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Lanthanum hydrides LaH,, 2.0=<x=3.0, are characterized by static magnetic susceptibility analysis and
139La nuclear magnetic resonance investigations (line splittings, linewidth, line shift, and spin lattice relax-

ation). Temperature and composition dependence of all quantities is determined. Chemical shift is larger than
the Knight shift for 394 in the LaH, compounds. The x dependence of the density of states D(Ey) is derived
site selectively and separated into s- and d-like contributions.
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I. INTRODUCTION

This contribution is focused on the metal-nonmetal tran-
sition of lanthanum hydrides."® Lanthanum dihydride
(LaH,) is a metal (M) with usual reflectivity for visible light.
Superconductivity, with 7,,=0.17 K was mentioned for
LaH, ,o.* Lanthanum trihydride LaHj is an optically trans-
parent nonmetal (7). The M-I transition of lanthanum hy-
drides LaH, was already reported 50 years ago.>® Neverthe-
less, many questions of this M-I transition are still unclear, in
spite of the fascinating reversible electrochemical switching
phenomena of thin films of rare-earth hydrides RH, or YH,
between optical transparency and high reflectivity, reported
and studied recently:”® How important is the role of electron
correlations and of atomic order?®10 Is x,~2.86 the critical
concentration for the M-I transition in LaH, as concluded
from radiofrequency damping (Q-factor) measure-
ments?!! Is there a difference in the H concentrations x, for
the disappearance of the density of states at the Fermi surface
for the H sites x.(H) and the La sites x.(La) in LaH,?'?> These
questions will be tackled with the extensive 1%¥La nuclear
magnetic resonance (NMR) investigations presented below.

At first glance, in an ionic picture, assuming hydrogen
enters as H™ and lanthanum as La*, the M-I transition from
metallic LaH, with one conduction electron per formula unit
to nonmetallic LaH; seems straightforward.' (3—x) con-
duction electrons per formula unit LaH, would give a varia-
tion of the density of states D(Ey) with (3—x)'3 in the free
electron picture. In fact, the Gd** impurity ion 4f electron
spin Korringa relaxation rate is consistent with a variation of
the D(Ey) as (2.91-x)'3,1? suggesting that the metallic state
is not supported beyond x=2.91. Proton spin lattice relax-
ation also appears to roughly support this picture.!>!3 The
actual electronic band structure must be more complicated,
however, because starting from LaH,, with the cubic CaF,
crystal structure [with a face centered cubic lanthanum sub-
lattice and all tetrahedral (7) sites occupied by H], for 2.0
<x<23.0 the octahedral (o) interstitial sites are filled with
hydrogen. Nevertheless, an overall lattice contraction is
observed.® Evidently, the local La surroundings can not be
cubic for 2<x<3, thus, e.g., electric field gradients at the
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13%La nucleus have to be expected and were observed,>!3-13
and integral measurements can reflect only an averaged den-
sity of states.

A roughly linear, instead of the 1/3-power variation, of
the integral density of states D.,(x) with hydrogen concentra-
tion x was derived in heat capacity studies for LaH, or
LaD,.*!%!¥ The absolute value of D (Ej) is small, even for
LaH, (Fig. 1). Since the published transition temperature to
superconductivity T,.=0.17 K, of the dihydride is small,*
only a minor correction of D,(Ep) for electron phonon cou-
pling is expected.” Thus a bare density of states of Dy(E)
~0.91/eV, formula unit (f.u.), and both spins is obtained
for x=~2.*° Several x ranges, i.e., 1.9<x<2.2,22<x
<245, 245<x<2.6, and 2.6<x<2.9, had to be distin-
guished in the specific heat analysis, and pronounced thermal
anomalies in the 270-200 K range were related to hydrogen
ordering transitions and superstructure formations.*!® Low-
temperature tetragonal distortion of the cubic LaH, structure
was also reported for 2.15<x=<2.55 and 2.7<x=<2.8 from
x-ray structural analysis.'® Neutron-powder diffraction for
LaD, »5 revealed the onset of long-range order in the sublat-
tice of the octahedral interstices already at temperatures be-

12} o 1
v LaH, [K]
Zoof Tiey & LD, [K] |
g < v © D(Ep [G]
2 08t o 1
73 0.6} |
= A
— v
&

& o4 ®'e |
e 02f ' 1
=S o LN

1.8 20 22 24 2.6 2.8 3.0

X

FIG. 1. Density of states D,(Ef) for both spin directions, per
formula unit LaH, and 1 eV versus hydrogen concentration x, de-
rived from electronic contribution to specific heat. The bare value
Dy(Ep), corrected for electron phonon interaction, is included for
LaH, o/LaH, ;. See text for details. Data references [K]: Ref. 4,
[G]: Refs. 4 and 9.
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low 345 K.?° In LaD, 5, long-range ordering of the o-site
sublattice, setting on at the tetragonal distortion at about 385
K, is “... complete by about 250 K and can be described as
a repeating sequence of four (042) o-site planes comprised of
two adjacent filled planes followed by two adjacent empty
planes.”?!22

The most puzzling experimental observation of the previ-
ous LaH, studies is the apparently only weak dependence of
the presumed '**La Knight shift on hydrogen concentration
in LaH,.'>'423 In contrast to the 'H or 2D NMR studies that
aimed primarily at the analysis of the hydrogen hopping
motion,>?* but gave H-site density of states information via
the Korringa relaxation contribution of the conduction elec-
trons to the proton spin lattice relaxation,>'2 the *’La NMR
studies had to struggle with the quadrupolar broadening of
the 7=7/2 nucleus’ resonance lines.'>?> Thus the motional
narrowing of the NMR line in the high temperature (fast H
hopping) range had to be used, in order to derive the
H-concentration dependence of the '*’La Knight shift.!3-1423
The resonance line shift with respect to LaCl; in aqueous
solution decreases by barely a factor of 2 from +0.23% for
x=2.0 to +0.12% for x=2.86 and is constant for x>2.86.!>!3
If this line shift is interpreted as the '*La Knight shift, evi-
dently a remaining density of states even for x>2.86 has to
be claimed for the La site. However, using Gd** 4f electron
spin Korringa relaxation as a local conduction electron den-
sity probe, a decrease of the La-site specific density of states
by at least a factor of 3 for 2.0=<x=2.87 was demonstrated
recently.'>?0 Thus, the presently available experimental re-
sults concerning integral or site specific conduction electron
density of state D(Er) must be assessed as contradictory.

With the detailed static and dynamic magnetic investiga-
tions reported below, we analyze the metal-nonmetal transi-
tion of lanthanum hydrides, from the integral as well as from
a local point of view. Important experimental details are ex-
plained in Sec. II. The results of static magnetic susceptibil-
ity measurements and the various consequences of the hyper-
fine interaction of the 'La nucleus (I=7/2, 99.9%
abundancy) are presented in Sec. IIL

The first question that will be tackled with the current
analysis is the evidence for electron-electron correlations in
LaH,. The straightforward comparison between D (Ep), the
density of states at the Fermi level accessible by specific heat
measurement (Fig. 1), which is modified only by electron-
phonon interaction, and D,(Ef), the corresponding informa-
tion obtained from Pauli paramagnetism, calculated via static
magnetic susceptibility analysis (Sec. III A), which is en-
hanced by electron-electron interaction, will be discussed in
Sec. IV A. Indeed, the value of about 2.5 of the Wilson ratio
R=(x/y)(7%kg! 3 popez), or of D (Ep)/D.(Ey), which is also
typically found in heavy fermion systems,”’ is determined
for the LaH, compounds. We point, however, to the fact that
also an induced orbital or van Vleck contribution to the para-
magnetic susceptibility can explain this enhancement.

The second, more puzzling question is solved by the very
detailed '*’La NMR analysis of the local density of states at
the rare earth site in LaH,. We show that the apparent prob-
lem of the only weakly x-dependent density of states for
increasing H concentration, resulting from only halving of
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the **La-NMR line shift with respect to an aqueous solution
of LaCl;, when going from LaH, to LaHs,'>?* has been
eliminated. The respective experimental results are presented
in Secs. Il B and IIT E. They are discussed in Sec. IV B.
Spin-lattice relaxation turns out to be the reliable information
source.?® The conclusions (Sec. V) summarize the remark-
able progress achieved with the current '*La NMR analysis
in the quantitative monitoring of the x-dependent La-site
density of states at the LaH,- M -1 transition.

II. EXPERIMENTAL DETAILS
A. Sample preparation

The powder samples were prepared at the Materials
Preparation Center of Ames Laboratory, lowa State Univer-
sity, from highest purity lanthanum (99.97 to 99.997 %). Ac-
cording to laser source mass spectrometric analysis, <20 (to
<0.6) ppm Ce, <10 (to <0.2) ppm Gd, and 33 (to <0.08)
ppm Yb are the highest amounts of rare earth impurities. A
hardened steel mortar and pestle were used to grind the frag-
ments down to approximately 40 um size. Part of the
samples were those used in earlier NMR studies.!426-28:29
The stoichiometry was analyzed twice and given to an error
bar of +0.015. For the NMR relaxation measurements, the
powder samples were sealed in quartz ampoules of 6 mm
diameter.

B. Static magnetic susceptibility measurements

The static magnetic properties were derived with a Quan-
tum Design MPMS SQUID magnetometer, with the powder
samples surrounded by helium atmosphere during the mea-
surements. Various field strengths between 0.1 and 50 kOe
were applied, and temperature was varied between 2 and 300
K. The raw data of the field- and temperature-dependent
magnetic moments m(H,T) had to be corrected for a small
content of a magnetically ordered impurity phase estimated
to range between 62 and 539 ug Fe per 1 g of the various
lanthanum hydride samples, not inconsistent with the sample
preparation procedure (Table I). To separate the temperature
independent magnetic susceptibility from ferromagnetic and
Curie paramagnetic defect contributions, the slopes of

(H.T)~ ( H —CH)T (Ml H+ X)T+C
)= = mpy+ xH+—— | — = (my,/H+ X)T+
P g T\ X g T X

(1)

versus T were derived and extrapolated for 1/H—0.

C. Nuclear magnetic resonance measurements

A Bruker MSL 300 spectrometer with commercial and
home-built probe heads, variable temperature gas flow cry-
ostats using liquid helium or liquid nitrogen as coolant and
magnetic field of about 70 kOe of a superconducting magnet
were used for the *’La NMR at about 42.45 MHz. Broad
3La NMR spectra were recorded with varied frequency,
while central line narrowing was achieved by magic angle
spinning with rotation frequency up to 15 kHz.> The NMR
spectra were obtained by Fourier transformation of the free
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FIG. 2. Example of inversion recovery of the %9La central
NMR line signal for a lanthanum hydride (LaH, gg,7=16 K). The
broken line shows the fit with a monoexponential function [Eq. (2)],
the solid line a four-exponentials fit according to Eq. (3).

induction decay or of the second half of the spin echo in a
90°-7-180°-7spin echo sequence. LaCl; in aqueous solution
was used as *’La-NMR frequency standard as in earlier
work.!32 To allow for an experimental estimate of the
chemical shift contribution to the '*La-NMR line shifts in
the various lanthanum hydrides, lanthanum diamagnetic
compounds of varied electronegativity difference were ana-
lyzed as well.

An inversion-recovery spin-echo sequence with phase cy-
cling was adopted for the measurements of the spin-lattice
relaxation time. Due to the substantial '*La NMR line qua-
drupolar splitting and broadening, for the relaxation studies,
in many cases only the central +1/2+« —1/2 transition could
be analyzed. This gives rise to nonexponential signal recov-
ery as exemplified in Fig. 2. Thus, instead of the result of
Bloch’s equations®

M(7) =M1 - 2exp(- 7/T))], (2)
the more general form (for I=7/2,+1/2+—1/2 transition)
(Ref. 31)

—30WT+ a4e—56W7 (3)

had to be fitted to the data. The T dependence of 2W=T7" for
T<80 K was used for the derivation of the Korringa slope of
the spin lattice relaxation rate.?

M(7) ~ ae™ + ae "+ aqe

III1. RESULTS
A. Pauli paramagnetism

Stalinski reported already that the magnetic susceptibility
is temperature independent in the lanthanum hydrides
LaH, (2<x=3).? For the sample of dihydride LaH, stud-
ied here the signatures of superconducting diamagnetic
shielding at 7<<4.5 K (Fig. 3) are clearly more pronounced
than expected for a compound with a transition temperature
T,.=0.17 K that was reported for LaH, ;,.* This is probably
not due to the lower impurity content of the sample studied
here,?? but can easier be explained by the contribution of less
than 1% of La in this sample of LaH,. Superconducting per-
colation with 7.=6 K due to cubic La has been observed
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FIG. 3. Low-temperature diamagnetic contribution to magnetic
susceptibility of LaH,,. These data were recorded within a se-
quence of cooling and heating runs for constant field strengths,
varied always at the highest or lowest temperatures, respectively.
This contribution can be explained by less than 1% La content of
the LaH, sample.

before in the system LaH, for 0 <x<1.75, with a very small
fraction of superconducting behavior remaining even for
x=2.33 The temperature independent part of the magnetic
susceptibility of LaH, was corrected for the core diamagne-
tism of La** (=20X 107% emu/mol), and, alternatively, for
that of H* or H™, i.e., 0 or —1.6 X 10~® emu/mol.>* The re-
sulting values of the conduction electron paramagnetism ),
per mole of LaH, are plotted in Fig. 4. Landau diamagnetism
of the conduction electrons was not considered, on account
of the predominant d-like character of the dihydride conduc-
tion electrons.®3>3¢ Figure 4 shows clearly that the conduc-
tion electron paramagnetic susceptibility x,, of the lanthanum
hydrides decreases roughly linearly with increasing hydro-
gen content x, as was previously reported for the specific
heat coefficient y (Fig. 1).*

B. *La NMR line width

Compared to the cubic lanthanum dihydride LaH,, se-
vere line broadening of the central '*La NMR line is ob-
served for LaH, with 2<<x<3. The quadrupolar origin of
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FIG. 4. Conduction electron paramagnetism and density of
states of LaH, versus hydrogen concentration x, calculated from
static magnetic susceptibility under the assumption of the validity
of Eq. (16) (own data and published results, St: Ref. 5), diamagnetic
correction for H™ or H*. The density of states D,(E) is overesti-
mated as a result of neglecting the contribution of van Vleck para-
magnetism to xp.
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FIG. 5. Temperature dependence of central %2 NMR line
width of different LaH, samples (H,=70 kOe, vy=42.45 MHz,
90° pulse length varying between 1 and 4 us). Upper part: Half
width at half height, determined from Fourier transformed spin echo
signal. For LaH, s only the central part of the inhomogeneously
broadened +1/2+«+—1/2 transition is excited under the experimen-
tal conditions. Lower part: Examples for the line narrowing by
magic angle spinning, rotation frequency 13 kHz. Fourier transform
of free induction decay signal.

this inhomogeneous line broadening has been reported
before.!>1523-28 Figure 5 shows examples for the temperature
dependence of the linewidth. The line narrowing in the high-
temperature range is due to fast thermally activated proton
hopping motion, as is typical for hydrides.? The largest width
is not observed for the highest hydrogen concentration, with
the largest influence of ¥La-1%La and '"¥La-"H nuclear di-
polar interaction. Instead, the LaH, compounds with x=2.5,
which show tetragonal distortion already above room
temperature,'® give rise to the width maximum via second
order quadrupolar contribution. Under these conditions, even
only a part of the inhomogeneously broadened +1/2
«>—1/2 transition is measured. For the higher x range, hy-
drogen ordering in the 250 K range is discernible from line-
width anomaly.

The lower part of Fig. 5 displays the line narrowing in-
fluence of magic angle spinning (MAS) for some of the LaH,
compounds.” Since the *’La NMR line shifts amount to
0.24% with respect to an aqueous solution of LaCl; at most,
which is 100 kHz at the measuring frequency of about 42.45
MHz, this line width reduction achievable by MAS tech-
niques evidently is a must in order to reduce the error bar to
an acceptable limit. Slowed-down motion and ordering of
the H atoms (H™ ions) causes line broadening in LaH, g9 at
T=250 K in spite of MAS line narrowing, due to the in-
creased quadrupolar contribution, as is clearly visible in Fig.
5(b).
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FIG. 6. Quadrupolar splitting of %La NMR line in LaH, s3.
Typical spectrum, recorded by varying the frequency. [(H,
=70 kOe) T=10 K, 50 kHz steps, magnitude calculation of FT sig-
nal, rf power optimized, uncalibrated.] The six quadrupole satellites
(edge singularities) and the second order quadrupolar broadened
central line (~1 MHz) can be discerned. Additional narrow weak
lines are visible in the central part.

C. "La line splittings

Well-defined quadrupolar splitting was observed for the
medium hydrogen concentration range x=2.5-2.6. The te-
tragonal distortion of LaH, compounds was reported in the
phase diagram presented by Boroch et al.'® and for 2.6<x
=<2.86 already earlier by Klavins et al.’® Figure 6 shows one
example of the quadrupolar splitting. This main spectrum
shows only weak temperature dependence in the low-
temperature range. In addition to the main spectrum, an ad-
ditional spectrum with much smaller satellite line separation
was observed, with relative intensity only in the percent
range, and a presumably stronger temperature dependence.?’
These signals might also arise from sample oxidation or ni-
tride formation during the NMR measurements.

The quadrupolar satellite lines for /=7/2, originating
from the (m—1)—m transition, are observed at®

1 1
V=V, + EVQ(30082?3— 1)(m - 5) 4)

in axially symmetric surrounding, with
Vzee¥) = o[ 1 + K(x) + Ao(x)]. (5)

The second order quadrupolar contribution to the “central”
line (=1/2— +1/2 transition) is given by

2
- 3
W= —2 (1<1+1)——)(1—coszﬁ><9cosza—1). 6)
16VZee 4

Here, vy=3e’qQ/h21(21-1) is the quadrupolar splitting fre-
quency parameter, v, the Larmor frequency of the *’La fre-
quency standard, K(x) and Ac(x) the Knight shift and chemi-
cal shift difference for '¥La in the respective LaH,
compound. The most prominent peaks of the quadrupolar
satellites are observed at ¥=90°, thus their separation
amounts to AVQ=%VQ, only. From the LaH, 53 data shown in
Fig. 6, we derive AVQ%2 MHz at 10 K, or twice this value
for vy. This allows us to estimate the corresponding average
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FIG. 7. '®La MAS-NMR line shift of various LaH, samples
versus temperature, in relative (absolute) units on left (right) hand
scale, with v;=42.461 MHz of LaCl; in aqueous solution. (For x
=2.53 and 2.60, line shift may be reduced by the influence of qua-
drupolar interaction.)

central line shift due to the second order quadrupolar contri-
bution

ol
Sv=—— (7)

This amounts to —190 kHz or —0.44% at 10 K. This estimate
demonstrates that a reliable low-temperature Knight shift
analysis is rendered impossible in spite of the use of magic
angle spinning, because the full second order quadrupolar
width of the central line is 5.2 times as large, i.e., about 1
MHz, preventing any more detailed analysis. We would like
to remind that magic angle spinning (with 9,,,,=54.74°) can
reduce the second order quadrupolar contribution, but in or-
der to eliminate it completely, additional spinning of the
sample around a second axis (30.55° or 70.12°) would be
required.’® This feature is not available in our experimental
setup.

It has to be emphasized that such prominent quadrupolar
splitting of the **La NMR lines could only be followed for
the medium hydrogen concentrations 2.5 <x<2.6. The field
gradients of the other compositions must be weaker, as was
previously reported for x=2.38 and 2.74.'5 As is expected
from the large number of possibilities to distribute n H atoms
over six octahedral interstitial sites (i.e., 6!/[n!-(6-n)!]), it
must vary strongly from one local La surrounding to the
next. We have already shown the consequences on the cen-
tral line width in Fig. 5. This is evidently rather favorable for
the NMR analysis presented below

D. *La NMR line shift
1. Lanthanum hydrides

Figure 7 shows the temperature dependence of the '*’La
NMR central line shift of the various LaH, samples studied
by magic angle spinning, referred to LaCl; in aqueous solu-
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tion as frequency standard (v,=42.461 MHz). There is sub-
stantial variation of the line shift (v—w,) with the hydrogen
content x but only a minor temperature dependence. Actu-
ally, the obvious transition observed at 7= 250 K for LaH, g9
from  T-independent high-temperature  behavior, to
T-dependent low-temperature behavior, is linked to the hy-
drogen disorder-order transition of this compound. This has
been substantiated for the same compound by magnetic char-
acterization of Ce®* impurities before.?® The observed
T-dependent shift can be explained by the remnants of sec-
ond order quadrupolar shift, Eq. (6), in spite of the magic
angle spinning, because the linewidth increases in this tem-
perature range [Fig. 5(b)]. A closer inspection of the
x-dependent sequence of MAS-NMR line shift values (v
— ) reveals the influence of a remaining second order qua-
drupolar contribution especially for the x=2.53 and 2.60
samples by their reduced shift values compared to the gen-
eral x-dependent trend in Fig. 7.

It is tempting to relate (v—wv)/ v, directly to the Knight
shift K caused by the conduction electron hyperfine interac-
tion with the "**La nucleus in the metallic hydrides, as was
done in the early analyses,>> yielding K=~ 0.23% for LaH,.
In simple elemental metals with Knight shifts in the range up
to 1% this approximation is acceptable. On the other hand,
for YH, oo the thus defined Knight shift of Y [measured by
variable temperature 'H— %Y cross polarization magic
angle spinning (CP-MAS) NMR with respect to an aqueous
solution of YCI;] amounted to only about 940 ppm.*° It was
pointed out that this value is only slightly larger than ¥Y
chemical shifts in nonmetals, ranging between +750 and
—200 ppm.*>*! Unfortunately, in the LaH, compounds it is
not possible to “switch off” the conduction electron density
of states at the Fermi level just by varying the temperature,
as can be done in organic metals subject to a Peierls metal-
nonmetal transition.*> We include the data derived in the
present analysis in Table I as

(v=wvy)lvy=K+Ac (8)

because the shifts discussed here are by a factor 2.8-5.7
smaller than the Knight shift of pure lanthanum metal.
Therefore the chemical shift variation, Ao, can have a con-
siderable influence on the hydrogen concentration depen-
dence of the line position.

2. Diamagnetic lanthanum compounds

The choice of an appropriate chemical shift standard for
%La Knight shift analysis in lanthanum hydrides is non-
trivial. A solid with the same electronegativity (X) difference
and comparable coordination number seemed most reliable.
Actually, because X;,=1.1 and Xy=2.2 (Allred-Rochow
values*), comparison of La,05 (7 coordinated, X,=3.5),
LaCl; (9 coordinated, X~=2.8), and Lal; (8 coordinated,
X;=2.2) points to Lal; as a good choice for comparison with
LaH,, which has also eight nearest neighbors to La.**—40
Table II compiles our results for the respective chemical
shifts and the electronegativity differences. Ao was derived
by relating the peak position of the *’La lines of the solid
compound to that of the liquid aqueous LaCl; solution stan-
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TABLE I. Relevant data of the investigated lanthanum hydrides.
Estimated content of magnetically ordered magnetic impurities in-
troduced by sample preparation techniques in second column, 139
NMR lineshift relative to the '*’La NMR line of LaCl; in aqueous
solution: MAS, T=300-305 K (line center, T=4-200 K) (third
column), relaxation-rate linear slopes [d/dT(T;")=a] at 42.45 MHz
(fourth column). a is unequivocally the Korringa slope for x
=<2.87, but might be mixed up with the frequency dependent
T-linear slope for the direct spin phonon relaxation process for x
>2.89.

pg Fe
Sample LaH, per g K+Ao (%)  a (1073 s7K

LaH, 152 +0.230, (0.240) 82
LaH, 54:100 ppm Gd 539 +0.188

LaH, 35 (+0.219) 50

LaH, s (+0.209) 19

LaH; 53 +0.138

LaH, ¢ +0.121, (0.164) 16.8

LaH, 7 +0.139, (0.153) 16

LaH; g4 (+0.134) 4.8

LaH, g6 +0.118, (0.134) 6.3
LaH, g7:300 ppm Gd 321

LaH, g9 116  +0.111, (0.115) 1.5
LaH; g9:2700 ppm Ce 235

LaH, 9, (+0.124) 1.86

LaH; 94 62 +0.115, (0.128) 1.66

LaH; +0.103, (0.120) 1.7

dard. Because the NMR lines of the solid samples had some-
what unsymmetrical wings, the separation of the respective
centers of gravity Aoq; was calculated as well. The differ-
ence (Ac—Aag), given in Table II, may be used to estimate
the reliability of Ao. Ao of all three solid compounds
is comparable and quite different from that of the aqueous
solution. Assuming Ac(LaH,)=+(0.21-0.18)%, only
K=+(0.03-0.06)% 1is left for the conduction electron in-
duced Knight shift in LaH,. This absolute value is by a factor
of 23-11 smaller than the Knight shift in La metal. No
simple rule for the variation of Ao with the hydrogen con-
tent, or with the coordination number of the La site in ques-
tion (between 8 and 14) for x>2.0 can be given. Thus a
reliable separation of K and Ao for the hydrides LaH, with

TABLE II. Chemical shift Ao of diamagnetic solid *’La NMR
standards with respect to an aqueous solution of LaCls (T
=293 K). Abbreviations: La coordination number n, electronegativ-
ity of ligand X;; (Ref. 43), chemical shift Ao, and shift difference of
line peaks and line centers of gravity (Ac—Accs), given as esti-
mate of error limit.

n X Ac (%) (Ao=-Aacg) (%)
Laly 8 2.2 +0.210 +0.069
LaCl; 9 2.8 +0.160 -0.019
La,O; 7 3.5 +0.184 +0.065
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x>2.0 is currently not possible. Their sum is given in Table
I. These (K+Ao) data compare reasonably with line shift
results derived and discussed previously by other authors:
Scaled with the outer electron hyperfine coupling
constants,*’ the line shifts at the lanthanide site in the dihy-
drides ScH,, YH,, and LaH, fall in a narrow range of small
positive values.’> The Y line shift in YD, g, (K+A0);,
=0.0361%, on the other hand, was reported to fall in the
middle of the range of chemical shifts for nonmetallic yt-
trium compounds.*® In summary, all these line shift results
are in agreement with a predominantly d-like density of
states at the Fermi level for the rare-earth site,>> with the
absence of pronounced variation of the density of states
around the Fermi level deduced from the absence of tem-
perature dependence of (K+Ac).*® The presence of a tem-
perature independent additional van Vleck—type induced or-
bital contribution of susceptibility and line shift was
proposed as well.3>-3¢

E. ¥La spin lattice relaxation

Under the conditions discussed in Sec. III D, spin lattice
relaxation gives the more reliable estimate of the conduction
electron density of states. Eventually, the Knight shift can
then be calculated via the Korringa relation?

.,
4’7TkB'yzLa’

at least as long as only one type of conduction electron
comes into play. Different contributions to the '*’La spin-
lattice relaxation rate (7,)~' dominate in high- and low-
temperature ranges. Generally

(1) = (1) + (T + (T (10)

K*T‘T= 9)

Here
(T2} =aT (11)

is the Korringa relaxation caused by the hyperfine interaction
with the conduction electrons, which predominates in the
metallic hydrides at low temperature [Fig. 8(b)]. The fit pa-
rameters “a” are compiled in Table I. The thermally activated
hopping motion of the protons is responsible for the fast
increase of (T,)~' at high temperature [Fig. 8(a)]. This con-

tribution is a quadrupolar relaxation rate for the /=7/2

nucleus, but may be approximately parametrized by**
- Th
T)l=A—"— 12
( l)ho 1+ (a)Th)2 ( )
with
7, = Texp(Q/kgT). (13)

For the fit in Fig. 8(a), the activation energies Q derived in
earlier work were used.”* It is evident in Fig. 8(a) that the
relaxation rate, at a fixed temperature, increases rapidly with
decreasing x value for 2.5<x<3.0, i.e., with increasing hy-
drogen vacancy concentration. This part is irrelevant for the
low-temperature fit yielding the most relevant parameter “a.”
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FIG. 8. Lanthanum spin lattice relaxation rate parameter 2W
=TT1 versus temperature of selected LaH, samples (42.44 MHz, 70
kOe). High (a) and low temperature (b) range in upper and lower
part, respectively. Solid lines are explained in text.

In the low-T range, the various defects and impurities of the
lanthanum hydrides, although of low concentration, have to
be considered:26

-1 _ R 7] P
i = [ (g +N”{ I+ (wm)z] -

The first term is a T-independent, waz—dependent contribu-
tion caused, e.g., by the magnetically ordered defects, with
very long 7.. The second term considers spin diffusion (in
the cubic systems, such as LaH,,, with narrow '*’La NMR
line) to the very small, but not irrelevant concentration of
paramagnetic defects [with electron spin relaxation time
7(T), p=0.95 for LaH,].?® Both contributions in Eq. (14)
are small, but relevant for the error bar of the “a” parameters
(Table I).

Neglecting van Vleck susceptibility and orbital hyperfine
interactions,*’ the Korringa slope “a” is proportional to the
square of the density of states D(Ey) and the square of the
hyperfine coupling constant. Therefore, in Fig. 9 we plotted
the square root of the parameter a versus hydrogen concen-
tration x for all studied lanthanum hydrides LaH,, reflecting
the x dependence of the density of states. The similarity to
the approximately linear variation of D,(E) versus x (Fig.
1) and x, versus x (Fig. 4) is striking. The values of a'’?,
derived at 42.45 MHz, decrease according to Fig. 9 for LaH,
with x for 2.0=<x=3.0 roughly linearly, may be except for
plateaulike ranges for 2.5<x=<2.7 and for 2.89<x=<3.0.
For LaH, 47:300 ppm Gd, we proved recently that the Gd**
electron spin relaxes via Korringa relaxation.”® For the La

site of the lanthanum hydrides studied, the M-I transition is
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FIG. 9. Square root of the linear 7' dependent slope of the 394
low-temperature spin-lattice relaxation rate (vy=42.44 kOe), versus
hydrogen content in LaH,.

thus restricted to x.>2.87. From the relaxation measure-
ments at only one fixed frequency (v,=42.45 MHz), experi-
ment cannot discriminate between the Korringa relaxation
[Egs. (11) and (9)] caused by conduction electrons, or a di-
rect spin-lattice relaxation process>>!

hVO ) (15)

T))a = 3coth(
(T)si= v 2, T

because both of them give rise to a linear increase of ()~
with T in the temperature range studied. However, the Kor-
ringa relaxation rate is independent of the Larmor frequency,
i.e.,, a#f(vy) in Eq. (11), whereas the latter one increases
with v%. The frequency independence of a proved the nonva-
nishing conduction electron density of states for x=2.87.2
Only for x=2.89 in Fig. 9 the contributions of Egs. (11) and
(15) might be mixed up. If all the residual values of a'’? for
2.89=x=3.01in Fig. 9, are ascribed to the direct process, Eq.
(15), the critical concentration x,. at low temperatures would
be taken to be 2.91+0.02, consistent with the Gd**
results.'>26 The data presented in Figs. 1, 4, 9, and 10 cannot
exclude, however, that the density of states at the Fermi level
of the LaH, compounds disappears only for x=3.

IV. DISCUSSION

The NMR analysis of lanthanum hydrides LaH,, 2<x
=< 3 yields detailed information on individual compounds and

- 0.16r

£

% L]

=

2 012 =

g o o =] o %o .

o

‘.‘5 a o
< 008

32, o
= O [B)
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o

o
o
S
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FIG. 10. Partial density of states at all proton sites in LaH, as
function of hydrogen concentration x, derived from proton Korringa
relaxation rate, assuming s-like conduction electrons at the H site.
[B]: Ref. 12, [L]: Refs. 26 and 29.

125115-7



LEYER et al.

general information on the x dependence of the density of
states. We will focus here on the latter aspect, since many
structural details of LaH, compounds have been analyzed
before. We have shown in Sec. III, however, that homoge-
neous lattice distortion, hydrogen ordering phenomena, and
hopping motion could be discussed based on '*La NMR
results as well. We consider “integral” data first, and “local”
information in Sec. IV B.

A. Integral density of states as a function of hydrogen
concentration

The Pauli paramagnetic susceptibility of conduction elec-
trons can be converted into D,(E) using

Xp = HzD (Ep). (16)

The respective scale is given in Fig. 4 as well. The x depen-
dence plotted for D (Ef) in Fig. 1 and D,(Ef) in Fig. 4 both
are roughly linear, thus in general agreement. Due to the
weak electron phonon coupling in LaH,,’ it is permissible to
assume that D (Ep) reflects the bare density of states Dy(E)
within 10% accuracy [D,(x=2)~=1.03 versus Dy(x=2)
=0.912 per eV, formula unit, both spins]. D (Er) derived
with Eq. (16) is about a factor of 2.5 larger. In the simplify-
ing discussion familiar for heavy-fermion systems this indi-
cates a large degree of Coulomb correlations of the conduc-
tion electrons, which leads to the observed enhancement of
the uniform magnetic susceptibility. As mentioned already in
the Introduction a Wilson ratio R=2.5 would bring the lan-
thanum hydrides in close proximity to many typical heavy-
fermion compounds.?’” We have to emphasize that this inter-
pretation would be an oversimplification for the lanthanum
hydrides. Due to the predominating d-like character of the
density of states around the Fermi level of the lanthanum
hydrides LaH,, 2=<x<23, an induced orbital or van Vleck
contribution to the paramagnetic susceptibility x,(x) of the
conduction electrons must be considered in addition to the
Pauli paramagnetic contribution in Eq. (16).3®*” Even for
simple cubic CsCl-structured La intermetallic compounds
such as LaAg or LaZn, van Vleck contributions surpassing
the s and d contributions by up to a factor of 4 were
derived.> Thus the actual density of states will be lower than
according to the right hand scale of Fig. 4.

B. Local density of states and conduction electron character

Enhancement of the Korringa relaxation by Coulomb cor-
relations is generally much weaker than the enhancement of
the static magnetic susceptibility (or Knight shift), because
all wave vectors are contributing instead of only g=0 for the
homogeneous field.* Thus local information about the den-
sity of states accessible via the Korringa contribution to pro-
ton ("H) and lanthanum ('**La) spin lattice relaxation can be
compared with Dy(Ef) or D,(Er) reasonably well, even
when neglecting enhancement factors.

We mentioned before that proton Korringa relaxation was
considered to support a (3—x)!/3 dependence of the density
of states.'? The portion of the conduction electron density of
states at the Fermi edge that resides at the hydrogen sites is
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FIG. 11. Partial s- and d-like conduction electron density of
states at the La site in LaH,, derived from quantitative modeling of
the spin-lattice relaxation rate [Eq. (18)].

relatively small, however. The published proton Korringa
rates of LaH, (Ref. 13) can be converted into local densities
of states, using hydrogen s-electron hyperfine coupling
ay(s)=0.167 MOe per electron.”>*" Multiplied with the
number of H atoms per formula unit, x, this total density of
states around hydrogen sites 3 Dy is plotted in Fig. 10. The
portion of the hydrogen centered density of states 2 .Dy/D,
is only about 13% for LaH,. In spite of the decrease of Dy(x)
with x as (3—x)'3, 3 Dy, plotted in Fig. 10 is roughly con-
stant with x, and the portion 2, Dy/D, increases due to the
decrease of Dy(x), for 2<<x<2.8. Nevertheless, for x<2.8,
for the total density of states at the Fermi level clearly the
predominant role is played by the lanthanum sites.

The Korringa relaxation rate for **La in LaH, is rather
weak (Fig. 8) and the Knight shift K=(K+Ao)—-Ao(Lals)
=+(0.03-0.06)% is almost zero for LaH,. In agreement
with the results of many band structure calculations that
point to the prominent role of d-like conduction electrons in
RHX,8 we can therefore assume that '*La NMR reflects
clearly the interplay of a large d-like and a small s-like por-
tion of the conduction electron density of states at the La
sites of LaH,. Positive s-like and negative d-like (core polar-
ization) contributions to the Knight shift almost cancel, if
Dﬁa~ 10D;,, because the hyperfine coupling constants
a,(La)=~-0.1a,La) (with a,~3.1 MOe per spin).*’ Esti-
mating the total La-site density of states via

Dy =D}, +D{,=Dy(Ey) - %D y(Ey) (17)

and fitting the 139 Korringa rates for neglected orbital con-
tribution with

B} 1 :
(Tl =alT= Zm;{a[(asnm)z + (ayD? )1ksT  (18)

gives the portions of s-and d-like density of states, D} /Dy,
and Dia/DLa’ plotted in Fig. 11. About 90% of the La-site
partial density of states is d-like in character, and only 10%
s-like, according to this model analysis. There is only a weak
x dependence of this decomposition. The relative role of both
contributions is in fair agreement with the very detailed band
structure calculational results for YH, published recently®®
or with earlier interpretation of LaH, results by the same
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authors.?® Along the same lines, the Knight shift for the '*La
nucleus in LaH, can be estimated, considering as limiting
value the enhancement of the static magnetic susceptibility
by a factor of 2.5 derived in Sec. IV A. The calculated value
K,.,=+0.025% is in surprising agreement with the experi-
mental value estimated as K= (K+Ac)—Ao(Lal;)=+(0.03
—0.06)% in Secs. III D 1 and III D 2, above. It is clear that
the orbital contribution, calculated in Ref. 36 for the YH,
dihydride and expected for LaH, as well, will give a positive
line shift contribution entering in the resulting (K+Ao) as
well. The decrease of the portion of d-like density of states at
the La site with x, shown in Fig. 11, explains also the appar-
ent contradiction between the linear variation of the density
of states information from La Korringa rate, and the clearly
nonlinear variation of the corresponding information de-
duced from Gd** electron spin Korringa rate: hyperfine in-
teraction reflects the s part of the density by a factor of 10
more sensitive than the d part, but for 4f-conduction electron
exchange interaction it is just the other way around

V. CONCLUSIONS

We presented a detailed analysis of the electronic struc-
ture of lanthanum hydrides LaH,, based primarily on low-
temperature ¥La NMR investigations. We discussed the
role of electron electron correlations by considering that the
paramagnetic susceptibility of the conduction electrons is en-
hanced by about 2.5 compared to the bare value of Pauli
paramagnetism. We pointed, however, to the fact that these
increased y,, values can originate from van Vleck type in-
duced orbital contributions, at least in part. We analyzed the
structural influence on *’La NMR spectra and derived the
variation of the '*La NMR line shift with temperature and
hydrogen concentration. Chemical shift is a relevant part of
the line shift. Thus the Knight shift can not reliably be sepa-
rated for varied hydrogen content from the chemical shift
variation. We showed that spin-lattice relaxation can be
quantitatively analyzed for 39La in LaH, compounds in spite
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of local electric field gradients and only partial access to the
wide spectra. The x dependence of the La-site-specific con-
duction electron density of states at the Fermi level has thus
been derived. Combined analysis of proton and '**La spin
lattice relaxation and x-dependent total density of states
proves the predominant d-like character of conduction elec-
trons at the La site. Most generally, D (Ef), D,(Ep), and
139 a-relaxation point to an almost linear x dependence of
the density of states at the Fermi level in LaH,, 2<x=<3, in
contrast to the more nonlinear variation already reported for
the hydrogen site long ago, and the lanthanum site according
to Gd electron spin Korringa relaxation in LaH,, reported
recently. All the low-temperature results for various degrees
of H ordering in the LaH, series 2=<x=3 can only be rec-
onciled by taking the varying spatial distribution of s and
non-s characters of the conduction electrons into account.
We did not focus on charge transport and the metal-
semiconductor transition, related to the order/disorder transi-
tion of the H atoms on the octahedral interstitial sites (and
concomitant low-T overall lattice distortion) in the tempera-
ture range above 200 K for 2.7 <<x<(2.9. Critical tempera-
tures and a critical concentration might be derived based on
these phenomena. Instead, this investigation is focused on
the x dependence of the electronic density of states at the
Fermi level. The variation of the low temperature integral or
local conduction electron densities of states of the lanthanum
hydrides LaH, with x varying between 2 and 3 appears less
peculiar considering the additional data presented above.
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