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The resistivity p(7T) of LaH, (2.80 < x < 2.90) was determined from Q-factor measurements at 100
K < T <700 K. Its temperature coefficient @ > 0 is small at 7 < 200 K, and p(7T) peaks at some T be-
tween 220 and 260 K. The peak narrows with increasing x, and is extremely sharp for x = 2.86. At
higher temperatures the behavior of p(T) is consistent with variable-range hopping. It is suggested that
a delocalized band of states at Er, associated with the superlattice of octahedral vacancies, becomes lo-
calized and its mobility is quenched when the superlattice collapses above ~—240 % 20 K.

PACS numbers: 71.30.+h, 71.55.Jv, 72.15.Eb

The electronic structure of substoichiometric LaH,
and CeH, trihydrides, 2.70 < x < 3.00, has evaded eluci-
dation for many years.'™'3 Experimental'~® and compu-
tational '%'? results show that the dihydrides are normal
metals, with a resistivity p lower than that of the pure
metals, and indicate that the trihydrides are narrow-gap
semiconductors, with E,~0.5 eV for LaH;.” In between
these two stoichiometric limits, the fcc fluorite structure,
in which La is at (0,0,0) and the tetrahedral H is at
+(1,1,1), continuously dissolves H at room temperature
into random occupancy of the octahedral o sites at
+ (1,1,1). For (essentially all) x = 2.15, the octahedral
H (H,) apparently forms a superlattice below a transi-
tion temperature around 250 K.'4?* Although the
structure of this superlattice has not been determined for
any value of x, the structures of CeD,>s and CeD; s have
been established in the closely similar Ce-D sys-
tem.'*!>!% The indirect evidence for the existence of a
superlattice in the La-H system is thus considerable. '*-2°
In the range 2.60 < x < 2.86, a slight tetragonal distor-
tion of the metal sublattice occurs in LaH, at tempera-
tures similar to that of the H, superlattice forma-
tion. 236:14-17.20 11y [ .aH; g0, there is no detectable distor-
tion, but a very broad anomalous minimum in the cubic
lattice constant at T~250 K has been reported.'® For
2.80 < x < 2.90, the temperature coefficient of the resis-
tivity a, albeit small, is positive below these transitions.
Above the transition, a is negative:.7 The behavior of
CeH,, 2.70<x=<2.78, is qualitatively similar.>>"#
This behavior is contrary to the “normal” metal-non-
metal transition, which leads from a high-T metallic
phase to a low-T nonmetallic one. Thus, the nature of
both the high-T state, whether gapless or not, and the
low-T one, whether conducting as a normal metal or
dominated by a defect band, has remained unanswered.
This Letter suggests that the low-T state is indeed dom-
inated by a defect band, probably due to electrons associ-
ated with the vacant o (V) sites of the H, superlattice.
It proposes that as T rises to the tetragonal-to-fcc
and H,-superlattice-to-disordered-lattice-gas transi-

tions, these states become localized, and p consequently
rises as their mobility is quenched. At higher T, p de-
creases in a manner consistent with a variable-range-
hopping (VRH) mechanism. !> This localization transi-
tion is accompanied by dramatic peaks of p, which are
extremely sharp when x = 2.86. Small peaks in p are
also observed in La;—,Sr,Cuj —,Li,O4-5, which also ex-
hibits VRH,?} but the magnitude of the peaks observed
in LaH, are, to the best of the authors’ knowledge, un-
equaled in any other system.

The resistivity of coarse powder LaH, samples was
determined from indirect Q-factor measurements recent-
ly described in detail.” Because of various unknown geo-
metrical factors, the absolute value of p could only be
roughly estimated, with an uncertainty of a factor of 2 or
3. These geometric factors are, however, (almost) tem-
perature independent, so the dependence of p on T can
be determined with much greater accuracy. Since the
samples were sealed in small evacuated quartz tubes,
pressure buildup at high temperature limited hydride
dissociation. Well established pressure-composition dia-
grams of LaH, (Ref. 24) indicate that the decrease in x
was less than ~0.001 below 700 K.

Figure 1 shows the behavior of the normalized resis-
tivity, pa(T)=p(T)/p(295 K), vs 10°/T, for x =2.80,
2.81, 2.84, 2.86, 2.88, and 2.90. The approximate values
of p(295 K) and p(150 K) are listed in Table I. As
clearly seen in Fig. 1, for all x, p,(T) peaks at some 220
K=<T =260 K. As x increases, the peak becomes more
pronounced, and is extremely sharp for x = 2.86. The
approximate values of p(295 K) rapidly increase with x,
from ~0.002 @ cm in x =2.80 to ~0.1 Qcm in x =2.90
(see Table I). For all x, a >0 below 200 K, but small.
p(150 K) also generally increases with x, but does not
significantly exceed ~5000 uQcm. At temperatures
above the peak, a is negative, and the overall slope of
Inp,(T) vs 1/T increases with increasing x. In the nor-
mal metal-nonmetal transition, the high-7 phase is me-
tallic, with @ >0, and the low-T phase is nonmetallic,
with @ < 0. Since the sign of « is reversed relative to the
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FIG. 1. (a) Normalized resistivity p,(T)=p(T)/p(295 K)
of LaH,, x =2.80, 2.81, 2.84, 2.86, 2.88, and 2.90, vs 1000/T.
Although the high-T branch appears to be thermally activated
(see Table I), gapless behavior is suggested. Note that by
definition, p,(295 K)=1, which determines the numerical
values on the ordinate. (b) p,(T)/NT vs T ~'* of the high-T
branch of Fig. 1(a). Equation (2) (see text) shows that the
straight lines are consistent with variable-range hopping. The
resulting values of pg, and T are summarized in Table 1.

normal transition, there is a peak in p(T) instead of the
usual discontinuity. Although similar peaks are observed
in La,—,Sr,Cu;—,Li,O4—572 they are much weaker in
that system. As mentioned above, the peaks shown in
Fig. 1 are, to the best of the authors’ knowledge, the
most striking of their kind.

Stoichiometric LaH; and CeHj; are apparently nar-
row-gap semiconductors.?’ The anomalous behavior of
p(T) described above might then be construed as result-

ing from a transition from a high-temperature semicon-
ducting phase to a low-temperature metallic phase. The
values of the activation energy E, and prefactor pg, re-
sulting from fitting the high-7" measurements by an as-
sumed thermally activated conductivity,

p(T) =po exp(E,/kT) , 1)

approximately valid for a semiconductor of gap E;
=2F,, > are listed in Table [. As clearly seen, E, rises
strongly with x. Yet the Meyer-Neldel relation between
po1 and E,, so often observed in a wide variety of trans-
port phenomena in disordered systems, 62 is apparently
absent from this system. In addition, to the best of the
authors’ knowledge, a transition from a high-7" semicon-
ducting state to a low-7 metallic one would be unpre-
cedented.

An alternative picture accounting for the low-7 behav-
ior involves the one invoked to explain the n-type con-
ductivity in this and the substoichiometric CeH, sys-
tems, '3 in which the low-7 conductivity is dominated by
donorlike electron states which peak about the ¥, sites.'?
Since the H, and ¥V, sublattices are ordered as superlat-
tices at low 7,'420 at low x where the V,-V, distance is
small, these states may overlap to yield a donor band
around Er. The structure of these superlattices, while
not definitely established for any x, is probably similar to
those of the Ce-D system.'“'>!® For some values of x
they may also be related to the vacancy-interstitial com-
plexes identified in some pure or aliovalently doped su-
perionic fluorites. ?

The absence of an electron spin resonance (ESR) that
can be associated with these donor states is also con-
sistent with the foregoing alternative picture of a low-
temperature (partially) delocalized defect band around
EF.3° In addition, we note that when the error associted
with the values of p(150 K) (see Table I) is taken into
account, these values do not exceed the Ioffe-Regel lim-
it3' of ~3500 uQ cm for a=3 A, again consistent with a
defect band at Ef.

TABLE [. The resistivity at room temperature p(295 K), at 150 K p(150 K), the activation
energy E, and prefactor po; [assuming a thermally activated conductivity; see Eq. (1)], charac-
teristic temperature To, prefactor po», and correlation coefficient r resulting from fitting the
high-T data by the variable-range-hopping transport, Eq. (2).

x in p(295 K) p(150 K) E, pot To P02

LaH, (acm)? (uqcm)? (meV) (ucm) (10° K) (uQcm) r
2.80 0.002 350 18 860 1.38 360 0.987
2.81 0.011 1650 30 3520 3.87 970 0.981
2.84 0.014 980 49 1905 21.8 110 0.997
2.86 0.065 3300 90 2050 135 6.4 0.995
2.88 0.06 7800 90 1675 116 9.1 0.996
2.90 0.1 2500 140 370 497 0.05 0.997

4Because of unknown geometrical factors, the true value of p may be different from the listed value by a
factor of 2 or 3. Since these factors are (essentially) temperature independent, p,(T)=p(T)/p(295 K) is

determined with much greater accuracy.

564



VOLUME 64, NUMBER 5

PHYSICAL REVIEW LETTERS

29 JANUARY 1990

At ~250 K, when the H hopping rate exceeds ~7
x107 sec ~!,* the (mutually complementary) H, and V,
superlattices collapse. At temperatures above this
order-disorder transition, the H atoms and vacancies
randomly occupy the o sites. It is thus expected that the
electron states previously associated with the defect band
at Er should now become localized.*>* Their localiza-
tion would then quench their mobility, and cause a sharp
rise in p. Since the vacancies are randomly distributed
among the o sites, the conductivity should follow VRH
behavior. Thus, the high-T resistivity should depend on
T in the following manner:?'~%3

p(T) =po(T/ To) expl(To/T) 4] . )

Figure 1(b) displays the values of logiolp,(T)/T"?] vs
1/T"*. Although the data agree excellently with Eq. (2)
they exist only over a relatively narrow range in /T,
The suggestion that the electronic transport at high tem-
peratures is governed by VRH is therefore frankly a
speculation, albeit an expected and reasonable one. The
parameters T and pg, resulting from fitting the data by
Eq. (2), as well as the quality of the agreement manifest
in the correlation coefficient r, are listed in Table 1.

The values of p(295 K) and T (see Table I) are simi-
lar to those of the hole-type VRH in La;—,Sr,-Cu; —,-
LiyO4-52> We thus tentatively assume that T is relat-
ed to N(Er) and the localization length & through the
following relation: 223

kTo=16IN(EF)E3] 1. (3)

Since 'La Knight shift and proton Korringa spin-
lattice relaxation rates are consistent with essentially
free-electron-like behavior of N(Er) up to x =2.80,%*3
we initially estimate N(Eg)(x=2.80) assuming 0.2 free
electron per La atom. N(Ef) in a degenerate Fermi gas
is given by 3¢

N(EF) =ih”71(3n2n) z @)

where in this case n is the density of electrons associated
with the vacancies. The fcc lattice constant ao(x =2.80)
=5.61 A (Ref. 19) then yields

N(Ep)(x=2.80)=6.7x10%' cm "%eV 7!. 5)

To=1.4x10° K (see Table I) then yields £=5.8 A. Yet
this is precisely the V,-V, distance dy at x =2.80. Since
dy increases to ~8.6 A at x=2.90,'>37 a constant value
of £=58 A would result in striking effects on the x
dependence of p.

If £ indeed remains essentially unchanged for 2.80
=< x < 2.90, then the values of T (Table I) and Eq. (3)
yield an N(Efr) which decreases to 1.9x10' cm eV ™!
at x=2.90. The total number of electrons, however,
only decreases from 0.2 to ~0.1 per La atom over this
range. This suggests that as x increases, the V,-induced
band shifts downward from Er. Indeed, Q-factor mea-

surements on LaH»g3 indicate that this composition is
semiconducting, with a gap E;==0.48 eV, although a
“remnant” kink is observable at the (apparent) localiza-
tion transition at 237 K.7 Yet as N(Ef) presumably de-
creases by a factor of 350 from x=2.80 to 2.90, the
change in p(150 K), from ~400 gQcm in LaH;go to
~3000 uQ@cm in LaH, g0 (see Table 1), is only eight-
fold. It thus appears that N(Ef) cannot decrease by a
factor of 350 over this range, and that & must also
change as x changes. If £ decreases by a factor of ~3.5
and N(Er) by a factor of 8 only, then the behavior of
p(150 K) and To remain mutually consistent. This
~3.5-fold decrease in & is actually expected from the re-
lation

E=E/1—GB—x)/3—x)], 6)

where x. =2.77 is the critical content for the onset of the
localization transition. This relation is expected if LaH,
(2.80 < x =< 2.90) is regarded as a “heavily n-doped” de-
generate semiconductor. >

The sharp rise in p towards a peak value may now be
understood to result from the localization transition in-
duced by the order-disorder transition of the H,. This
transition quenches the mobility of the electrons associ-
ated with the ¥V, sites. Thus, the only part of p that
remains unaccounted for is the sharp drop at tempera-
tures immediately above the peak, which is particularly
dramatic in x = 2.86. At present we can only speculate
about the nature of this behavior: The total hopping rate
of the V, electrons is the sum of two contributions, that
of VRH in a quasistatic “frozen” H, configuration, and
that mediated by the hopping of the H,. Since the range
of the latter hopping process is not variable, its T depen-
dence should not be that of VRH. Rather, it should
equal that of the H, hopping rate vy, about 7x10’
sec ! at 250 K,***3 multiplied by the inverse ratio of
their concentrations. Their contribution should therefore
be, and indeed is, comparable to that of fast ion conduc-
tors. 2%

In summary, the Q-factor resistivity measurements on
the substoichiometric lanthanum trihydride system
LaH,, 2.80<x =<2.90, were described and discussed.
The resistivity exhibits weakly metalliclike behavior
below 200 K apparently due to a donorlike defect band
associated with the superlattice of vacancies of the octa-
hedral sites. This defect band is believed to undergo a
localization transition at ~250 K, when the superlattice
is disrupted by a sufficiently rapid H motion. The transi-
tion quenches the mobility of these electrons, resulting in
an extremely sharp peak in the resistivity p in x = 2.86.
It is speculated that at temperatures immediately above
this peak, the motion of these electrons is governed by
the octahedral H motion. At higher temperatures, the
behavior of p is consistent with variable-range hopping.
The comparison between the characteristic temperature
Ty and the low-temperature values of p suggests that the

565



VOLUME 64, NUMBER 5

PHYSICAL REVIEW LETTERS

29 JANUARY 1990

localization length £ decreases by a factor of ~3.5 and
N(Efr) by a factor of ~8 as x increases from 2.80 to
2.90.

J.S. thanks Dr. C. M. Soukoulis for valuable discus-
sions. Ames Laboratory is operated by the lowa State
University for the U.S. Department of Energy under
Contract No. W-7405-Eng-82.

IR. C. Heckman, J. Chem. Phys. 40, 2958 (1964); 46, 2158
(1967).

2G. G. Libowitz, Ber. Bunsenges. Phys. Chem. 76, 837
(1972).

3G. G. Libowitz, J. G. Pack, and W. P. Binnie, Phys. Rev. B
6, 4540 (1972).

4R. G. Barnes, B. J. Beaudry, R. B. Creel, and D. R. Tor-
geson, Solid State Commun. 36, 105 (1980); F. Borsa, R. G.
Barnes, B. J. Beaudry, and D. R. Torgeson, Phys. Rev. B 26,
1471 (1982).

5D. J. Peterman, J. H. Weaver, and D. T. Peterson, Phys.
Rev. B 23, 3903 (1981).

ST. Ito, B. J. Beaudry, and K. A. Gschneidner, J. Less-
Common Met. 88, 425 (1982).

7). Shinar, B. Dehner, B. J. Beaudry, and D. T. Peterson,
Phys. Rev. B 37, 2066 (1988).

8). Shinar, B. Dehner, and B. J. Beaudry, Z. Phys. Chem.
(to be published).

9J. P. Burger, J. N. Daou, and P. Vajda, Philos. Mag. B 58,
349 (1988).

ION. I. Kulikov and V. V. Tugushev, J. Less-Common Met.
74, 227 (1980).

'"M. Gupta and J. P. Burger, Phys. Rev. B 22, 6074 (1980).

12A. Fujimori and N. Tsuda, J. Phys. C 14, 1427 (1981).

13D. K. Misemer and B. N. Harmon, Phys. Rev. B 26, 5634
(1982).

14A. K. Cheetham and B. E. F. Fender, J. Phys. C 5, L35
(1972).

I3C. G. Titcomb, A. K. Cheetham, and B. E. F. Fender, J.
Phys. C 7, 2409 (1974).

16J.-J. Didisheim, K. Yvon, P. Fischer, W. Halg, and L.
Schlapbach, Phys. Lett. 78A, 111 (1980).

"D. G. De Groot, R. G. Barnes, B. J. Beaudry, and D. R.
Torgeson, J. Less-Common Met. 73, 233 (1980).

181, O. Bashkin, E. G. Ponyatovskii, and M. E. Kost, Phys.
Status Solidi (b) 91, 401 (1979); 1. O. Bashkin, M. E. Kost,
and E. G. Ponyatovskii, Phys. Status Solidi (a) 83, 461 (1984).

19V. K. Fedotov, V. G. Fedotov, M. E. Kost, and E. G. Po-
nyatovskii, Fiz. Tverd. Tela (Leningrad) 24, 2201 (1982) [Sov.

566

Phys. Solid State 24, 1252 (1982)].

20p, Klavins, R. N. Shelton, R. G. Barnes, and B. J. Beaudry,
Phys. Rev. B 29, 5349 (1984).

2IN. F. Mott and E. A. Davis, Electronic Processes in Non-
Crystalline Materials (Clarendon, Oxford, England, 1979),
2nd ed.

22y Ambegaokar, B. I. Halperin, and J. S. Langer, Phys.
Rev. B 4, 2612 (1971).

23M. A. Kastner, R. J. Birgeneau, C. Y. Chen, Y. M. Chiang,
D. R. Gabbe, H. P. Jenssen, T. Junk, C. J. Peters, P. J. Picone,
T. Thio, T. R. Thurston, and H. L. Tuller, Phys. Rev. B 37,
111 (1988); E. J. Osquiguil, L. Civale, R. Decca, and F. de la
Cruz, ibid. 38, 2840 (1988); B. Ellman, H. M. Jaeger, D. P.
Katz, T. F. Rosenbaum, A. S. Cooper, and G. P. Espinosa,
ibid. 39,9012 (1989).

X Metal Hydrides, edited by W. M. Mueller, J. P. Black-
ledge, and G. G. Libowitz (Academic, New York, 1968).

235, P. McKelvey, Solid State and Semiconductor Physics
(Kreiger, Malabar, FL, 1982), p. 279. The accurate relation
also contains a 7 ~*? dependence in the prefactor which, how-
ever, is often compensated by an opposite dependence of the
momentum lifetime zon 7.

26J, Shinar, D. Davidov, and D. Shaltiel, Phys. Rev. B 30,
6331 (1984).

21J. C. Dyre, J. Phys. C 19, 5655 (1986).

28W. B. Jackson, Phys. Rev. B 38, 3595 (1988).

Crystals with the Fluorite Structure, edited by W. Hayes
(Clarendon, Oxford, 1974); Physics of Superionic Conductors,
edited by M. B. Salomon (Springer-Verlag, Berlin, 1979); Fast
Ion Transport in Solids, edited by P. Vashishta, J. N. Mundy,
and G. K. Shenoy (Elsevier, New York, 1979).

30C. T. Chang, R. G. Barnes, and D. R. Torgeson (unpub-
lished).

31A.F. Ioffe and A. R. Regel, Prog. Semicond. 4, 237 (1960);
N. F. Mott, Philos. Mag. 19, 835 (1969); E. N. Economou, C.
M. Soukoulis, and A. R. Zdetsis, Phys. Rev. B 31, 6483
(1985).

32p. W. Anderson, Phys. Rev. 109, 1492 (1958).

33p. A. Lee and T. V. Ramakrishnan, Rev. Mod. Phys. 57,
287 (1985).

34D, S. Schreiber and R. M. Cotts, Phys. Rev. 131, 1118
(1963).

35C. T. Chang, Ph.D. thesis, lowa State University, 1988 (un-
published).

36N. W. Ashcroft and N. D. Mermin, Solid State Physics
(Saunders College, Philadelphia, PA, 1976).

37J. Shinar and R. G. Barnes (unpublished).

3W. N. Shafarman and T. G. Castner, Phys. Rev. B 33,
3570 (1989).

393, Shinar and V. Jaccarino, Phys. Rev. B 27, 4034 (1983).



