a transi-
tion metal. The behavior of LaPt, is not typical
of a transition metal. Exchange enhancement is
expected to be a concomitant of strong chemical
activity.

In addition, continuous solid solubility is ob-
served across the series. Considerable ordering
occurs between LaNi, and LaNi, ,Pt3 5 While
transition-metal-site ordering has been observed
before " in alloys of this structure, the ordering
seen here is the strongest yet reported; at
LaNi2Pt, it approaches compound formation of a
new structural type. I.ess certainly, another type
of ordering may be occurring at LaNi, ,Pt3 ~ 5 These
properties make the LaNi~ „Pt„system a promising
system for studies of chemical activity. "
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