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The nuclear magnetic resonance of both the lanthanum and hydrogen nuclei in the lanthanum-hydrogen
system has been studied as a function of hydrogen concentration and temperature. The concentrations
ranged from 0.4 H/La to 2.85 H/La and temperatures —197°C to 400°C. The existence of two phases,
part La metal and part LaH, ¢ for concentrations with less than 2 H/La, is confirmed. Measurements of the
proton linewidth and thermal relaxation time 7'; unambiguously demonstrate that proton self-diffusion
takes place at moderate temperatures. Activation energies and attempt frequencies for the proton self-
diffusion, which are determined as a function of hydrogen concentration, decrease abruptly at ~2 H/La
from 23 kcal/mole and 10" sec™, respectively, to 3 kcal/mole and 10" sec? at 2.85 H/La. The proton static
linewidths vary continuously from 7.8 g at 2 H/La to 12.4 g at 2.85 H/La and the proton 7 has a char-
acteristic self-diffusion induced minimum of =35 to 8 msec and a maximum of = 100 msec where spin diffusion
to paramagnetic impurities dominates. The self-diffusing protons have a pronounced effect, via a quadrupole
interaction, on the La resonances. For hydrogen concentrations slightly greater than 2 H/La, a broadening
and then narrowing again of the La linewidth, and a decrease with a subsequent recovery of the La Knight
shift is observed as the proton self-duffusion rate increases with temperature. For concentrations greater than
2.4 H/La, no La resonance is observed until a sufficiently high proton self-diffusion rate is attained to average
out the quadrupolar effects. A detailed semiquantitative analysis incorporating the proton resonance data is
made of these quadrupolar effects. At 400°C the La Knight shift is found to decrease from 0.239, for 2 H/La
to 0.109, for 2.85 H/La while no Knight shift is observed for the proton resonance at any concentration or
temperature. The thermal relaxation time of the La resonance in LaHz.q is found to be the result of a con-
duction electron hyperfine interaction with 7:7'=11.3 sec °K when the protons are static. With proton
motion the La T'; decreases exponentially to a value somewhat greater than the La T's or about 100 usec at
400°C. A schematic picture of the band structure of the hydride consistent with the available data is sug-
gested, based on an jonized hydrogen atom or proton, whose electron goes into a conduction band localized
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on the La ion.

I. INTRODUCTION

YDROGEN will dissolve exothermically in lan-
thanum metal to form lanthanum hydrides with
as many as 3 hydrogen atoms per lanthanum atom.
Experimental studies of hydrogen equilibrium vapor
pressure versus temperature and hydrogen concentra-
tion,12 x-ray diffraction,®* neutron diffraction,* and
magnetic susceptibility® indicate for hydrogen concen-
trations ranging from less than 2 H per La atom up to
almost 2 H per La atom that the hydride is a two-phase
system consisting of intermetallic LaH: and lanthanum
metal. The dihydride LaH, has the fcc CaF, structure?
with a lattice constant?® of 5.6614 which is larger than
the pure metal fcc lattice constant, 5.3074 at room
temperature.
Figure 1 shows the fcc unit cell with lanthanum and
hydrogen sites shown.
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All of the tetrahedral sites are occupied in the di-
hydride. As more hydrogen is added, the octahedral
sites randomly fill while the tetrahedral sites remain
fully occupied. The dihydride exhibits a metallic con-
ductivity 1/100 that of the metal® and a paramagnetic
susceptibility not much less than the metal. At con-
centrations near 3 H/La, the hydrides have semi-
conductor-like electrical conductivity and a diamagnetic
susceptibility. A review of other metal hydrides has
been prepared by Libowitz.”?

Previous nuclear magnetic resonance (NMR) in-
vestigations of the other metallic hydrides™ have been
studies of the proton NMR with one exception,™* VHj g,
in which the vanadium NMR was observed at room
temperature. These investigations have demonstrated
the usefulness of NMR in studying proton diffusion in
the metal hydrides.

It is equally interesting to observe the NMR of the
host lattice nucleus for its Knight shift, thermal relaxa-
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F16. 1. Unit cell of LaH;.
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tion time, and linewidths are sensitive to changes in the
conduction electron states as well as the presence of
stationary or mobile protons. The lanthanum NMR is
observable in all of the hydrides of lanthanum in some
temperature range. Interesting lanthanum quadrupole
interactions, tempered by self-diffusion of the protons,
are observed in hydrides of concentrations greater
than 2 H/La.

One might expect that, since the electrical conduc-
tivity and magnetic susceptibility of LaH, with x>2
decreases with increasing #, the Knight shift of the
lanthanum NMR would also decrease. This decrease
is indeed observed. (A review of the application of NMR
in metals has been published by Rowland.%)

After a brief summary of experimental apparatus and
sample preparation, the results of NMR of protons and
lanthanum will be presented separately.

II. EXPERIMENTAL TECHNIQUES

Nearly all measurements of width, shape, and posi-
tion of the steady-state resonance absorption were
taken using a Varian Model V-4210A radio-frequency
(rf) unit and crossed coil probes with the signal being
fed to a phase-sensitive detector having a bandwidth
between % and £ cps and finally displaying the derivative
of the resonance absorption line on a graphic recorder.
The magnetic field H,, supplied by a 12-in., 23-in. gap,
electromagnet was modulated at 100 cps and also
varied to sweep through the resonances observed at a
constant frequency of 7.0 Mc/sec and in some cases
3.5 Mc/sec. The usual practice of designating the line-
width 6H or év as the separation between the derivative
extremum and taking the position or center of the line
as the zero of the derivative has been adopted. The
sample line shifts were measured relative to an ad-
jacently positioned solution of LaCl; or water whose
resonances were recorded simultaneously.

The T'; determinations were also made at 7.0 Mc/sec
using an NMR pulse apparatus with a crossed coil probe
designed and described by Clark.!® The second free in-
duction decay trace generated by a sequence of two 90°
pulses was photographed from an oscilloscope to record
the data.

15T, J. Rowland, Prog. Mater. Sci. 9, 1 (1961).

18W. G. Clark, Ph.D. thesis, Cornell University,
(unpublished).
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Temperatures from — 140 to 450°C were obtained by
passing cooled or heated nitrogen gas over the sample
which was mounted in a platinum ‘silvered” pipe
Dewar designed to fit in the crossed coil probes, while
—197°C was obtained by immersing the sample directly
in a liquid-nitrogen bath in a finger Dewar.

Hydrides of lanthanum ranging from 0.42 to 2.85
H/La were prepared by a direct union of a known
amount of hydrogen gas as determined by its pressure
in a closed system of known volume, with a known
weight of La metal. La metal which had absorbed 2
H/La or more was quite hard and brittle and easily
crushed in a mortar under a dry nitrogen atmosphere
as the hydrides appeared to deteriorate in room air,
especially if any moisture were present. Small particles
between 0.1 and 10 u in diameter, which was much less
than the rf penetration depth, were obtained after
crushing in a mortar and then mixed with La.O; to
prevent a sintering together when the samples were
annealed at 500°C for 12 h or more, and to insulate the
particles electrically. A sample was readily degassed by
heating to at least 500°C under-a vacuum or by mixing
in small particles of pure La metal from a completely
degassed hydride and heating in a sealed sample tube,
to prepare hydrides with less than 2 H/La. All samples
were sealed in thin-walled glass tubes approximately
2 cm by 0.8 cm in diameter under their equilibrium
vapor pressure of hydrogen with an additional small
amount of argon gas to insure good thermal contact
with the temperature bath.

The samples reported herein were prepared from La
metal obtained from the Michigan Chemical Company,
St. Louis, Michigan who gave as major impurities 0.05
to 0.309, paramagnetic rare earths. The only effect ob-
served directly attributable to these impurities was
manifested in a 7'y mechanism at low temperatures. The
hydrogen used was a chemical electrolytic grade con-
taining perhaps as much as 0.59, oxygen. In some cases
this oxygen was removed with a Deoxo unit by freezing
out the resultant water, but there were no observable
differences between similar samples prepared with or
without its use. :

III. RESULTS AND DISCUSSION

The results are given separately for the proton and
lanthanum NMR with some overlap due to the de-
pendence of some of the lJanthanum NMR character-
istics upon proton diffusion. For each spin system,
measurements of linewidths, thermal relaxation times,
and resonance shifts are reported.

A. Proton Magnetic Resonance
A.1 Linewtidths, Low Temperature

Magnetic dipole coupling between protons deter-
mines the resonance linewidth and the second moment
of proton resonance line at low temperatures. Stalinski,
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Fi16. 2. Temperature dependence of proton linewidths for concentrations ranging from 0.78 H/La to 2.85 H/La.

Coogan, and Gutowsky® (SCG), have shown how the
second moment of the proton NMR line can distinguish
between random population and an ordered arrange-
ment of protons in the tetrahedral or octahedral sites.
Since LaH, with £<2 is believed to be a two-phase
system of dihydride and lanthanum metal one would
expect that the shape of the proton resonance for x<2
would be independent of x.

Figure 2 shows the proton NMR linewidth (6H) as
a function of temperature for various concentrations of
hydrogen. The narrowing of the resonance is apparent
at high temperatures. The fact that all samples have a
proton linewidth that is constant for some temperature
range above —197°C indicates that the protons can be
treated as a rigid collection of spins at —197°C. Second
moments of the proton lines at —197°C will be com-
pared with theory for a rigid lattice.
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second moment at a temperature of —197°C.

Measurements of the proton NMR second moment
were obtained by numerical integration and a plot of
these results and linewidths at —197°C are plotted
versus hydrogen concentration in Fig. 3. The constant
value of second moment and linewidth in LaH, with
2<1.95 is consistent with the two-phase nature of the
hydride in this concentration range.

The theoretical expression for the proton second
moment developed by SCG for random occupancy of
tetrahedral and octahedral sites in the fcc lattice is here
revised to explicitly include the contribution of the
dipole interaction with the nuclear magnetic moments
of the host lattice nuclei. Following SCG, the second
moment is

AH 2= fous(AH2) o+ frot(AH ), (1)

where fior and fos are the fractions of protons in each
site. Let a and B define the probabilities of occupancy
in octahedral and tetrahedral sites, respectively. Then

28
28+a’

f oct ™ and f tet =

284«
and

(AH)o=c(a 2 105 %+B 2 705 8)+¢" 2 70578, (2)

(AH?)i=cl@ X rip B X rig O+’ ™, (3)

where
c= (3/5)II+1)y72,
= 4/15) ' (I'+ )7,

The indices p, ¢, and s designate octahedral, tetra-
hedral, and host lattice sites, respectively, surrounding
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the nucleus at the origin of the summation. From the
known values of v and 4/, the gyromagnetic ratios of
H and La, and the spins of these nuclei, I=%, I’=1, it
follows that ¢’=0.186¢.

By using lattice sums, evaluated!” in terms of the fcc
lattice constant ao, and the ratio of ¢’ to ¢, Egs. (1),
(2), and (3) become

cag 8

AH (x)=
268+

[115.602+ 26400
+78.4a-+1075824-245.56].  (4)

For x<2 in LaH,, the dihydride regions have «=0 and
B=1 since the tetrahedral sites are fully occupied. It is
useful to define the dihydride second moment (a=0,
B=1) as

o

(AH?) 4= 660.5caq="7.2 G, (5)

The measured value of second moment is 7.32£0.7 G?
throughout the concentration range with x<2 and
agrees well with the above theory. If the protons were
randomly distributed, the proton second moment
would increase with hydrogen concentration as it does
in TiH,.? As will be seen in Sec. B.4, the lanthanum
NMR data also reflect the two-phase nature of LaH,
with #<2.

For concentrations greater than 2H/La, the measured
proton second moment increases monotonically with
concentration. It is assumed, in this concentration
range, that all tetrahedral sites remain occupied (3=1)
and that octahedral sites fill randomly to become full
at x= 3. This assumption is consistent with observations
of quadrupole broadening of the hydride lanthanum
NMR discussed in Sec. B of this paper. By taking into
account the dependence of @o upon concentration,?
Eq. (4) is, for x> 2,

1+0.065a)
2+a
X[0.175a24-4.120+2](AH?)a.  (6)

(AH ) ),22=(

Equation (6) is plotted as the solid line in Fig. 3.

The experimental points of Fig. 3 lie consistently
above the theoretical curve for 1.95<x<2.85. Agree-
ment could be improved considerably if tetrahedral
sites were assumed to be effectively full at x=1.95
with the other 0.05 sites being inaccessible, possibly
because of impurities or crystal imperfections. This in-
accessibility would also explain the difficulty in hydrid-
ing lanthanum completely to 3H/La. Observations of
other investigators'®*® on the effects of impurities such
as O, N, and C on the hydrogen absorption of Zr, Ti,

17H. S. Gutowsky and B. R. McGarvey, J. Chem. Phys. 20,
1472 (1952).

18 C. F. Bevington, S. L. Martin, and D. H. Matthews, Proc.
Intern. Congr. Pure Appl. Chem. 11th, London, 1947 1, 3 (1950).
( “’SS.)L. Martin and A. L. G. Rees, Trans. Faraday Soc. 50, 343
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Pd, and V support the contention that some sites are
inaccessible even with very small amounts of impurities.
A metallographic study! by Mulford and Holley of
LaH, 95 showed that all the metal had disappeared when
this composition was reached. Frenkel defects?® may be
present in concentrations of slightly less than 2H/La.
These defects could have been produced in the high-
temperature anneal that each hydride was given.

In the next section of this paper, the characteristics
of proton line narrowing are seen to be independent of
concentration up to 1.94 H/La and are strongly con-
centration-dependent at higher proton concentrations.
In Sec. B.1 the measurements presented of intensity and
linewidth of the hydride lanthanum resonance show
changes starting at a minimum concentration of 1.94
H/La which would result if octahedral sites were be-
ginning to fill at this concentration.

A.2 Linewidth, High Temperature

The narrowing of the proton linewidth is due to
rapid thermally activated self-diffusion of the protons
at high temperatures. The temperature at which nar-
rowing is evident (Fig. 2) is very sensitive to hydrogen
concentration for all hydrides with #>1.94 and is rela-
tively independent of hydrogen concentrated for
£<1.94. This concentration independence again re-
flects the two-phase nature of hydride with x<1.94.

Lorentzian-shaped absorption lines are observed in
the high-temperature region for all of the samples.
Most of the proton resonances narrowed gradually with
increasing temperature. Hydrides with > 2.5 showed a
narrow line superimposed upon a broad line at inter-
mediate temperatures. For these samples only the
narrow line was observable at high temperatures. Simi-
lar double width character is observed in ZrH,.!?

The temperature dependence of the correlation time
for proton magnetic dipole interaction is found by
fitting the linewidth versus temperature plots to the
theory of Kubo and Tomita.?* This fit is applied in the
high-temperature limit where 7., the correlation time,
is much less than the proton spin-spin relaxation time
T’5. According to Kubo and Tomita,

(Tiz’)2= (7—?) (2 In2){Aw?) a.rc’can(4 lz;;‘z,) , ()

where (Aw?) is the second moment, in angular frequency
units squared, of the rigid lattice resonance line shape.
It is assumed that 7, depends on temperature as

(1/7'0) =Ve="Voc eXP(—Ea/RT) ) (8)

where », will be called the “jump frequency” and we,
the frequency factor. Small uncertainties in E, produce
large uncertainties in »o, and any more precise definition

2 G. G. Libowitz, Bull. Am. Phys. Soc. 7, 438 (1962).
2 R. Kubo and K. Tomita, J. Phys. Soc. Japan 9, 888 (1954).
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TasLE I. This table is a compilation of the activation energies (£,) for proton self-diffusion as determined by 4 different experimental
methods, and also the values for the attempt frequency (v.) from 2 of these methods. The numbers in parenthesis are the nominal
temperatures (°C) at which the data for the determinations were taken. The data usually spanned a temperature range of 40°C around

the nominal temperature.

Attempt frequency (in sec™?)
=+a factor of 10 as

Activation energy (in kcal/mole) 4109, as determined- - - determined- - -

Sample from 6H (=1G), from T, min.,
(H/La) from 8H proton from 6Hya from T'1 proton from T1a proton proton

ig; 25.3(300) 20(330) 25(190) 2.0% 101 0.74X 101

1.96 10.0(240) 6.6%X10°

2.00 9.5(150) 6.5(200) 3% 1010 151010

2.03 10.7(70) 10.9(180) 2.8 1012

2.15 11.2(50) 11.2(180) 2.8X101

2.36 9.3(25) 9.8(170) 49X 102

247 6.7(0) 9.5(100) 3.0(200),9.5(100),6,2 (30) 1.5X 101 3.9x10u

2.61 5.0(—>55) 5.3(35) 2.2X 101

ggi 3.7(—110) 2.2(—60) 3.2(130),3.5(—80) 2.3X10u 3.3Xx100

and consideration of »o, than given above is not appro-
pritate for this experiment because of the uncertainties
in E,. At high temperatures Eq. (7) becomes

(1/Ty) = (Aw?)re~ ((Aw?)/voc) exp(Ea/RT).  (9)

Since, for a Lorentzian line, (1/7%)= (V3/2)y(éH),
and with (Aw?)=vy2[AH2(x)], Eq. (9) can be more con-
veniently expressed as

8H = (2/V3)y (AH (%)) (vo: ™) exp(Ea/RT).

Equation (10) is fitted to the observed (6H) for each
concentration (x) of hydrogen and values of E, and o,
determined are listed in Table I. High values of the
frequency factors and high activation energies for
£<1.94, the dihydride regions, imply that the tetra-
hedral sites are in a relatively deep, steep-sided potential
well. Since all adjacent octahedral sites can hold a
hydrogen, there must be a potential maximum between
octahedral and tetrahedral sites. The existence of such
a maximum would produce deeper, steeper sided tetra-
hedral site wells than those observed in?? TiH, where
the octahedral sites are not proton trapping centers.

There is a sharp discontinuity in measured values of
E, and »o, at x=~1.93-1.95, the apparent maximum
values of x for the dihydride. Values of E, and »o, for
concentrations x> 1.95 are considerably less than those
for < 1.95.

At H concentrations of £<1.95, in the dihydride
phase, protons diffuse by production of Frenkel defects
using the octahedral sites as temporary interstitial
positions. The addition of one occupied octahedral site
(x>1.95) would, by Coulomb repulsion, lower the acti-
vation energies of each of its eight nearest proton
neighbors. This lowering then conceivably makes the
protons in the adjacent tetrahedral sites more likely

(10)

22 C, K, Coogan and H. S. Gutowsky, J. Chem. Phys. 36, 110
(1962),

to be excited into one of the next unoccupied octa-
hedral sites (Fig. 1). The resulting tetrahedral site
vacancy could then be filled by the original octahedral
site proton. By the above outlined steps, the locations
of occupied octahedral sites diffuse through the lattice
as a point defect. Such a model for diffusion would,
because of the Coulomb repulsion near the defect, have
a lower activation energy, and a reduced frequency
factor than in the dihydride phase. The assumption of
randomly distributed octahedral site occupation for
#>1.95 is also used in analyzing lanthanum NMR line-
width data in Sec. B. An estimate,® of activation
energies based upon a point-charge model, where
charges are screened by the conduction electrons as-
suming positive hydrogen ions, and similar to the cal-
culations of Googan and Gutowsky?? indicates that
there should be a sharp decrease in the activation
energies at x=2.0 as octahedral sites start becoming
occupied. Details of this calculation are in Ref. 23.
Diffusion of protons is activated at relatively low tem-
peratures in samples of high hydrogen concentration,
where activation energies are found to be less than 5
kcal per mole.

A.3 Thermal Relaxation Time T

The time required for the proton spin system to come
into thermal equilibrium with its environment, the
thermal relaxation time 77 is affected by self diffusion
of the protons. Plots of T'; versus T or, as in Fig. 4,
T, versus (1/T) show at high temperatures the char-
acteristic minimum of 7' that is typical of thermally
activated motion.”? The dipolar interaction between
protons and between protons and lanthanum spins is
modulated by the thermal motion, and it is responsible
for the minimum in 7. Theory for this model is well

#D. S. Schreiber, Ph.D. thesis, Cornell University, 1962
(unpublished).
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developed” and shows that the slope of the (InT\)
versus (1/T) plot should be (£,/R) and (—E./R) on
the low- and high-temperature sides, respectively, of
the minimum. Although the proton relaxation is due
to self-diffusing protons, in the presence of unlike La
spins the proton system will approach its thermal
equilibrium polarization with the usual exponential de-
pendence with just one characteristic relaxation time,
T:. Any tendency for the proton-lanthanum dipolar
interaction to change the lanthanum spin polarization
will be offset by the fast La thermal relaxation mecha-
nism provided by its quadrupole coupling with the
diffusing protons. Approximately constant slopes of the
InT; versus 1/7T plots near the 7'; minimum are found.
The values of E, obtained from these slopes are listed
in Table 1.

At the temperature of the 7'; minimum, the correla-
tion time is approximately equal to (w¢™) where wy is
the proton Larmor angular frequency, the relation
between 7, and wo being wor.=1.4. Use of E,, 7., and
T at each Ty minimum in Eq. (8) results in the values
of the frequency factors listed in Table I. For a given
sample, the values of the activation energy determined
from T data are found to differ from those obtained
from line narrowing data. This disagreement either
indicates a temperature-dependent E,, since the de-
termination form 7'; data are for data taken at higher
temperatures than the data for line narrowing, or else
the simple model used has limited applicability.
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FIG 4. Temperature dependence of proton thermal
relaxation time 7.

# A. Abragam, Principles of Nuclear Magnetism (Oxford Uni-
versity Press, New York, 1961).
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At low temperatures the value of T'; levels off with
weak temperature dependence. Hydride samples pre-
pared from different lots of lanthanum metal were
found to have widely differing values of proton T at
77°K. Low-temperature T values for several samples
are shown in Fig. 5. Proton motion is frozen at these low
temperatures and the most likely candidate responsible
for the thermal relaxation is the mechanism of spin
diffusion. In contrast to self-diffusion, a spin state can
diffuse through the lattice by spin-spin interaction even
though the hydrogen ions remain fixed. In regions of
the lattice near paramagnetic impurities where the
protons are well relaxed the diffusing spin state can
also “relax.”

Different cases of spin diffusion have been discussed
by Blumberg® and the only one consistent with the
observed data is the spin diffusion limited case where
the 7'y is limited in part by the effectiveness of the
spin-spin interaction.

For this case,*

T '=8.5NCYD34 (11)

where N is concentration of paramagnetic impurities
per unit volume and

C=(1/5m) (v pv2)*S (S+1)7,(1+1r0d)

with v,, S, and 7, as the impurity gyromagnetic ratio,

(12)

2% W. E. Blumberg, Phys. Rev. 119, 79 (1960).



1124 D. S.

spin, and correlation time of the z component of the
impurity spin. D is the spin diffusion coefficient first
determined by Bloembergen to be Wa? where W is the
spin-spin flip rate and a is the diffusion step length.

Samples known to be high in paramagnetic impurities
have low values of T, where the purest sample used
has the longest T’y at low temperatures. The weak tem-
perature dependence of 7'y most probably results from
the temperature dependence of 7,. In the temperature-
range studies it can be safely assumed that (r,wo)<<1
and that 7, decreases as T increases. It is then expected
that (1/Ty) < 7,4 To meet the requirement that
To00K1, it is necessary that 7,&K2X10-% sec in this
experiment. An electron spin resonance absorption with
a linewidth of 250 G, 7,=5X1071 sec, was observed.26
This value of 7, is compatible with the assumptions
above. The fact that the higher the hydrogen concen-
tration, the shorter the value of T, as applied to
hydrides in a particular subgroup prepared from the
same La metal parent sample, say, sample H, and thus
having identical paramagnetic impurity content, Tollows
from the dependence of 1/T; on the spin diffusion co-
efficient D in Eq. (11). The coefficient D dependes upon
hydride concentration through its dependence on Wa?
which increases as the proton concentration increases.
The dependence T« T%? observed experimentally
implies 7,0« 72, which is reasonable.

A.4 Proton Resonance Shift

The expression for the Knight shift which is the
result of the contact hyperfine interaction of the s type
conduction electrons at the nucleus is given by Knight,?”

as

AH Kg\ a(9)I

() ()

H 100/ 2upgug
where a(s) is the hyperfine coupling constant, us is the
nuclear magnetic moment, and ug the Bohr magneton.
(X,M) is the average susceptibility per atom when X,
is in terms of cgs/g and M is the atomic mass,
M=Mr.+2Mgz for LaH; o, and £=pr/ps where pp is
the probability density at the nucleus averaged over
the conduction electrons near the Fermi surface and p4
is the probability density at the nucleus for the free
atom. For hydrogen a(s)=0.04 cm™! and X, for LaHs. g0
is taken as® X,=0.42X10-%/g assuming this measured
value of the bulk susceptibility to be primarily the spin
susceptibility.

Hence, Ku=0.15(19,. Since no Knight shift is ob-
served for the proton within the experimental error of
0.0019, then 0.001>0.15£g, £éa<6X1072. This is sug-
gested evidence for the ionization of the hydrogen so
that its 1s band is nearly empty. £ will be even less than
this for greater H/La ratios since the susceptibility
decreases.

26 E. L. Wolf and S. H. Christensen (private communication).
27W. D. Knight, Solid State Phys. 2, 93 (1956).
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Perhaps a better way of expressing Kg is in terms of
Ky, for LaH; ¢ since then it does not depend on the
average susceptibility. The ratio of Knight shifts for H
and La is then simply

KLa a(S)LaILaELa

Kx

b

ELa

where?” a(s)L.=0.13 cm™ which gives, putting in the
measured value of Kr,=0.239%, £n<0.1£1, showing
that the conduction electrons favor the La nucleus
more than they do the proton.

B. Lanthanum Magnetic Resonance

The resonance, linewidth, relaxation time, and shift
of lanthanum NMR in the hydrides are all sensitive to
the hydrogen concentration. Presence of hydrogen can
change the symmetry of the La environment and
produce an electric quadrupole interaction which per-
turbs the Zeeman levels and leads to a striking tempera-
ture-dependent broadening as well as an additional
thermal relaxation mechanism. Electronic band struc-
ture changes due to hydriding change the LaT; as well
as the Knight shift of the resonance. From the quad-
rupole effects on the La linewidth it is concluded that
the quadrupole interaction is short ranged and that the
use of a Mott screening constant is appropriate. The
effect of hydriding on the electronic band structure of
the hydride does not follow conclusively from the NMR
data but some tentative interpretations are made.

B.1 Linewidth, Intensity, and Shift at Low Temperatures

For any one hydride the low-temperature range is
defined as that temperature range where the protons
are in fixed lattice sites and self-diffusion is negligible.
Figure 6 shows the effects on the La resonance when the
composition of hydrogen in LaH is increased from what
shall be termed ‘deficient” (x<2) to ‘dilute”
(2<x<2.3).

Nearly all the features can be interpreted by con-
sidering the quadrupole interaction which is the result
of more and more La nuclei experiencing a noncubic
environment of protons and, hence, being perturbed by
electric field gradients.

The deficient concentrations show no quadrupole
interaction indicating proton-filled tetrahedral sites
(8=1) and vacant octahedral (a=0) sites. Moreover,
the linewidth of the La resonance calculated from the
theoretical second moment agreed to within 209, with
the experimental value. The strength of the quadrupole
interaction arising from field gradients produced by
protons in the octahedral sites can be conveniently ex-
pressed by the frequency?® vo=[3e2qQ/21(2I—1)k],
where?® Q= (0.32:0.2) X102 cm? and ¢=(B/7)

28 M. H. Cohen and F. Reif, Solid State Phys. 5, 321 (1957).
2 K, Murakawa and T. Kamei, Phys. Rev. 105, 671 (1957).
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X [1+kr+ (kr)?/2] exp(—kr) which has been derived
from the screened potential

()= (1/r) exp(—Fkr).

B is a factor which takes into account antishielding and
polarization effects.2® For the dilute concentrations to
be discussed below, the free electron value of k=2X108
cm~! has been used while for the high concentrations
(#>2.3) a value of k decreased from that of the dilute
concentrations must be considered to be consistent with
the loss of metallic character.

In terms of g a line broadened by a first-order quad-
rupole interaction will have a contribution to the line-
width 6vg: which is just the order of vq and which is
manifested by a distribution of splittings of the satellite
transitions, those with |m| <> |m—1|, and |m|>1/2,
away from the central line (m=—1/2)« (m=1/2).
When the interaction is strong enough so that second-
order perturbation theory is applicable, the line will
only consist of the (m=—1/2) <> (m=1/2) transitions,
the satellites having been so shifted and broadened as
to be unobservable, and the width dvgs will be the
order of the separation of the two components of the
central lines, or (25/9)A4(sec™), A=[I({I+1)—3/4]
X vg*/16w¢) sec™™, In this case there will also be a shift
K g of the center of gravity of the two component line
which is (—2/3)4/v9X100%. When only the
(m=1/2) <> (m=—1/2) transitions contribute to the
line, the intensity is reduced to 199, of the full line
which would include the satellites.

The effective quadrupolar widths which must be
greater than the magnetic dipolar width évg~3X10?
(sec™!) to be considered as observable and shifts at 7
Mc/sec for the 6 nearest neighbor La nuclei at a distance
r=(1/2)ae from an occupied octahedral site are

dre1®=1.5X10*B(sec™?),
5VQ2(6) =9X1071B2 (sec”‘),
Ko®=—3X10"B(sec™),

while for the 8 next nearest neighbors at r=ao/V2,

8v1®=3X102B%(sec™),
dvge®=3.5X102B(sec™),
Ko®=—1X10-B.

Reasonable agreement with the observed results of
Fig. 6 can be obtained if B is taken as approximately
50. For the 6 nearest neighbors only the central line is
observed with the possibility of a second-order broaden-
ing which is further enhanced at 3.5 Mc. The 8 next
nearest neighbors are only broadened by the first-order
quadrupole interaction. Hence, the observed relative
intensity should decrease, since only the central line is
observed for the 6 nearest neighbors, as I/1,~0.19(6c)
+ (1—60) = (1—4.8a), <0.25, which gives the slope
of I/I, versus « as 4.8 to be compared with that ob-

T T 1 T T I I T T 0.23
—0.22 ®
—o.21 =
iy
o —O.ZO; (a)
. o9
0O 3.5Mc O z
0.8 =
T = —197°C o8 g
14 o7 3
[0} ,f"
3 12f /O
g O 7Mc
<~ 1o O3.5Mc
& g T=—i97°C

] (b)

QO TMc

O 3.5Mc (c)

~ T=—I97°C n
.41 (:3
a2

La RELATIVE INTENSITY LA LINEWIDTH
[ ) j o _N
|9

oob—1L 1 1 1 1 1
1.4 1.6 1.8 2.0 22 24
ATOMIC RATIO H/ 4

Fic. 6. Intensity, linewidth, and Knight shift of lanthanum
nuclear magnetic resonance versus concentration. All data re-
corded at —197°C.

served for the quite dilute concentrations, which is
about 4.

It should be noted that a simultaneous reduction in
k and B to 0.7X108(cm™2) and 5, respectively, would
also be consistent with the observed data. While the
lower value of 2 might seem reasonble, the value of
B however, is much too small. A typical value for a
large Z ion such as La, excluding polarization effects, is
about 100. A value of B equal to 70 for Ce?* has been
calculated.® The fact that no La resonance is observed
at 2.85 H/La (at —197°C), which has the same effective
concentration of proton defects at 2.15 H/La, and that
the intensity of the resonance observed when rapid
proton self-diffusion has averaged out the proton-
induced quadrupole interaction, is only % of the ex-
pected intensity of all | Am| =1 transitions leads one to
suspect that other imperfections or stacking faults of
this more weakly bound lattice are the source of electric
field gradients, and that they are less shielded as a
result of a decreased screening constant %.

B.2 Linewidth, High Temperature

At high temperatures where the self-diffusion of
protons is considerable the lanthanum linewidth of

# R, E. Watson and A. J. Freeman, Bull. Am. Phys. Soc. 8, 24
(1963).



1126 D. S. SCHREIBER AND R. M. COTTS
120 T T T T T T T T T T T
o l>> -
O0~«
00 / LaH, i
B0l LH, . o ® \r 236 ® LoKyog
7] 215 5> ® LoH N
eo- NS > v LK s _
I 70 \ ® La Hl
@« a) 96 -
- A LaH
E 6o \ o Lo _
la]
§5o— ulnzm o°< 2 O La H:j? .
401~ PO~ o O%R\O D LoHyae .
330} o go _
/ e
20 Lo H, ! i
) 00 0
lOg:'3 oo...o—o A’E,A-A\lpo\ ; B
0 300 —<i50 100 86 6 ' : 1 —) QOZVI—D@ —%e—% 0 —"w
= - - = 100 180 200 250 ’
TEMPERATURE (°Cf 300" 30 40q
T T T 1 T T T T I T {
120+ T
>
uor IX 7]
DOF p LaH 7
La H @ 2.36
90+ 261 53 Lanzm e
80} 0 ¢ Lo H2.6I -
7o Lok, 3¢ q Lot |
or- LaHos7 \@ ]
X >3 .
%0 0 ™\ 5
40~ La H, \ \ T
285 .
o N, 2 %o , .
LN A (\
20 > _
g ” \\0 e B~—_ ]
o N I~
4 — B8 _—>
1 1 1 4 1 1 T o’T“’_"'l")_@—l’o4 @ 1 !
-200 -150 -0 -50 0 200 250 300 350 400

50
TE

100 150
MPERATURE (°C)

Fic. 7. Temperature dependence of lanthanum NMR linewidth for concentrations ranging from 0.78 H/La to 2.85 H/La.

dilute (2<x<2.3) samples first broadens and then
narrows as the temperature is increased. These effects
are shown in Fig. 7. A decrease in the Knight shift
accompanies the peak in the broadening which is itself
field-dependent and all indications are that a quad-
rupole interaction with diffusing protons is responsible
for linewidth changes. The most convenient way to
understand these effects is by thinking in terms of the
characteristic La spin dephasing time, or transverse re-
laxation time T. The relation between the linewidth
and T2 is dv=~ (1/7T2).

Some times which are characteristic of the diffusion
process will first be defined and then related to their
effect on T's. In the above discussion of low-temperature
linewidths it was pointed out that the quadrupole inter-
action is short ranged in the dilute hydrides. It can then
be assumed that an occupied octahedral site in the LaH,
lattice, which will be treated as a point defect, will
perturb only those La nuclei within a critical radius 7,

of the point defect by a characteristic frequency
voo= (wgo/2m). The assumption that only the octahedral
site protons are responsible for the quadrupole inter-
action is reasonable since no diffusion-dependent Laline
broadening is observed in the deficient concentrations
for which a=0.

As the defects begin to diffuse, the particular region
within 7¢ is only perturbed for a time 7, and the condi-
tion that these nuclei be dephased by the quadrupole
interaction is wgqor,>1 rad. The quantity wgqer, is
the difference in phase between a La nuclear spin ex-
posed to the additional quadrupole interaction com-
pared to one that does not experience the quadrupole
interaction. The exposed spin is considered to be
effectively dephased and no longer contributing to the
resonance signal when wqor,>1. 7, can be expressed in
terms of the proton jump time 7. by considering the
random-walk problem. As the temperature increases,
7, decreases. A defect which jumps a distance ¢ (an
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adjacent octahedral-tetrahedral separation) will, after
7 jumps, move a mean distance 7o, where #= (ro/a).
Hence, it spends a mean time 7,=nr,= (ro/a)?r, within
7o of a particular La nucleus. Thus, if every La nucleus
is “visited” (the effect comes within 7) by the defect
on the average once every 7, sec, the nucleus will be
dephased every 7, seconds so that (and providing
wqor,>1)

1/T2= 1/T24+ 1/7',,,

where Toq is the ordinary magnetic dipolar dephasing
time, can be best obtained from the “visit’’ rate.

For simplicity, consider that the distribution of
defects in the “dilute” concentration with x= 2+« and
a density p= (4a/a¢®) is homogenous throughout the
lattice. Any one La nucleus is selected, and the rate at
which defects diffuse to within 7, of it will be estimated.
The number to defects dN in a spherical shell of thick-
ness dR and a radius R about the La nucleus will diffuse
a mean distance R in a mean time 7= (R/a)%r, where
7. and a are the elementary jump time and distance,
respectively. The effective number of defects which
diffuse to within 7 of the La nucleus after moving R is
just (wre?/4wR2)dN. Hence, the rate at which defects
from the shell dR arrive within 7, of the La nucleus is
just

(mr?/4wR%)dN

(R/a’)z'rc

The net rate for all such spherical shells is then (since
dN =p4TR%R)

awrédp (°dR  dPrrop
—= . (14)

Te 70 R? Te

The mean time 7, between arrival of the defects is just
the reciprocal of the rate or

Te 4(10
(),
@Prrop  \3mre
with a= (V3/4)a, the octahedral-tetrahedral separation.

With a low concentration of defects, and at low
temperatures (wgor,>1),

1 1 3rroa\ 1

-

T 2 Tzd 4(10 Te
since 7. depends on temperature as 7.=(vo,)!
Xexp(Ea/RT), then as temperature increases, the line-
width increases so long as the restriction wgor,>1 is
valid.

At very high temperatures, when wgor,<1, the
amount of dephasing produced by each visit every =,
seconds will not be sufficient to dephase the La nuclei.
Since the dephasing per visit is small and random in
sign, then the phase difference will accumulate random-

(15)

(16)

(13)
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F16. 8. Linewidth of lanthanum NMR in LaH,. ;5 versus tem-
perature with theoretical fit obtained by adjusting wgo.

walk fashion and after # visits the average accumulated
phase is #'?(wgor,). When #'%wqor, equals 1 rad the
spins are considered to be dephased, and the time re-
quired for # visits and a phase accumulation of one
radian is #7,= 7,/ (wqorr)%

Therefore, at high temperatures

1 1 (woors)?

T an
T2 TZd Tv

1 1 6drrodawge?re .
T2 ng 3(105

Equation (18) follows from Eq. (17), Eq. (14), and the
value of the step length, a= (V3/4)a,. It follows from
Eq. (18) that the linewidth should narrow at high tem-
peratures through the dependence of 7, on temperature,

120 .
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F1c. 9. Linewidth of lanthanum NMR in LaH; ¢ versus tem-
perature with theoretical fit obtained by adjusting wgo.
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Eq. (8). Measurements of E, obtained from a line-
width data in this temperature region are given in
Table 1.

A reasonable value of 7o is (1/2)ao, the octahedral
proton-La nearest neighbor distance, and wgo= 1Mc/sec,
which is close to that obtained in the previous section,
are substituted into Eq. (16) and plotted in the low-
temperature region in Fig. 8 for LaHy 15 using the rela-
tion 8H = (2/~vT%). For the high-temperature narrowing
given by Eq. (17) and plotted in Fig. 8 it is found that
the best fit to the experimental data implies a value for
wgo~3 Mc/sec. A similar plot is made for LaH, ¢ in
Fig. 9 taking wgo=2 Mc/sec. Similar agreement is ob-
tained using Eq. (16) and (18) for LaHs 03, LaH3 3,
LaH; 47, and LaH, g5 for which no theoretical curves are
shown, but a tabulation of values of wgo for which the
agreement was obtained is given in Table II. For the
dilute concentrations,  and 7o can be taken as pre-
viously defined, but for high concentration the proper
values are somewhat uncertain. The quantity a no
longer represents the number of defects for the high
concentrations (x>2.5) since the new “defect-free”
LaH; structure is obtained when a=1. Rather than
a, (1—a) is used to replace it.

The effective values of the quadrupole coupling con-
stant wgo are seen to vary between 1 and 3 Mc/sec.
This variance most likely arises from the oversimplifi-
cation of the theory in that one value of 7o and one value

TasLE II. La quadrupole coupling constants obtained from
La linewidth narrowing data.

Sample (H/La)  wgo(sec™)=£(0.5X108)

2.03 3X 108
2.15 3X10°
2.36 3X108
247 2X108
2.61 2X108
2.85 1X10¢

of wgqo are chosen to represent what in reality must be a
distribution of these quantities.

The temperature-dependent quadrupolar contribu-
tion to the La linewidth depends on « in both the low-
and high-temperature limits, Eq. (16) and Eq. (18), and
this dependence on « is evident in Fig. 7.

The actual line shapes for LaHj o3 in the broadening
and then narrowing temperature regions of the La
linewidth are shown in Fig. 10 followed by the extracted
data of the Knight shift and linewidth in Fig. 11. The
decreased shift, the magnitude of the decrease being K ¢,
the frequency dependence of the width, and the absence
of pronounced wings clearly show the quadrupole inter-
action to be strong enough so that only second-order
effects are prominent, while at the high temperature
with the linewidth narrowing again, the restoration of
the shift to its previous value, the frequency independ-
ence of the width, and the appearance of long wings
showing the contribution to the line of the satellite
transitions indicate that the quadrupole interaction is
weakened to the extent that only first-order quadrupole
effects are observed. It is worthwhile to note that the
approximate relation between Kgq and the linewidth

LoH; 03
N -197°C
wvv'/\/v\/ o 25°C
M o
o
' e | 12°C
W 132°C
1 60°C
,M,J\/wf
275°C
L“C'J IO'—GLUSS

Fi6. 11. Recorded derivative of lanthanum NMR absorption
versus magnetic field in LaHo,.os at various temperatures. These
show the effect of the proton diffusion on the linewidth and shift
relative to the LaCl; reference sample which is kept at room
temperature.
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dvqe given by Ko=—0.24(8vqs/v0)% is approximately
obeyed on the low-temperature side of the line-broaden-
ing region.

B.3 Thermal Relaxation

Two distinct thermal relaxation mechanisms in
LaH;.4 are apparent from Fig. 12, one having a
Ti1x (1/T) at low temperatures and InT;« (1/7T) at
high temperatures. The sharp drop in T at the very
beginning of proton self-diffusion indicates a strong
proton diffusion-dependent relaxation mechanism,
which can be effected through either the magnetic
dipole or electric quadrupole interaction. The magnetic
dipolar interaction is found to be negligible compared to
that of the quadrupole interaction. The fluctuating elec-
tric field gradients of the diffusing protons can induce
transitions which provide the relaxation. The quad-
rupolar Hamiltonian has nonvanishing matrix elements
for the transitions |m=£1l| < |m|, |m£2<> |m], if
there is a finite intensity at »o and 2y in the Fourier
spectrum of the time varying field gradients. The
transition probabilities for all such transitions can be
determined, and when summed in the appropriate way,
give T';.

The matrix elements of interest tabulated below are
taken from Cohen and Reif.?8

(m1|Ho|m)=A Cm1)[ (IFm)(Itm+1) ]2V,
(m=£2|Hg|m)y=A[ IFm)IFm—1)T£m-+1)

X (I£m~+2) Ve,
where -
A=eQ/4I(2(—1), Vi=VtiVy,,

Vao=1/2(V so— Vi) £iV 2y
(V:j=0%V /dx:9x;), where V is the potential. The tran-
sition probabilities can be expressed in terms of Fourier
intensities J (w).24

J (@)= {(F@)F*())av2r. (14?721,
where 7, is the correlation time or (1/7,) =7, the proton
jump frequency and the F’s are the position functions

appearing in the V’s for the interaction considered here.
If the potential V is of the form employed previously,

V=eB(e*)/r, k=~2X108cm™,

then
3B(e™*)
V= ——3—(1 ~+kr+3(kr)?) cosf sinfetis
7

and

—kr
Vie=2B - (1+Er+3% (kr)?) sinZ6ex2ié |

7

so that the F’s are given by

V:l:l = 3BF1I:7 (t) 70(0 P (t) :’7
Via=§BF[r(),0(1),¢(1)].

=200

-I00 0 100200, 300%
'll 1 i

200 i

.

I3
o

~
o

ied

o
FTTTTT
NN

MILLISEC)

30

T
11

F16. 12, Tempera-  _
ture dependence of ™ zqf-
lanthanum thermal W
relaxation time in< [~
t}Ee dihydrid(i regions
of a sample with
average 1.41 H/Laé 0
concentration.

TIM

~
T U T 11171

Lo IN LaH, ,, RELAXAT
T

Ll S T O T IO T
70100 200 300 . 500 700
TEMPERATURE (°K)

Hence, the transition probabilities W (my1, my and
W (m2, m) expressed in terms of the J’s are just
W ng1, my= (1/%2) (3BA)?(2m=1)?
XLIFm)IEm+1)T1(wo),
Wnee, my= (1/72) §BA)*(I+m) (IFm—1)
X TEm+1) (I=m—+2)T 2 (2w0) .

The appropriate way to sum the W’s to obtain T4,
1/T1=% Z (En—Em)2Wm,n/z E.2,

where
Em= th() , Z Em= 0,

was shown by Hebel and Slichter?! to be valid for a spin
system with equally spaced energy levels and de-
scribable by a spin temperature.

For any value of I, the result is

1 9(BeQ)y(2I+3)

1w Jg 20.) y
T, 4072P(2I—1) L7sfeoo) 7 (2]

and for I=1%,
1 3(BeQ)?
F:——-[Jl(wo)-l-]z@won-
1

The procedure for evaluating the J’s is identical to
that carried out in calculating the proton relaxation

al ], C. Hebel and C. P, Slichter, Phys. Rev. 113, 1504 (1959).
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time. To include the effect of all the protons the J’s
are multiplied by the total number of protons. Hence,
for example,

n © T 2m
]1(w0)=——/ d?’/ d@/ d¢1F1]27’2
ai®S . 0 0

128 Xsin27./ (14 wrs?),
T 0
Tia~— / T (/) (1+br+ (k) 2)
a0’J a
’ X27o/ (1twird),

where # is the number of protons per unit cell. For the
only sample considered here, LaH;.;, #=8 and
a=aV3/4 is the distance of closest approach of a
charged proton to a La nucleus in the diffusion process.

The 7 integral is evaluated with the result that, for
T.w0>>1, the region of interest

/Ty~ B/3X105r,, 7o= (voo)texp(Eo/RT), (19)

an activation energy of 25 kcal/mole is obtained from
the slope of the straight line of Ty versus 1/7 on a semi-
log plot which is in substantial agreement with that
obtained by other methods and compiled in Table I.
As a further check on Eq. (19), v can be calculated
from a measured 7'y for a particular temperature and
compared with that obtained from the proton line-
narrowing data with the result that with B= 350,

voe=6X 101 sec?,

which is an unusually large value of v, but not out of
line with the other determinations. An uncertainty in
E, of 109, can produce an order of magnitude variation
in the determination of vq,.

That the product 71T is observed (Fig. 12) to be a
constant equal to 11.3 sec °K at low temperatures where
proton motion and, hence, any time-varying quadrupole
interaction relaxation mechanism is frozen out, is a con-
sequence of the contact hyperfine interaction of the
conduction electrons which also produces the Knight
shift. The explicit expression for the temperature de-
pendence of 71 in metals given by Korringa®, and in a
slightly modified form by Pines® is shown here,
1/T1= (wkT/4h)Q2g*(E ;) Ea*(s), where Q is the atomic
volume, g(E;) is the density of states at the Fermi
surface, ¢ is the ratio of the probability density at the
nucleus averaged over the conduction electrons at the
Fermi surface to the probability density at the nucleus
for the free atom, and a(s) is the hyperfine coupling
constant. Alternatively, the Korringa relation,
T\T(AH/H) = (h/4nk) (ve/vn)?, without taking into
account electron-electron correlations, can be used to
calculate the Knight shift for comparison to the ob-
served value of K=0.239%, to be discussed in the next
section. The measured value of K is larger by a factor
of 2.1 than that predicted by the Korringa relation and

® J, Korringa, Physica 16, 601 (1950).
3], Pines, Solid State Phys. 1, 367 (1955).
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the measured value of 7. This enhancement of the
shift could be due to electron correlation effects or a
contribution of an orbital susceptibility as discussed by
Clogston et al.** and Orgel.?® The fact that non-s type
conduction electrons do not contribute to the relaxation
but can make a sizable contribution to the observed
Knight shift through their non-negligible orbital sus-
ceptibility makes the latter explanation quite plausible.
It should be noted that the enhancement of the Knight
shift in pure La metal is only 1.15 times which suggests
that there is relatively twice as much non-s character,
and most likely it is d character, in the conduction band
of the hydride over that of the pure metal.®

B.4 Knight Shifts

The La Knight shift, as might be expected, is strongly
dependent on the hydrogen concentration and some-
what on temperature aside from the negative con-
tribution due to the second-order quadrupole inter-
action appearing at the onset of proton self-diffusion as
discussed previously. It should be noted that the
hydride La Knight shift is independent of concentration
for LaH, where 0<xX2 in such samples two La reso-
nances are observable: one from the material hydrided
to x=2 and the other from the remaining La metal.
The separated two-phase nature of the hydride is
again evident.

In LaH,, several interactions could be responsible for
the Knight shift. Since La has partially full d and s
bands, the s electron spin susceptibility, the d-electron
spin susceptibility through an s electron-d conduction
electron exchange, and the d orbital susceptibility can
all contribute to K. The contribution to K can be ex-
pressed as K=C:X;4+CXa+CsXorp, where X, is the
s-conduction electron paramagnetic susceptibility, Xq
is the d-conduction electron paramagnetic suscepti-
bility, and X, is the contribution through second-order
orbital paramagnetism.

The variation of K with A concentration shown in
Fig. 13 at 400°C, where the static quadrupole inter-
actions have been averaged out by rapid proton self-
diffusion, is qualitatively consistent with the de-
pendence of susceptibility upon H concentration. Meas-
urements of x for La metal and the hydrides indicate
that the measured susceptibility has weak temperature
dependence in the metal and no temperature depend-
ence in LaH,. As mentioned earlier, LaH, becomes
diamagnetic for x~2.65. When the H concentration
approaches 3H/La, the electrical conductivity measured

3 A. M. Clogston, A. C. Gossard, V. Jaccarino, and T. Yafet,
Phys. Rev. Letters 9, 262 (1962).

35 1. Orgel, J. Phys. Chem. Solids 21, 123 (1961).

36 Note added in proof. With respect to Sec. B.3, a contribution
to T from orbital momentum of conduction electrons may be sig-
nificant in the La-H system. Recent work by J. Butterworth on
the V-Cr system and theoretical considerations of Y. Obata indi-
cate the possibility of such a 7, mechanism. We would like to
thank J. Butterworth for informing us of these studies prior to
their publication.
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by Stalinski changes from metallic type conductivity
to semiconductor character, and the La resonance shift
approaches zero. The change in x and metallic character
of the hydrides with hydrogen concentration suggests
that the Knight shift should be strongly concentration-
dependent.

The temperature dependence of the Knight shifts are
shown in Fig. 14. The concentrations with more than
2H/La show no appreciable temperature dependence
aside from the negative second-order quadrupolar shift
previously mentioned. The deficient concentrations,
with less than 2H/La, show a gradual increase in shift
from —197°C up to the temperature at which proton
self-diffusion begins. The volume expansion effect or the
so called V%3 effect is too small by a factor of 10 to
account for this increase; however, a change in the
susceptibility, too small to be discernable in Stalinski’s
plot of x versus 7" which shows x independent of T,
could account for this behavior. A weak-temperature
dependence in x could come from an electron-phonon
interaction or a temperature-dependent Xg4. It is worth-
while to point out that the susceptibility of pure La
metal is observed to increase from 0.75X10-%/g at
300°K to 1.5X10-%/g at 4.2°K. Paralleling this is an
increase in the pure metal Knight shift at 4.2°K by 159,
over its room-temperature value. On the other hand the
La Knight shift in LaHs o at 4.2°K was essentially un-
changed from its value at —197°C so at least Kr, and
x are consistent, if Stalinski’s susceptibility measure-
ments are extrapolated as being temperature-independ-
ent to 4.2°K.

The rather large increase in the Knight shift in the
deficient concentrations, especially in the 1.41 and 0.78
H/La samples, with increasing temperature above the
point at which proton self-diffusion has set in, is quite
possibly the result of hydrogen diffusing from the
LaH, o portion of the sample into the La metal portion,
thereby creating an averaged deficient composition
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F16. 13. Concentration dependence of lanthanum Knight
shift recorded at 400°C.
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F16. 14. Temperature dependence of lanthanum resonance shift
for concentrations ranging from 0.78 H/La to 2.85 H/La.

instead of the segregated two-phase system that exists
at low T. As is observed in Fig. 13, the Knight shift
increases with decreasing H concentration so that by
extrapolating back for the concentrations with greater
than 2H/La into the deficient region, such an increase
could be expected.

Outside of the observation of a general correlation
between K and magnetic susceptibility, the extent of
each of the various contributions of x to X is not clear
at this time, except that CsXon may be as large as
CX+CoX,4 as evidenced by the La T data.

C. Concluding Remarks

Both lanthanum and hydrogen NMR measurements
confirm the existence of a separated two-phase system in
LaH,, £<1.94. The resonance characteristics are in-
dependent of concentration in this region and the
lanthanum resonance of both phases are observable.
The fact that the hydride change in characteristics
occurs at a value of about 1.94 instead of 2.00 is typical
of other metal hydrides and implies an inaccessibility
of 0.05 La tetrahedral sites.

It is interesting to note that the quadrupole couplings
are unusually short ranged, about half a lattice con-
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stant, and that use of a Mott screening constant seems
appropriate.

There is little indication that the octahedral sites
remain occupied for any appreciable length of time in
the deficient (#<1.94) concentrations. The hydride
lanthanum resonance shows no quadrupolar effects,
even as the protons start to diffuse. One can conclude,
using a typical quadrupolar interaction as wgo=~3X 108
sec™), that the lifetime of a diffusing proton in an
octahedral site in £<1.94 concentrations must be con-
siderably less than 107 sec at temperatures greater than
300°C where diffusion is evident. Diffusion-dependent
quadrupolar effects exist only in concentrations with
x>2 and are consistent with a treatment of the occu-
pied octahedral site as a point defect.

The vanishing Knight shift of the proton resonance
and the ease of diffusion of protons are not incompatible
with the model of a positive hydrogen ion or proton.’¢
We assume that the electron from the hydrogen is
ionized to the conduction band localized on the La

36 J, Friedel, Phil. Mag. 43, 153 (1952); I. Isenberg, Phys. Rev.
79, 736 (1950}.
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ions. This picture is consistent with the susceptibility
and conductivity data if the conduction band, part of
the 6s—5d bands of La, becomes filled when 3H/La
are added. Martin and Rees! have suggested a similar
band-structure for Zr-H. It is here suggested that in
La-H the 5d band of La is split into two bands in which
the lower energy band can accommodate four electrons.
A maximum of about four electrons in the lower part of
the d band is consistent with the maximum solubility
of hydrogen in the other group IIIB to VB transition
metals.
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The zero-range photoelectric cross section of Bethe and Peierls, corrected according to effective range
theory, is fitted to the H™ photodetachment cross section. The value of 2.64 @, obtained for the effective range
agrees with values obtained from the wave-function calculations of Schwartz, Burke and Schey, and others.
A more accurate formula for the detachment cross section is obtained by allowing for distortion in the final
p state by means of an approximate formula for the phase shift. This formula agrees qualitatively with the
close-coupling theory phase-shift results of Burke and Schey, and provides a photodetachment cross section
that fits the experimental data slightly better than the results re cently obtained by Geltman with an elabo-
rate variational treatment. There are two adjustable parameters: the binding energy, and one parameter in
the phase-shift formula. By a slightly different choice of the parameters than is required to fit the experi-
mental data, close agreement can also be obtained with the Geltman results.

I. INTRODUCTION

INCE the original suggestions of Wildt! concerning
the importance of H~ photoabsorption in stellar
atmospheres, much effort has gone into the calculation
of H~ wave functions and the H~ photodetachment cross
section. Since the early estimates? of the photodetach-
ment cross sections were not very satisfactory, Chandra-
sekhar undertook a series of increasingly more elaborate

* Supported by the Lockheed Missiles and Space Company
Independent Research Program.
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calculations.? He used successively better variational
bound-state functions, with a plane-wave continuum
function and with more accurate versions that allowed
for distortion.

In 1956, Geltman® obtained a usefully accurate repre-
sentation of the H~ photodetachment cross section by
means of a very simple model. He obtained both bound-
and free-state wave functions for a cutoff Coulomb
potential, and computed the cross section from these.
Since then, renewed effort has been spent in obtaining

3S. Chandrasekhar, Astrophys. J. 102, 223 (1945); 102, 395
(1945); 128, 114 (1958); S. Chandrasekhar and D. D. Elbert,
2bid. 128, 633 (1958).
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