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We report nuclear magnetic resonance (NMR) measurements of the proton ('H) spin-lattice relax-
ation rate (R,) in the hexagonal-close-packed (hcp) solid solution () phase of the Sc-H system over
the temperature range 10-300 K in which hydrogen pairs are known to form. At low temperatures
(10-120 K), fast localized motion of hydrogen between closely spaced tetrahedral interstitial sites in
the lattice gives rise to a peak in the relaxation rate. Both the temperature and frequency depen-
dences of the relaxation rate peak exhibit characteristics typical of amorphous and disordered sys-
tems, suggesting the formation of hydrogen pairs with little long-range order results effectively in a
“proton glass” within the metal lattice. The measurements reveal an electronic structure transition
near 170 K where the unpaired electron spin density at the proton sites decreases with increasing

temperature.

I. INTRODUCTION

The unusual ability of the rare-earth metals Sc, Y, Lu,.

etc., to retain substantial concentrations of hydrogen (as
much as 30%) in solid solution to very low temperatures
without precipitating an ordered hydride phase has lately
been the object of considerable investigative effort. Neu-
tron diffraction measurements! on a-ScDy 3; have shown
hydrogen occupies only the tetrahedral interstitial sites in
the hcp Sc lattice. As shown in Figs. 1(a) and 1(b), the
tetrahedral sites occur in close pairs ( 4 and B; C and D)
along the c¢ axis. Neutron diffraction has also shown in
the similar Lu-H and Y-H solid solution phases®* hydro-
gen tends to order in pairs of tetrahedral sites oriented
along the c axis of the hcp lattice and separated by an in-
tervening metal atom [B and C in Figs. 1(a) and 1(b)].
The concentration of such pairs increases with decreasing
temperature.> Moreover, according to the model pro-
posed’ to explain the most recent neutron scattering data
for Y-H solid solutions, pairs tend to congregate along c-
axis chains, and near 170 K arrange themselves along the
¢ axis of a chain with a regular spacing. This latter de-
gree of ordering is thought to be related to an electronic
structure change. The pairing phenomenon was first pro-
posed* as the cause of the resistivity anomaly found in all
of these systems at temperatures in the vicinity of 170 K.
A recent neutron spectroscopic study’ has revealed the
hydrogen-bonding potential in a-YH, is both strongly
anisotropic and anharmonic along the c¢ axis of the lat-
tice.

In a previous NMR study,® evidence for the originally
proposed* “close pairing” of hydrogens in adjacent

39

tetrahedral sites [separation ~1.35 A, shown by 4 and B
(and also C and D) in Figs. 1(a) and 1(b)] was sought in
the a-YH, system. Pairs of protons so closely spaced
would yield a characteristic “Pake doublet” NMR spec-
trum readily distinguishable in a-YH, because of the
negligible line broadening due to the neighboring metal
nuclei (the nuclear moment of ¥Y equals about 0.05 of
the proton). No indication whatever of such doublet
structure was found, consistent with the more recent neu-
tron results>® described above in ,which the paired
proton-proton spacing is about 5.0 A. In the work re-
ported here, we have utilized the dynamic, rather than
static, response of the proton spins and have concentrat-
ed on the a-ScH, system in which the substantial 43¢
magnetic moment makes the dominant contribution to
the motionally induced spin-lattice relaxation of the pro-
tons.

II. EXPERIMENT

The solid-solution (a) phase ScH, samples were
prepared from high- purity Ames Laboratory (Materials
Preparation Center) scandium metal having a total rare-
earth impurity content of <5 parts per million (ppm) and
and iron content of 13 ppm determined by mass-
spectrographic analysis. Preparation involved reacting
the bulk metal with hydrogen gas to obtain the dihydride
ScH, which was then crushed (in an inert atmosphere) to
fine powder suitable for the NMR measurements.
Sufficient hydrogen was then extracted under vacuum at
high temperature to bring the composition into the
solid-solution range, the final composition being deter-
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mined by high-temperature vacuum extraction. Samples
were sealed in quartz tubes under low inert gas pressure
for the NMR.

Measurements of the proton spin-lattice relaxation rate
(R ;) were made at resonance frequencies of 24, 40, 62 or
65, and 90 MHz (0.564, 0.939, 1.46, 1.53, and 2.11 T, re-
spectively). The phase-coherent pulsed NMR spectrome-
ter and associated instrumentation have been described
elsewhere.” These measurements were made using a satu-
ration comb of four or five 90° pulses followed 7 seconds
later by another 90° pulse which sampled the recovered
magnetization, observing the free-induction decay (FID)
signal (i.e., 90°-comb-7-90°-FID). The magnetization
recovery signals were exponential at all temperatures, res-
onance frequencies, and hydrogen concentrations.

The low-temperature measurements were made in a
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FIG. 1. (a) Hexagonal close-packed metal lattice (solid cir-
cles) showing the location of the tetrahedral interstitial sites
(solid triangles). Sites 4 and B (and also C and D) form a close
pair separated by ~0.25¢. (b) Cross section in the cb plane of
the hcp lattice showing the location of both tetrahedral (solid
triangles) and octahedral (open circles) sites. As in (a), sites A4
and B form a close pair.
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continuous-flow helium cryostat incorporating a home-
built metal Dewar probe with a “Helitran LTD-3-110”
transfer tube, cold finger, and control unit. The metal
Dewar was used in order to avoid unwanted proton reso-
nance signals from hydrogen in the original Helitran
Pyrex Dewar. In the home-built probe the NMR coil is
located within the Dewar chamber and contains only the
sample tube so the filling factor is significantly improved
in comparison to the commercial unit in which the coil
encloses the Dewar. The tuning circuit for the rf coil is
located outside the Dewar at room temperature. Coarse
temperature control is achieved by regulating the flow of
He gas leaving the Dewar. A chromel-(Au-+0.07at. %
Fe) thermocouple mounted on the Helitran cold-finger
controls a heater to provide a temperature stability of
+0.2 K. The sample temperature is monitored by a
second Chromel—(Au-Fe) thermocouple in contact with
the sample but removed during data-accumulation runs
to reduce electrical noise.

III. RESULTS

A. Overview

As examples of the observed temperature dependence
of R, we show in Fig. 2 the 'H measurements in a-
ScH,, ,; over the temperature range 10-280 K at 62 MHz
and over the temperature range 6-140 K at 24 MHz.
Two features are strikingly evident. First, a peak in R,
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FIG. 2. Temperature dependence of the proton R, in a-
ScHy,.,; measured at 24 and 62 MHz. The upper two solid lines
represent the Korringa product T/R,, for temperatures above
and below ~170 K for a-ScHy ,;. Also shown is R, vs T in a-
YH, ;s measured at 24 MHz.
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appears centered at ~60 K at 24 MHz and at ~80 K at
62 MHz. This peak is superimposed on the underlying
conduction-electron contribution (R;,) indicated by the
straight dashed lines representing the constancy of the
Korringa product, T,,T=T/R,,, expected to hold for
this contribution to the total rate R,.® A second feature
appears in the range 180-200 K. Since this feature is in-
dependent of frequency and also appears in YH, ;3 with
comparable magnitude (see below), it is not of motional
origin, and we interpret it as a decrease in T/R,. Mea-
surements on samples with x =0.057 and 0.11 reveal
similar behavior of R, over the same temperature range.

Figure 2 also shows the temperature dependence of the
proton R, in YH, ;4 at 24 MHz. The much weaker re-
laxation peak at ~30 K in this case reflects directly the
much weaker %Y-'H magnetic dipolar interaction in
comparison to the Sc-'H interaction. Indeed, the
8Y-'H interaction is so weak the majority of the peak is
due to the 'H-'H dipolar interaction. The change in
Korringa product is also evident, although at a somewhat
lower temperature.

We associate the change in Korringa product with a
change in the product of the d-band contribution to the
electronic density of states, Ny(Ep), and the hyperfine
field H&p arising from core polarization by the d elec-
trons of filled states derived from hydrogen 1s orbitals.’
The low-temperature peak in R, we associate with rapid
hydrogen motion within pairs of closely spaced
tetrahedral sites such as A4, B in Fig. 1, any more exten-
sive translational motion being essentially frozen out at
these temperatures. Indications that this inference is
~correct follow from plots of the “localized motion” R,
peak itself (R,;, =R, —R,), which display qualitatively
the expected dependence on the proton resonance (Zee-
man) frequency @y at low and high temperatures. This is
shown for the x =0.27 data at all four resonance frequen-
cies in the conventional form, log,R ; versus 1000/7, in
Fig. 3(a) and for the x =0.11 data in Fig. 3(b). (i) On the
high-temperature side of the maximum rate, R,; is in-
dependent of @y, whereas it is wy dependent on the low-
temperature side. (ii) The maximum rate Ry ., in-
creases with decreasing wy, as expected. (iii) The tem-
perature T, where the maximum rate R; ,,,x occurs
increases with increasing frequency. In addition, it is
seen the maximum rate is relatively insensitive to the hy-
drogen concentration.

An additional especially striking feature of the data is
the relative weakness of the maximum relaxation rate
R [ max- This is seen in Fig. 4 which shows the tempera-
ture dependence of R; from 6 to 640 K at 40 MHz for
the x =0.27 sample. Compared to the strength R, .«
where R, is defined by R,;; =R, —R,, for the tempera-
ture range T > 300 K, the relaxation peak occurs at high
temperatures ( ~500 K) due to the full three-dimensional
diffusive motion of the hydrogen measured in the same
samples,'® we have R/ 1.,~0.015R ;... Moreover,
R 14 max itself is only ~75% of the calculated full dipolar
interaction at the proton sites.!° The latter observation
shows unambiguously ~25% of the full dipolar interac-
tion has been averaged away by very fast localized hydro-
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gen motion and is no longer effective for relaxation at
high temperatures. On this basis alone, we would expect
R max=~0.33R 4 nax- The much weaker value of
R [ max Observed shows additional factors must contrib-
ute to reducing this value. Several candidates for this
role are (1) a distribution of hopping times associated
with different potential barriers at different hydrogen
sites, (2) localized motion between potential wells of un-
equal depth, and (3) the fraction of hydrogens responsible
for the relaxation.

B. Electronic structure change

As remarked above, the change in Korringa product
observed in the vicinity of 180 K (Fig. 2) reflects a change
in the product of Hp and N,(Ey). In general in transi-
tion metals and their hydrides, the s-band contribution to
the density of states N (E[) is negligible in comparison to
N,(Ep), even though the s electron hyperfine field H; is
usually greater than H¢p, the d-band contribution dom-
inates the electronic contribution to the spin-lattice relax-
ation. Furthermore, as discussed by Bowman et al.,’ in
transition-metal—hydrogen systems there is both experi-
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FIG. 4. Temperature dependence of the measured proton R,
over the entire range 6—625 K for x =0.27 at 40 MHz. The
dashed line shows the Korringa product 7',, T=123 s K.

mental and theoretical evidence the d-electron orbital
contribution is  unimportant. The  result is
(T,,T) V2« [HEN,(ER)]. Here, H&p < (|®p(0)]?)
with

| Dcp(0)2 3 ay,(0)a,(0),

where the a’s are the amplitudes of the ls and ns wave
functions at the origin. Thus, the change in Korringa
product observed may reflect changes in both the density
of states and the electronic wave functions themselves.
For the a-ScH, data shown in Fig. 2, typical for the
x =0.27 sample, the increase in 7,7 from 117+2 sK to
124+2 s K with increasing temperature at the transition
corresponds to a decrease of 3.0% +0.5% in the product
|®cp(0)|>N,(Eg). For the x =0.11 sample, the decrease
is 4.2%=*0.8%, and for the x=0.05 sample, it is
4.7% +1.0% where the greater uncertainties reflect the
poorer signal-to-noise ratio quality of the resonance in
the lower hydrogen concentration samples. Thus for all
compositions, the decrease in |®cp(0)|?N,(EL) at the
transition is about 4%. The results for a-YH, 3, shown
in Fig. 2, are closely similar, amounting to a decrease of
3.99%*0.5%. If the observed changes are predominantly
due to a change in charge density associated with a regu-
lar arrangement of proton pairs along the c axis, then the
percentages reflect electronic charge density changes at
occupied proton sites. Alternatively, the changesin 7', T
might result primarily from changes in N,(E;). Most
probably, both factors contribute to the observed changes
and are not readily separated. We do not have reliable
proton Knight shift (K) data and hence cannot utilize the
value of the Korringa constant K2T,,T to carry out a
more detailed analysis.

C. Low-temperature behavior

If the motion responsible for the spin-lattice relaxation
results from a single thermally activated process, it is well
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known!! the relaxation rates in the high- and low-

temperature limits are proportional to 7, and wg 7, !, re-
spectively, where 7, is the mean dwell time for the
motion. Hence, if 7,=71,exp(E /kgT), where E is the
activation energy, 7, the reciprocal of the attempt fre-
quency, and kp Boltzmann’s constant, then in a graph of
log,oR | versus the same (apart from a negative sign) and
equal to E /kg. This is clearly not the case in Fig. 3, the
slopes on the low-temperature sides of the peaks being
substantially weaker than on the high-temperature side.
Moreover, the low-temperature sides do not display a
constant slope in this graph (i.e., plotted against 1000/7),
but rather decrease with decreasing temperature. Also
evident in Fig. 3 is the fact the temperature T hax at
which Ry, ..., occurs decreases with decreasing hydro-
gen content.

Since it can be shown (see Sec. IVB2) for localized
motion between two potential wells, the resulting dipolar
field fluctuations decay exponentially, yielding a
Lorentzian spectral density as in the Bloembergen-
Purcell-Pound (BPP) model,'” we expect R 1 max <o
As seen in Fig. 5, the slope of loggR |, . Vversus
logowy /27 for the x =0.11 sample is —0.65 rather than
—1. Also shown in Fig. 5 are the data points for T fixed
at 30 K for x =0.27. These show the frequency depen-
dence on the low-temperature side of the maximum rate
goes as wy "2 rather than as wp; > expected on the basis of
Lorentzian spectral densities. Thus, both the maximum
rate and the rate in the long correlation time limit of the
low-temperature motion display a dependence on reso-
nance frequency substantially weaker than expected. As
is evident from Fig. 1, and confirmed by calculation (see
Sec. IV B 2), the one-dimensional proton motion does not
imply the dipolar interaction fluctuations are even ap-
proximately described by a one-dimensional model, so the
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weak frequency dependence expected for such systems,
0p*® in the long correlation time limit, cannot be
relevant here (see for example Ref. 13 for a treatment
particularly relevant to hexagonal symmetry). In con-
trast, the relaxation rate at high temperatures (7 > 400
K), R,,, follows BPP behavior closely,!® showing long-
range diffusion of hydrogen in the Sc lattice is governed
by a single correlation time as in simple liquids.

These several features of the R, data are closely simi-
lar to those found for nuclear spins in disordered systems.
For example, the inequality of the high- and low-
temperature side slopes, seen in Fig. 3, has been found for
hydrogen in random alloys'* and amorphous intermetal-
lic compounds.!® It is a well-known feature of the nu-
clear spin-lattice relaxation rate in both organic'®!7 and
inorganic!®!® glasses and in fast-ion conductors.?® This
characteristic behavior results from the presence of a dis-
tribution of correlation times, resulting from either (or
both) a distribution of activation energies or of prefac-
tors, reflecting in turn a distribution of interstitial well
depths and perhaps shapes. -

Finally, we note at fixed frequency wy the maximum
motional relaxation rate Ry ... is only weakly depen-
dent on the hydrogen concentration x, the R .., values
indicating a decreasing trend with decreasing x. These
values and the temperatures T,,, at which R, ..
occurs are summarized in Table I. The low hydrogen
concentration in the x =0.057 sample made quantitative
measurements unreliable at 62 and 90 MHz.

1IV. DISCUSSION

A. Electronic structure change

The recent study® of the temperature dependence of
diffuse neutron scattering in single-crystal a-YD, ;; sug-
gests an order-disorder transition in deuterium arrange-
ment occurs between 170 and 280 K. Two features of
these measurements stand out. (1) The temperature
dependence of the broad ridge of scattering intensity in a
plane normal to the (00/) direction at ~ % (the so-called
“planar feature”) indicates the deuterons have formed
pairs on next-nearest tetrahedral sites along the ¢ direc-
tion of the yttrium lattice and shows a rather abrupt
change in slope at ~180 K. (2) In contrast, the fraction
of paired deuterons changes relatively smoothly over this
same temperature range, and moreover remains quite
high (43%) even at 350 K. Correspondingly, the changes
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in the proton T, T product we have observed in all the
samples studied [a-ScH,, a-YH,, and a-LuH, (Ref. 21)]
also occur within narrow temperature intervals (AT ~20
K). The same is true of the temperature dependence of
the resistivity* wherein the anomalous behavior is pri-
marily a change in the slope of p(T) and occurs in a simi-
lar rather narrow temperature range.

In this respect then, all three sets of measurements in-
dicate a rather abrupt change occurs at the temperature
at which the neutron study shows the degree of ordering
of pairs of deuterons along the c¢ axis has essentially
reached its maximum value. The T, T results reported
here indicate this change is accompanied by (or gives rise
to) an electronic structure transition. This conclusion is
not inconsistent with the ideas presented in Ref. 3, that
is, the interaction driving the ordering of pairs is elec-
tronic in origin, having its basis in the structure of the
Fermi surface of the group-IIId metals in a manner simi-
lar to the interactions responsible for the spiral magneti-
zation of dilute alloys of magnetic rare earths in yttrium,
for example. As remarked above (Sec. III B), the change
in T, T may reflect a change in the density of states, the
electronic charge density at the proton, or both. It is
easy to imagine the transition involves a very small
change in Fermi surface structure, for example.

B. Low-temperature motion

1. Introduction

As described in Sec. III C, the low-temperature behav-
ior of R;; _R;—R,, is typical of proton relaxation re-
sulting from hydrogen motion. Neglecting the proton-
proton contribution (which never exceeds 7% of the total
in the a phase of Sc-H), the dipolar spin-lattice relaxation
rate R, due to hydrogen motion of any kind may be de-
scribed by an equation of the general form

lezy%{AMzF(wH’wscﬂ'c) ’ (1)

where yy and oy are the proton gyromagnetic ratio and
Zeeman frequency, respectively, wg, is the *Sc Zeeman
frequency, AM, is that part of the dipolar second mo-
ment at a proton site due to all *Sc nuclear moments
caused to fluctuate in time by the motion, and
F(wy,wg,7,) is a spectral density function describing the
dependence of the dipolar field fluctuations on wy, wsg,,
and the correlation time 7. for the fluctuations. In turn,

TABLE 1. Resonance frequency and composition (x) dependence of the maximum motional relaxa-
tion rate R m.x and the temperature T, of the maximum rate. Values of R, ... have an estimated

uncertainty of +10%, and those of T',,, of +3 K.

x=0.27 x=0.11 x =0.057
Resonance
frequency ) Tmax R 1L, max Tmax R 1L, max Tmax R 1L, max
(MHz) (K) s™h (K) (s7h (K) s7h
24 55 1.16 35 1.02 36 0.85
40 60 0.80 40 0.72 40 0.64
62 66 0.58 47 0.65
90 73 0.38 55 0.44
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7, is approximately equal to the mean dwell time for hy-
drogen hopping which is temperature dependent, and F is
a function of T as well. R, reaches its maximum value
when wy7.~1. Hopping rates, significantly slower or
faster than wy are relatively ineffective in causing relaxa-
tion.

In a-ScH, the high-temperature ( ~500 K) R,; mea-
surements'” show the maximum rate R, ... is only
~75% of the value that results from taking AM, to be
the full rigid-lattice second moment M,. This shows
~25% of M, has already been rendered ineffective by a
faster hydrogen motion than that responsible for long-
range diffusion and is no longer capable of promoting re-
laxation at high temperatures.

Quasielastic neutron scattering measurements on Q-
YH, , at high temperatures?? indicate hydrogen diffusion
occurs via tetrahedral-octahedral-tetrahedral jump paths,
and similar behavior is expected in a-ScH,. The control-
ling step must be the tetrahedral-octahedral jump since
there is no evidence hydrogen resides for any detectable
time in the octahedral sites. The neutron measurements
also show at high temperatures tetrahedral-tetrahedral
jumps occur at a very high rate compared to tetrahedral-
octahedral jumps. These results are easily compatible if
the hydrogen motion consists of very fast localized
tetrahedral-tetrahedral motion [between sites 4 and B or
C and D in Figs. 1(a) and (b)] superimposed on the rela-
tively slower tetrahedral-octahedral motion responsible
for long-range diffusion. From the lattice geometry we
calculate (see further below) the fast tetrahedral-
tetrahedral motion averages away ~25% of M,, leaving
R 4 max determined by the remaining 75%, thereby ac-
counting for the high-temperature results. We then ex-
pect the fast tetrahedral-tetrahedral motion to be respon-
sible for the motional relaxation peak at low tempera-
tures when the tetrahedral-tetrahedral hopping rate
1L TT) ~wy.

The observed R,; could arise predominantly from
paired or unpaired hydrogens. The pairing phenomenon
observed at low temperatures by neutron diffraction®? in-
dicates sites B and C must have somewhat deeper poten-
tial minima than sites 4 and D. Thus, the localized
motion of a paired proton must surely occur between po-
tential wells of unequal depth. This in itself causes a
weakening of the maximum relaxation rate to an extent
dependent on the inequality. However, the localized
motion responsible for R;; may be a property of only
that small fraction of protons which remain unpaired at
low temperatures, and this also would weaken the max-
imum rate. The neutron scattering measurements show
93% of the hydrogens in a-YH,, ;; are already paired at
120 K.* Assuming the paired hydrogens are locked in
place and only the unpaired ones are free to jump rapidly
between the closely spaced tetrahedral sites (and the
paired hydrogens dissociate with increasing temperature
before their localized tetrahedral-tetrahedral hopping
rate increases to ~wy), the relaxation rate due to this
motion results essentially entirely from the modulation of
the *°Sc contribution to the dipolar field at the unpaired
proton sites. The consequent relaxation (or magnetiza-
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tion) of these protons is transferred to other proton spins
via spin diffusion for which we estimate a rate,
Tan~5X10* s7!, much faster than the observed R ;.
Thus, the proton spin system is characterized by a single
spin-lattice relaxation rate R,;, as observed. (Spin
diffusion is not involved in this case; R is a result of the
majority paired hydrogens. All protons individually pos-
sess the same R,;.) Either of these pictures can also ac-
count for the much weaker effect seen in a-YH, ;5 (in
Fig. 2) due to the extremely small Y moment. A discus-
sion of the third possibility referred to in Sec. III A, a dis-
tribution of potential barriers, is deferred to Sec.
IVA3b.

To summarize, the most significant features of the
low-temperature data are (a) the small value of the max-
imum rate R; .., compared to the maximum relaxation
rate at high temperatures R, . (b) the marked
difference in the slopes of the high- and low-temperature
sides of the log ;4R |; versus 1000/T plots (Fig. 3), (c) the
weak dependence of both Ry ..., and R, at long corre-
lation times on wy, and (d) the fact that at fixed oy,
R |1 max depends only weakly on the hydrogen context x.

2. Theoretical background

In order to derive some quantitative conclusions from
the measurements and to show the latter are indeed con-
sistent with localized motion at low temperatures, we de- «
velop an expression for the temperature dependence of
the motional relaxation rate R,,, appropriate to the en-
tire temperature range. We take into account both the
localized nature of the low-temperature motion and the
possibility this motion occurs between wells of unequal
depth, as well as the long-range diffusive motion at high
temperatures. The averaging of the nuclear dipolar in-
teraction, and subsequent reduction in the effectiveness of
long-range motion for spin-lattice relaxation, resulting
from localized motion between potential wells 4 and B of
unequal depth has been treated by Look and Lowe?® and
Anderson,?* among others, for cases of hindered rotation
by molecular groups. The essential feature of this ap-
proach is the dipolar relaxation rate is reduced by a fac-
tor dependent on the energy difference A between the po-
tential minima.

Neglecting the proton-proton contribution to R ,,,, the
general expression [Eq. (1)] for the relaxation rate due to
the proton-scandium interactions is given by*

Ry, =7vHyEch*S(S + D5 V0y—os)+ 37 oy)
+2J Doy +wg)], )

where yg, and wg, are the *Sc gyromagnetic ratio and
Zeeman frequency, respectively. The J'?(w) are the

spectral density functions and are related to the correla-
tion functions G'?(t) of the fluctuating dipolar fields by

J@)=2Re [ “G'V1) exp( —iwt)dr . (3)

For a polycrystalline sample, the powder average

(G'9(t)),, is needed,
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2 .
(G“l’(t))av=g_q 2 Plrjret), @)

r rk
where r; and r; are vectors from a given Sc nucleus to
the two hydrogen tetrahedral sites between which the lo-
calized motion occurs, and 0, is the angle between these
vectors [j,k= A,B in Figs. 1(a) and 1(b)]. P(r;,1y,2) is
the probability a proton is at r; at t"=0 and at r; at
t'=t. The factor d3=167/5, and d3:d?:d%=6:1:4, as
usual.

Applying the method and notation of Anderson®* to
the two-well system and ignoring for the moment the
possibility of jumps away from the pair of sites, the con-
tributions from various equivalent groups of Sc neighbors
to {G'(z) Y av» fOr example, always take the form

(G'1)),,=(4/5¢5){C,—C,0 ,(1—Q )
X[l—exp(— —Wytl}, (5

where c is the c-axis lattice parameter and C; and C, are
lattice sums. It will become clear C, is the rigid-lattice
sum and C, takes account of the local motion. The W’s
are the transition probabilities for hydrogen hopping
from site A4 to site B (W, =W ,_,p) and from B to 4
(W,=Wy_, 4),and Q ,=W,/(W,+ W,) is the equilibri-
um occupatxon of site 4. In this way we allow for the
possibility the two wells may not be of equal depth due to

the random proximity of other single or paired hydrogens
J

w
q)(“’)—dq2 46 2 : 2
15¢ Wito

C,
_'EI_QA(I_QA)

with (W, +W,)>> W,.

JNw)=d} " L |rec,

With this expression for the J'?(w) the relaxation rate
R,,, of Eq. (2) can be written as R;,, =R ,; +R,;, where
the rates R;; and R,; due to localized and long-range
motion, respectively, are given by

2 H-Sc
YaM 3 C,
R1L=—£JH—— ac, sech?(A /2ky T)F (wy, 05,71 ) 5, (9)
and
2 H-Sc
YuM; C,
R,,= 1— h%(A /2k
1d . ac, sech”(A/2kyT)
X F(oy,0s,Tg) » (10)
with
(l)HT 30)H7‘
Floy,wg.,T)=
H TS 1+(wH—wSC)272 1+w%172

6wyT
+ 2.2
1+H(wyg+owg )T

wi+w? C,
This last expression can be rewritten in more conventional form by noting W; =
is the mean dwell time for long-range hydrogen hopping (i.e., tetrahedral-octahedral jumps), W, + W, =712
calized hopping rate, and 4Q ,(1—Q ,)=sech’(A 2k T):3

-~
—C,sech’(A/2kp T)]IT—~— +C,sech’(A /2ky T)
®°T,
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or to the possibility sites B and C, for instance, constitute
a pair. W, and W, are given by

W, =75 exp[ —(H+A)/kpT]
and
W,=1o expl —H /kpT], (6)

and where A=E ,—Ej is the difference in energy be-
tween the bottom of the wells, H is the energy barrier be-
tween the wells measured from the larger of E ,,Ep, and
7or is the recoprocal of the attempt frequency for the
low-temperature localized motion. Hence, Q , is given
by [1+ exp(—A/kzT)]~!. We have assumed the same
prefactor 7¢;!, although this is not necessary. We do not
expect these to be very different, in any event. Equation
(5) shows the localized motion leads exactly to exponen-
tially decaying correlation functions.

To include the effect of jumps away from sites 4 and B
at higher temperatures, it is necessary to include a fur-
ther term in the rate equations for the site-occupancy
probabilities. A model in which an atom in 4 or B at
t =0 with probability unity exchanges between 4 and B
as before, but has a probability governed by W; of jump-
ing away altogether (and not returning), has the exact
effect of multiplying the previous expressions for G'7(t)
by exp(— W;t), and leads finally to a general expression
for the J'9(w):

c, W+ W,
+=20,0-Q )——>—

- (7
(W1+W2) +o

‘r; gl where 7,
3 is the lo-

(8)
wz'ri

[

providing the explicit form of the spectral density func-
tions. In Egs. (9) and (10) we have also explicitly
displayed the rigid-lattice second moment,

M =(4/15)y3 h2S(S+1)Cic ¢ . (12)

To apply these results to a-ScH, the lattice sums C,
and C, need to be evaluated using Eq. (4). From Egs. (9)
and (10) it is evident C, is the lattice sum corresponding
to that part of the second moment affected by the local-
ized motion and, as shown in Eq. (12), C, is the sum for
the rigid-lattice second moment. These sums are func-
tions of the ¢ /a ratio and of the hydrogen locations in the
lattice. For x =0.27, for example, we use the lattice pa-
rameters a =3.335 ;\, c=5.293 A, and ¢ /a =1.587.%¢

3. Application to the measurements

We can now compare the measurement results with the
appropriate theoretical expressions to obtain some quan-
titative conclusions about the hydrogen motions.
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a. Effective second moment at high temperatures.
From Eq. (12), the rigid-lattice second moment M, «< C,
(the superscript H-Sc is omitted for brevity). At low tem-
peratures, with the hydrogen frozen in one well and with
the hydrogen positions being 0.375¢ and 0.625¢, we ob-
tain C,=1653 (units of ¢ ~® from Eq. (4) for x =0.27.
When the localized motion is sufficiently fast but the bulk
(long-range) motion is negligible, we have Q,=0.5,
sech?(A/2kpT)=1, exp(—t/7,)=1, and exp(—t/7;)
=0, with the result the effective second moment at high
temperatures is, from Eq. (10),

M, | =M, | igia 1—(C, /4C))] .

The hydrogen positions are then 0.395¢ and 0.605c,
yielding C,=1810. . Accordingly, the ratio
M, | /M, igia=0.728. Worth noting is the fact that
this result is independent of the asymmetry A between
the well depths. The calculated value of lerig,-d=12.2
0¢e%,1 5o the calculated M, |, =8.9 Oe?. Experimental-
ly, the high-temperature measurements'® found
M, | =8.8 Oec?, in excellent agreement with the value
expected from the reduction due to the fast localized
motion.

b. Temperature and frequency dependence of R;.
From Eq. (6) the localized hopping rate at low tempera-
tures, 7, != W, + W,, is given by

7' =16/ [1+ exp(—A/kgT)lexp(—H /kgT) ,  (13)

where H is the barrier height (activation energy) for the
motion. Since A <240 K (a rough estimate obtained by
comparing Ry, .., with Eq. (9), assuming all protons
take part in the motion (see also Sec. IV B3 ¢), the term
[1+ exp(—A/kpT)]~1, so this factor may be taken as
unity. However, because of the apparent lack of correla-
tion between the locations of hydrogen pairs situated on
adjacent lines parallel to the ¢ direction,® we expect H,
and therefore 7, as well, not to possess unique values but
to be characterized by distributions. As already men-
tioned, this situation is typical for spin-lattice relaxation
in many classes of disordered solids.

The calculation of R; follows from Egs. (9) and (11),
but with the spectral density of Eq. (11) “distributed” by
introducing a distribution function g(7) which is folded
with the spectral density in evaluating R ;. In recent ap-
plications of this procedure to hydrogen in metals,'* !’
the distribution of 7 values has been attributed to a distri-
bution of activation energies g(H) taken to be a Gaussian
for simplicity and for ease of visualization of the result.
However, other functions have been widely applied to the
analysis of motional relaxation in disordered materials.
In the case of glasses'® ! the Cole-Davidson function,
and for fast-ion conductors, the Kohlrausch-Williams-
Watts function (stretched exponential)®® have been used.
We consider here primarily the application of a Gaussian
distribution of activation energies to the present measure-
ments.

(i) Gaussian distribution of activation energies. The
distribution of 7; values [Eq. (13)] may result from either
or both a distribution in H or 7y, (the effect of A is negli-
gible). For simplicity and on the basis of experience with
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hydrogen in random alloys,'* we neglect the small
changes in 7; that may occur and attribute the distribu-
tion of 7, to a distribution of H, namely,

g(H)=N exp[ —(H—H,)*/20%] .
The calculation of R, then becomes
Ry =[ "Ry (Hg(HdH , (14)

where R ; (H) is given by Eq. (9) with 7, =7, (H) from
Eq. (13). In this way, we account for both the tempera-
ture and resonance frequency dependence of R; with a
single set of parameters.

In applying Eq. (14) to fit R,; (wy, T), in addition to
the constants yy, oy, ©g. the calculated value'® of the
second moment MIS¢ was used. In order to allow for
the possibility the weakness of R;; may result in part
from the motion of only a fraction of all the hydrogen,
the factor (C,/4C,)sech’(A/2kyT) in Eq. (9) was re-
placed by a parameter C representing the product of the
two contributions A and the hydrogen fraction to the
strength. The possible interpretations of this parameter
are discussed further below. The fitting parameters were
then C, Hy, 0, and 7, .

On this basis, least-squares fits were made to the data
for each composition and frequency. As an example, the
data and fit for x =0.27 at 40 MHz are shown in Fig. 6.
The resulting fit parameters are listed in Table II. These
values indicate the 62-MHz data for x =0.27 are incon-
sistent with the other data sets—the resulting parameter
values are anomalous, presumably due to some systemat-
ic error in the measurements. A simultaneous fit to all of
the data points (equally weighted) at the three frequencies
(24, 40, and 90 MHz) was also made, and the result is
shown by the solid curves in Fig. 7. It is clear a distribu-
tion of hopping rates can account for the asymmetry in
the temperature dependence of R,;. However, the sub-
stantial width of the distribution required is somewhat
disconcerting. Since for a Gaussian, the half width at
half height is 1.180, the o values obtained from the fits
(Table II) cause the distribution to have considerable
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FIG. 6. Dependence of the motional relaxation rate R,; on
reciprocal temperature for x =0.27 at 40 MHz. The solid curve
is the least-squares fit of Eq. (14) to the data using a Gaussian
distribution of activation energies. The resulting fit parameters
are listed in Table II.
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TABLE II. Least-squares-fit parameters resulting from the fit
of Eq. (14) to the R; data shown in Figs. 3 and 6. The parame-
ter M, =12.2 Oe? was held fixed.

w/27 (MHz) 24 40 62 90 Al
H, (meV) 57 50 82 61 52

o (meV) 38 31 38 29 30
oo (107%s)  0.18 2.3 0011 1.1 2.1
o) 0054 0048 0067 0046  0.045

262-MHz data excluded.

weight at zero energy.

For the x =0.11 and 0.057 samples, the application of
Eq. (14) with a Gaussian distribution g(H) leads to anom-
alously short values of 7, and to o values equal to or
greater than H,. For example, for x =0.11 at 40 MHz
we obtain Hy=41 meV, 0=42 meV, 7=2.1X10"1 g,
and C=0.075.

(ii) Stretched exponential distribution. An alternative
approach to representing a distribution of exponentially
decaying correlation functions is to employ the so-called

stretched-exponential (Kohlrausch-Williams-Watts) func-
tion20-27:28

()= exp[—(¢/7)"]
= [ exp(—t/7)g(r)dT, (15)

where g(7) is again a distribution function whose width is
now characterized by the exponent 3. Although the
shape of the distribution g(7) is not readily visualized,
the exponent f3 is given by the ratio of the apparent ac-
tivation energies on the low- and high-temperature sides
of the log,oR; versus 1000/T graph, and in addition,
the low-temperature frequency dependence should be
given by »'118) 2028 Wwe can, therefore, estimate for the
x =0.27 sample, for example, ~0.2.

TEMPERATURE  (K)

50 25 10
L T T T T T
| . 26 Mz
1.00 L KStha W W40 Mz 4
—,:q -l\{ ‘*\‘ ® 90 MHz
= E e
.- \
w
= 0..\ Na
& A S .
z N iy
= ANy \ T
2 LN ™ T .
< 0.10 Y —~8 — 4
o * T I
o \ -
5 —
=
F3 —
= T
5 * —
= e
0.01 T L ! i | |

RECIPROCAL TEMPERATURE (107* K™')

FIG. 7. Dependence of R;; on reciprocal temperature for
x=0.27 at 24, 40, and 90 MHz (data on Fig. 3). The solid
curves are the least-squares fit of Eq. (14) to the data using a
Gaussian distribution of activation energies. The resulting pa-
rameters are listed in Table II.
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¢. Relative strength of the low-temperature rate R ;.
In comparing the strength of the relaxation rate R, at
low temperatures R .., to the long-range diffusive
motion at high temperatures R, ., it is essential to
recognize the distribution of hopping times employed in
fitting Eq. (14) to the data reduces R, ,,x in comparison
to what would be obtained if the distribution width o =0.
An estimate of this effect was obtained on the basis of the
Gaussian distribution of H by synthesizing the behavior
of R,; as 0—0, using the other fit parameters from
Table II. The distribution widths o found from the fits
(Table II) reduce R |} ,.x by a factor of 0.2. The remain-
ing reduction of R, ..., must then be ascribed to the pa-
rameter C used in the fitting process (Sec. IVB3b),
which includes the effects of both the difference in poten-
tial well depths A and the fraction of hydrogen in motion.
Experimentally (Sec. III A), R L max/R 14 max =~0.015 for
the x=0.27 composition. Therefore, we have
0.2C ~0.015 or C~0.075.

If the potential wells between which the localized
motion occurs are of equal depth, as might be suspected
for unpaired hydrogens, then A=0, and the parameter C
represents solely the fraction of hydrogen involved in the
localized motion at low temperatures. As already noted
(Sec. IV B 1), the neutron scattering measurements® show
93% of the hydrogens in a-YH, ; are paired at 120 K
and may be near or at the limit of the extent of pairing.
Thus, 7% would remain unpaired, in excellent agreement
with the value of C.

On the other hand, it is conceivable the great majority
of paired hydrogens participate in the localized motion,
and the reduction in strength of R; results entirely from
the effect of the difference in well depths A. We then
have

(C,/4C,)sech’(A/2ky T)~0.075 .

With C,/4C,=0.272, we have sech?(A/2kyT)~0.28,
from which we obtain A~22 meV (240 K), taking
T=T,, =60 K for this composition and frequency. In
fact, the situation is surely somewhat more complex,
since it is likely a distribution in the values of A also
occurs for the same reasons we expect a distribution in H.
However, attempting to accomodate all of these possibili-
ties in the fitting process does not lead to unambiguous
results.

Finally, we remark in regard to the trend of the
R|[ ax values (Table I) to increase with increasing hy-
drogen concentration. This trend might result from
changes in the parameter A characterizing the difference
in well depths, or from a change in the distribution o, for
example. It might also reflect a change in the fraction of
unpaired hydrogen with changing concentration. A third
possibility is this trend results from the proton-proton
contribution to the dipolar second moment which has
been neglected in the calculations. The **Sc contribution
M5 to the rigid-lattice second moment, which does not
depend explicitly on hydrogen concentration, decreases
with increasing hydrogen concentration due to the ac-
companying increase in lattice parameter c.?® On the
other hand, the proton contribution M ?'H increases be-
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cause it is directly proportional to the hydrogen concen-
tration.

The good fit to the data with C ~7% tends to support
the correctness of this interpretation the motional peak is
due to unpaired proton motion. The inequivalence of
sites within a close pair would then have to do with
strains and other proton-neighbor arrangements, and the
parameters governing the local motion would be subject
to a spread of values. It is conceivable, however, there
could be some contribution from paired protons. Here
there is clearly a built-in inequivalence associated with
pairing.

V. SUMMARY AND CONCLUSIONS

Measurements of the temperature (10—-300 K) and fre-
quency (24-90 MHz) dependence of the proton spin-
lattice relaxation rate at three concentrations of hydrogen
in solid solution in hcp scandium are reported. These
measurements reveal unambiguously the occurrence of an
electronic structure change at ~170 K where the prod-
uct of the charge density at the proton sites and the elec-
tronic density of states decreases by roughly 4% with in-
creasing temperature. At low temperatures (10-120 K),
fast localized motion of hydrogen between closely spaced
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tetrahedral sites in the lattice gives rise to a relaxation
peak. Although the data are consistent with residual, un-
paired hydrogen as the origin of this motional peak, an
alternative interpretation in terms of asymmetrical local-
ized motion of paired hydrogen atoms cannot be ruled
out. This identification is confirmed by the magnitude of
the relaxation rate reflecting long-range hydrogen motion
at high temperatures. Both the temperature and frequen-
cy dependence of the low-temperature relaxation rate
peak exhibit characteristics typical of amorphous and
disordered systems, thus suggesting the formation of hy-
drogen pairs with little long-range order results
effectively in a *“‘proton glass” within the metal lattice.
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