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Logarithmic Divergence of the Electrical Resistivity in the Metal Hydride YH3—5
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As reported earlier, the metal hydride YHeveals spectacular switchable optical properties. In
this Letter we report on another remarkable property of the hydrogen deficientsYtdhydride
phase. A logarithmic temperature dependence of the electrical resistivity is observed within a large
temperature rang€0 = T = 200 K) for hydrogen deficiencief.01 < § < 0.15. This dependence
may be related to two dimensional weak localization or Kondo scattering of the conduction electrons.
[S0031-9007(97)04448-7]

PACS numbers: 72.15.Qm, 72.80.-r, 73.20.Fz

The recent discovery of a metal-insulator transition in Yttrium films with a thicknesg of 500 nm are prepared
yttrium-, lanthanum-, and other rare earth (RE) hydrideat room temperature by electron beam evaporation under
materials [1] with spectacular changes in their optical prophigh vacuum conditionsl()~® Pa). The films are covered
erties (YH is shiny and metallic, while Yklis transparent in situ with a 5 nm thick protective palladium layer and
and semiconducting) has revived the interest of theoristsubsequently loaded with hydrogen at room temperature.
[2,3]. Until 1993 it was believed on the basis of early The characteristics of these films have been presented in
band structure calculations by Switendick [4] that¥idas  detail in [9]. Measurements of the resistivity (four probe,
a semiconductor with a gap, ~ 1.5 eV. More recent dc) and the Hall effect (ac) are carried out in a cryomag-
state-of-the-art self-consistent band structure calculationsetic system between 4 ar8®0 K and in fields up to
[5,6] failed, however, to reproduce a gap. 7 T. Sample dimensions are of the orden6fx 1 mn?.

Two alternative models have very recently been put forThe Hall voltages are measured with a vector lock-in
ward for the YH trihydride phase. Kellet al. [2] find a  analyzer operating at a frequencys@fHz. Inthe metallic
complicated hexagonal structure with a lower energy thaphase the measuring currents are typicalinA, while for
the previously assumed HgDstructure and a direct en- the insulating trihydride samples the currents are reduced
ergy gap of0.8 eV. Since these calculations are based ordown to thel0 wA range.
the local density approximation which typically underesti- Figure 1 shows the resistivity as a function of tem-
matesE, by aboutl eV, the results of Kellyet al. can be  perature of a YH.; film for four different hydrogen
considered as being consistent with our experimental find-
ings (E, = 1.8 eV) [1,7]. Nget al.[3] propose a model

analogous to the Zhang-Rice singlet [8] for hijh-su- 40—

perconductors: Yklis a Kondo-type insulator because of 15 I i

electron correlation effects. The hydrogen deficient trihy- I

dride YH;_; is expected to remain insulating as long as 30 -

6 = 8. = 0.2 because the removal of a neutral hydrogen -

induces the presence of a localized electron with an effec- TE: 25 I T

tive Bohr radius comparable to the lattice spacing. ?‘é 20 ]
In order to shed some additional light on the electronic = s

structure of YH_s we investigated the temperature depen- 15 .

dence of the electrical resistivity, the Hall coefficient, and I 1

. . . 10 .

the magnetoresistance as a function of the (octahedral site) I §0.15

vacancy concentratiod. These detailed transport mea- sl 4

surements could be carried out for the first time because our .

YH;_5 films, in contrast with bulk YH_s, remain struc- 0050100 150 200 250 300 350

turally intact even after many hydrogen absorption and de- T (K)

sorption cycles [9]. The transport measurements reveal a o
remarkable Iif’ dependence of the resistivity fér< 0.15  FIG. 1. Temperature dependence of the resistivityin a

. . o . 500 nm thick YH;_s film for four different values of the
in YH3_5. We have identified two possible sources of thep, yrogen deficiencys. Four temperature regimes labeled | to

In7T dependence: two-dimensional (2D) localization andy can be distinguished (see text). The hysteresis in regime II
Kondo scattering. is due to the order-disorder transition.
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concentrations, i.e.§ = 0.15, 0.125, 0.113, and 0.102. T (K)
Our experimental results indicate that the resistivity in- 4020.1 331 546 90.0 1484 2447

creases with decreasing hydrogen deficiency according to
p « 871, The top three curves exhibit the same general
temperature dependence with a high-temperature regime
(I) above300 K which is characterized by thermally ac-
tivated transport and is followed upon cooling by an
order-disorder transition (II) of the hydrogen vacancies
(the hysteresis is due to this transition). At lower tem-
peratures, in the ordered phase, a regime (Ill) emerges
with a limited, negativelp /dT which becomes more pro-
nounced when increasing the hydrogen content. Finally, 10+
below 20 K a regime (1V) is found where the resistivity - 5~0.15
tends to diverge exponentially with decreasing tempera- 5t 1
ture, typical for an insulator. 15 3

We will focus on regime Il where only a limited in- | ]
crease of the resistivity is observed upon cooling. We note - b) -
that for the experimental data in Fig. 1 wigh<< 0.15 the [ v 1
optical gap of about=1.8 eV is clearly present and &= 1'0_' vy ] 2
6. = 0.2 thermally activated hopping transport should be
observed [3]. However, we find that it is not possible L ]
to describe the experimental data of regime Ill in terms 0.5F 5~0.01 v d1
of the expectedp « exd(To/T)”] temperature depen- [ v
dence withy = 1/4, 1/3, or 1/2. Surprisingly, we find I
[see Fig. 2(a)] that foR0 K < T < 200 K the sample 0.0 RSP E—— PR B
resistivity depends linearly on If for different hydrogen 30 35 40 45 50 55
deficienciess < 0.15. Figure 2(b) shows that this behav- InT (K)

lor is also obtained fop versus IT" with 6 = 0.01. For FIG. 2. Logarithmic temperature dependence of the electrical

this small3 the plot Of.‘T VErsus Iri_T is clearly Cl_"r\_/e_d' resistivity p and the resistance per squ&€ which is observed
Fr_om a more detailed analysis of the reS'St'V'ty_dat"ﬂin the YH;_; films in regime Il (see Fig. 1). In (a) the increase

we find that the temperature dependence of the resistaneéthe logarithmic slope with decreasing hydrogen deficieficy

per SquareRD = p/d obeys for0.01 = § = 0.15 the s illustrated. As shown in (b), the logarithmic temperature
empirical relations dependence clearly persists for a high resistivity film with an
JRD hydrogen deficiency as small as 0.01.

dinT . . .
will be strongly affected by spin scattering processes
and and disorder enhanced electron-electron interaction effects,
0 788 the observed behavior in Fig. 2 is not inconsistent with
R=(20 K) = Ky (032 = 2.19). (2) 2D weak electron localization. Anyway, the functional
dependenc&™ = GU(T, §) is predicted correctly by the
modeling of the YH_; structure in terms of 2D disordered
metal layers [Eq. (3)].
The idea of stratification is reasonable since superstruc-
re formation has been observed in neutron diffraction
easurements in superstoichiometric dihydrides REH
ith z close to 0.25 (e.g., Cels, ThDs 245, LabDsos) [12]
and predicted theoretically for YH, by Sunet al. [13].
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Equations (1) and (2) imply that for our films-1/
[RP(20 K)]* X dR®/dInT = dG"/dInT = §/788,
with G¥ = 1/R" the conductance per square. This em-
pirical dependence suggests an interpretation in terms ?lfJ
2D weak electron localization [10]. We will argue below
that it is reasonable to assume that our films are stratifiegv]
into N = (d/c)é conducting YH-like layers separated

by ”?S“I'Eﬁ'.“g YH-like 'aygrs r(]W'th ¢ compar able to the o over, Ratishvili and Vajda [14] predict a certain simi-
o o asne. i o o oo ity between superstochiomerc iydrdes REand

) ) ; . substoichiometric trihydrides REHs. This prediction
e*/(2*R)]InT implying that [11] which was derived for rare earth hydrides with the same
dGU e [d s crystal structure for REH., and REH_; seems to apply
anT m( >5 ~ 5 (3)  also for YH, since the temperature dependence of the re-

sistivity of YH, 75 (see Fig. 1) is qualitatively similar to

forc = 0.666 nmandd = 500 nm. Asusuale isthe ele- that of YH, o measured by Daoet al. (see Fig. 3 in [15]).
mentary charge anl = h/27 with & Planck’s constant. The Hall coefficieniRy shown in Fig. 3 for four YH_s

As the exact value of the logarithmic slope in Eg. (3)samples withé < 0.15 also exhibits different regimes.
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o— T T T T theoretical prediction for 2D localization with weak spin-
» 1 orbit scattering wheB <« ﬁ/4eL§p, where the phase co-
-1f —46.24 herence lengthL, is limited by inelastic scattering as
» 5~0.150 - ngl as by spin-flip scatteri_ng at local magnetic moments.
B P R AR DS Since the quadratic behavior, i.p(B)/p(0) « —B? is
observed up tG@ T, the interpretation in terms of 2D weak
localization implies that., becomes smaller thafhnm.
This rather small value foL, is not surprising in view
of the low carrier concentration and the many structural
defects which are expected to be present in the sample.
In the substoichiometric trihydride phase the film is
predominantlyc-axis oriented [9]. As we measure es-
sentially the same magnetoresistanceBagither perpen-
. 104 dicular or parallel to the film plane, we have to assume
5=0.089 1 that the superstructure in our samples consists of conduct-
TRl 1089 ing sheets under an angle with theb plane similar to
0 50 100 150 200 250 300 the (4,0,2) superstructure in superstoichiometric (fcc) di-
T (K) hydrides REH,,. We conclude that 2D localization of-
fers an interesting and plausible framework to interpret
len% g% tggrré%?:g;%rgmﬂﬁgeg(ljeecr;rcgn oéetnh;tij”_?c/)?;i‘gt our data, a!though it is experimentally found tlmtather
in a YH,_, films for four different values of the hydrogen than o varies as I for 20 <7 < 200 K. It is also
deficiency 8. The hysteresis nea®5 K is due to the order- important to note that belo®0 K an important positive
disorder transition (see regime Il in Fig. 1). Belo® K magnetoresistance is observed, which is probably related
(corresponding to regime IV in Fig. 1) the carrier density startsyg the onset of a strong charge carrier localization at lower
to decrease. temperatures.
The logarithmic temperature dependence of the resistiv-
The sharp decrease bel@w K is consistent with a freeze- ity in our YHs3_; films may also be related to Kondo scat-
out of the charge carriers into localized states. In thdering at local magnetic moments [16]. Since &ial. [3]
regime whereR"” « InT we find thatRy is indepen- find that YH_; is a Kondo insulator, magnetic moments
dent of temperature. Our experiments therefore rule ounay be introduced by the H vacancies. The introduction
the presence of predominant electron-electron interactioaf local magnetic moments by doping of a Kondo insu-
effects above20 K, since these effects would lead to lator has very recently been demonstrated experimentally
dRy/dInT =2 dR"/dInT [11]. for FeSi[17]. The observed negative quadratic (isotropic)
The weak negative magnetoresistance varies approxinagnetoresistance is also consistent with the presence of a
mately quadratically with applied field as shown in Fig. 4 Kondo effect.
for an YH;_; film with § = 0.01. This agrees with the Similar to the interpretation in terms of 2D weak lo-
calization, the interpretation in terms of Kondo scattering
requires the presence of a metallic density of stagfes).

2.08

1.56

Ry 107m%/C)
i
(und/¢,01) *u

1.25

L B e For temperatures above the Kondo temperature, the Kondo
0.0 effect induces an extra resistivity due to the spin scatter-
[ ing which depends logarithmically on temperature. Forthe
0.2 ! . :
— ! free electron density, this results in a temptfr?ture depen-
2 4p dencedp(T)/dInT = Ni/g(Ep)/n, < Ni/nd" with N;
S 06 the number of local magnetic moments. Within this line
S osf of reasoning Egs. (1) and (2) imply then that
-1.0 dp Ni 1 2
-12 1 I 1 I I dInT " n§/3 " 6 (032 215) ’ (4)

Our interpretation in terms of a Kondo effect therefore re-
quires that, when approaching the pure;Yphase, the ra-
FIG. 4. Magnetic field dependence of the magnetoresistancto between the number of local magnetic moments and the

for an YH, 4 film [see Fig. 2(b)] at the indicated temperatures. density of free electrons rapidly increases with decreasing

Above 100 K the magnetoresistance vanishes within experi-5 - at'this point we note that theory as well as experi-
mental errors. The magnetic field is applied perpendicular tg ¢ d d . duct istent with th
the current and the plane of the film. Essentially the same re'€NtS 0N doped semiconductors are consistent with the ap-

sults are obtained for a field perpendicular to the current bupearance of local magnetic moments when approaching the
parallel to the plane of the film. metal-insulator transition, i.e., when reducing the doping
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directly to 6, we cannot exclude that other structural de-Zirich). This work is part of the research program of

fects or impurities may contribute to boih andn;. the Stichting voor Fundamenteel Onderzoek der Materie
Equations (1) and (2) imply that a negative temperaturdFOM) which is supported financially by NWO.

coefficient ¢p/dT < 0) appears whed < 0.15. Sur-

prisingly, a pronounced 3D metal-insulator transition is

not observed for temperatures ab@@eK even when de-

creasingé down to 0.01. Instead a rather weak logarith-
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