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The temperature dependence of the nuclear spin-lattice relaxation rate R\ of 45Sc has been 
measured in scandium dihydrides and dideuterides. These data are satisfactorily accounted for 
by two contributions to /?,, R]e due to conduction electrons, and R]Q due to quadrupo le inter-
action fluctuations resulting f rom vacancy diffusion on the hydrogen (deuter ium) sublattice. 
Describing these fluctuations by a Lorentzian spectral density and Arrhenius behavior for the 
vacancy hopping, analysis of the data yields values of the Korringa product A = 77/? ] e and the 
activation energy £ a and attempt frequency v0 for vacancy-diffusion. In contrast to v0 values 
based on proton measurements, the 45Sc results agree satisfactorily with the value based on 
inelastic neutron scattering measurements of hydrogen optic mode vibration frequencies, 
v0 = 2 x 1014s_1. We conclude that hydrogen-hydrogen interactions are responsible for the lower 
v0 values derived from proton R\ measurements. 

1. Introduction 

We report the first measurements of the tempera-
ture dependence of the spin-lattice relaxation rate 
R\ of 45Sc in scandium dihydrides and dideuterides. 
At temperatures on the order of 500 K, /?, is domi-
nated by quadrupolar relaxation due to the d i f fu-
sion of hydrogen (deuterium) vacancies in the 
substoichiometric compounds. These measurements 
yield values of the activation energy Ea and j u m p 
frequency prefactor (attempt frequency) v0 for va-
cancy diffusion. 

Measurements of the spin relaxation times of host 
lattice metal nuclei in hydrides and deuterides can 
provide an excellent means of studying vacancy 
diffusion on the hydrogen sublattice when the 
dominant spin relaxation mechanism is electric 
quadrupole. The quadrupolar relaxation of a statio-
nary nucleus depends on site occupancy probabil i -
ties only. The spin label which distinguishes par-
ticles in the magnetic dipolar case (e.g., the diffus-
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ing proton) does not influence the electric field 
gradient (efg) fluctuations which cause the relaxa-
tion. In addition, contributions to the relaxation rate 
of the stationary nucleus from paramagnet ic im-
purities in the lattice is negligible at high tempera-
ture. Measurement of the temperature dependence 
of R| of such a stationary metal nucleus should 
reflect directly the vacancy hopping rate. Unfor tu-
nately, almost all metal nuclear species in hydrides 
of interest require strong magnetic fields (i.e., 
B0 > 2.5 T) for effective study of relaxation proces-
ses because of large spins and quadrupole moments 
and/or low abundance. In addition, even when the 
quadrupole moment is small (e.g., 51V) the conduc-
tion electron contribution R]e to the relaxation rate 
may be too great, making detection of the effect of 
diffusion very difficult. An exception is 45Sc, and we 
have measured the temperature dependence of R{ 

for this nucleus in both the ScH 2 _ v and S c D 2 _ v 

phases. 

2. Theoretical Background 

Both the magnetic dipole and electric quadrupo le 
relaxation rates are functions of power spectra of 
the randomly varying fields resulting from the 
atomic diffusive jumps. They depend, respectively, 
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on the strength of the magnetic dipolar interact ion 
between the diffusing protons and the s ta t ionary 
metal nuclei and on the strength of the q u a d r u p o l e 
interaction associated with d i f fus ing hydrogen va-
cancies in the sub-stoichiometric hydride. In gener-
al, both interactions may contr ibute to the d i f fu -
sion-controlled relaxation rate. However, ou r mea -
surements on the scandium hydrides and deu te r ides 
show that electric quadrupole relaxation is m u c h 
stronger than magnetic dipole, so that in the follow-
ing we neglect the latter for the sake of brevity. 
Experimental justification is given in the Results 
section. 

Accordingly, the measured spin-lattice re laxat ion 
rate, R\ = (T^)"1, of a metal nuclear spin in a metal 
hydride is taken to be the sum of the conduct ion 
electron contribution, /? ! e = (7^ l e)_ 1 , and the dif-
fusion controlled quadrupola r relaxation rate R\Q. 
The conduction electron contribution is insensit ive 
to hydrogen or vacancy diffusion and should domi -
nate the relaxation at low and high tempera tures . It 
is expected to follow the well-known Korringa rela-
tion [1] according to which Tx e T = constant, with 
(7" l e ) - | / 2 oc N(EF), where N(EF) is the densi ty-of-
states at the Fermi level. Our measurements show 
that r ! e T = 65 ± 3 s K for 45Sc in these c o m p o u n d s 
in the temperature range 7 7 - 3 0 0 K, close to that 
reported by Zogal and Idziak [2] for ScH, 9 8 . Th is is 
a relatively weak interaction, reflecting the rather low 
value of N(EF) in the Group III transit ion metals . 
For comparison, the corresponding values found for 
5 ,V in vanadium hydrides [3] fall in the range 
0.8 — 2.8 s K, and for 9 3 Nb in n iob ium hydrides [4] in 
the range 0.35 - 2.0 s K. In the latter cases, the short 
r l e makes it difficult to measure reliably the di f -
fusion controlled quadrupola r rate 

Therefore, we take the measured relaxat ion rate 
to be given by 

Ä, = Ä 1 0 + Ä I e (1) 

with RXf>=T/A where A=T\tT is the Korr inga 
product. Following Wolf [5], the quad rupo le relaxa-
tion rate is given by 

*1Q = T 0 f Q c v [ y y ) ( w o ) + / { 3
2 ) ( 2 w o ) ] (2) 

where 
_ 3 n2 e2 Q2 {21 + 3) 

20 h212 (21 - 1) ' { ) 

and cv is the vacancy concentration. In a Q , Q = 0.22 
x 10"24 cm2 is the 45Sc quadrupole m o m e n t [6], 

/ = 7/2 the nuclear spin, and h is Planck's constant. If 
the usual simple exponential correlation funct ion is 
adopted for the field gradient f luctuat ions, the 
spectral density J^1 ' (co0) is given by 

JW(co0) = 
2 Tr 

~ ( e q ) 2 ^ 2 (4) 1 -h OJÖ T3 

where co0 is the 45Sc Zeeman frequency and rc is the 
correlation t ime for single vacancy hopping . Here 
we take the efg to be axially symmetr ic so that 
d2V/dz2 — e q. This is a good approx imat ion for low 
vacancy concentrations, cv ^ 0.1. For powders , 
J § ) ( c o ) = 4J^ 1 ) (w) , and for 7 = 7/2, a Q = (ne Q/l h)2, 
so that finally 

3 K2 cv ( e2 q Q\2 

49 w0 
+ 4 y 

1 + y2 1 + 4 y 2 (5) 

w i t h y = coo rc . 
We assume that the vacancy j u m p f requency r, 

follows an Arrhenius relat ionship 

r~1 = v0 exp (— EJkT), (6) 

where E.d is the activation energy for vacancy dif-
fusion, k is Boltzmann's constant, T the absolute 
temperature, and v0 is the j u m p f requency prefac tor 
or attempt frequency. 

3. Experimental Aspects 

All of the samples investigated were p repared in 
the Materials Sciences Division of the Ames Labo-
ratory f rom high-purity Ames Labora tory scandium 
containing less than 10 parts-per-mil l ion ( p p m ) total 
rare-earth impurity according to spark-source mass 
spectroscopy determinat ions. The batch number s of 
the scandium used for the di f ferent samples are 
included in Tables I and II. All of the hydr ide 
samples and one set of deuter ides were p repared in 
the manner which has been previously descr ibed for 
yttrium hydrides [7], In addi t ion, a second set of 
deuteride samples was prepared in a modi f i ed 
Sieverts apparatus, as described for the p repara t ion 
of lanthanum hydrides [8]. 

The T, measurements were made at a resonance 
frequency of 24 MHz, corresponding to a magnet ic 
field strength of 2.32 T. The phase-coherent pulsed 
N M R spectrometer and associated ins t rumenta t ion 
have been described elsewhere [7], Most of the mea-
surements were made using the inversion recovery 
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sequence. 180° — t - 9 0 ° . and sampling the free-
induction decay (FID) following the 90° pulse. 
Some measurements were also made using the satu-
ration recovery sequence with a comb of 1 0 - 2 0 90° 
pulses (i.e.. 90° c o m b - r - 9 0 ° sequence). T] val-
ues so determined were in excellent agreement with 
those determined by inversion recovery. Single-
exponential magnetization recovery was obtained in 
all cases, showing that the full 45Sc spectrum is 
inverted (or saturated). 

4. Results 

An example of the temperature dependence of 
the measured F, is shown in Fig. 1 for ScH) 87. The 
solid curve is the least squares fit of (1) to the data 
with /?iq given by (5) and aQ an adjustable param-
eter. To be certain that there is no influence of 
paramagnetic impurities, measurements were also 
made on ScH, 92 samples containing controlled levels 
of Gd of 50 and 100 ppm. These revealed no 
depression of the Korringa product throughout the 
low temperature region, showing that the R]p con-
tribution is not significant. 

The proton dipolar contribution /? l p can be esti-
mated from the usual theory [5]. Assuming that the 
spectral density function for the dipolar interaction 
has the same form as that for the quadrupole 
relaxation (and which is the case if an exponential 
correlation function is adopted), then the max imum 
relaxation rate R\d.m-ax occurs when v = 0.616. For 
ScH187 for example, / ? ] d m a x = 5.4 s - 1 , whereas the 
measured R\Q_MDX inferred from the data of Fig. 1 is 
139 s"1, that is, 26 times greater, so that we are well 
justified in ignoring /? l d . In the deuterides, because 
the deuteron moment is roughly 7 times smaller 
than that of the proton, the dipolar contribution is 
substantially weaker than this estimate. 

Fitting (1) to the measurements yields values of 
the Korringa product A, activation energy E.d, at-
tempt frequency v0, and the maximum relaxation 
rate RIQ.MAX. The latter quantity can be calculated 
from ^iQ.max = ^ i .max- (^ /F m in )~ 1 where Tmm is 
the temperature at which the min imum in F, 
occurs. The values of A, £ a , v0, and Riq. max so 
determined are summarized in Tables I and II for 
the hydrides and deuterides, respectively. 

The average quadrupole coupling responsible for 
spin-lattice relaxation can be obtained from the 

Table 1. Vacancy concentration cv , Korringa product A. 
vacancy diffusion activation energy £ a , a t tempt frequency 
v0, and maximum quadrupolar relaxation rate ^iQ.max f ° r 

scandium hydrides ScH2_v determined f rom 45Sc 7", mea-
surements at 24 MHz. 

HI Sc cv A 
( s - K ) (ev/atom) 

vo 
(1014s~ 

^ I Q . m a x 
' ) (s"M) 

2.00a 68 0.53 2.0 80 
1.87b 0.065 62 0.64 2.1 140 
1.83 b 0.085 62 0.74 10.8 
1.79b 0.105 63 0.74 6.7 660 

a Scandium metal used: Sc-91278. 
b Scandium metal used: Sc-12681. 
Estimated uncertainties: in cv , ±0 .01 ; in A, ± 3 s • K; in 
£ a , ± 0.03 eV/atom; in v0, ± 50%; and in / ? , Q . m a x , ± 5%. 

Table 2. Vacancy concentration cv , Korringa product A, 
vacancy diffusion activation energy £ a , a t tempt frequency 
v0, and maximum quadrupolar relaxation rate R ] Q „ax for 
scandium deuterides ScD2_Y determined f rom 4^Sc T] 
measurements at 24 MHz. All samples were prepared f rom 
Ames Laboratory scandium No. Sc-11465. 

D/Sc cv A £ a v0 R i Q max 
(s-K.) (eV/atom) ( l O ^ s " 1 ) ( s ^ ) 

.99 0.005 66 0.59 5.8 31.4 

.98a 0.01 64 0.63 1.0 50 

.91a 0.045 64 0.67 0.9 690 

.88a 0.06 66 0.74 4.4 

.88 0.06 71 0.71 2.0 900 
,82a 0.09 62 0.80 30 825 
.82 0.09 63 0.76 10 900 

a Series B samples; others are series A. 
Estimated uncertainties same as in Table 1. 

T E M P E R A T U R E ( K ) 

RECIPROCAL TEMPERATURE (1000/T) 
Fig. 1. Temperature dependence of the spin-lattice relaxa-
tion time T] in ScH, 87. The solid curve is the least squares 
fit of (1) to the data points with R ] Q given by (5) and 
•XQ an adjustable parameter. 
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maximum relaxation rate RIQ. max . From (5) we 
have 

// 1 n/l\2\ R1Q, max <(e- q Q/h)-) = -t-2 nr^-, 3 K- cv 1.425 

where 1.425 is the maximum value of the spectral 
density function in square brackets, which occurs 
when co0rc = 0.616. Then, for example, for ScD, 98 

for which cv = 0.01, R\Q, max = 74.4 s - 1 , and with 
w0 = 48 nx 106s_1 , we obtain {(e2 q Q/h)) = 1.14 
MHz. Similarly, using the values in Table II we 
have for ScD188 that ((e2 q Q/h)) = 1.62 MHz. 

These values may be compared with that expected 
for a single hydrogen vacancy with effective charge 
Z'e. The coupling constant will be QCC = 
(Z ' e2 q Q/h)(\ - y x ) where y» = _ 7 is the Stern-
heimer antishielding factor [9] for Sc3 + , and 
q = 2 / whre r is the metal-hydrogen separation. For 
nearest-neighbor (nn) vacancies, r = 2.05 A, and 
{QCC)nn = 14.2 Z ' M H z , and for next-nearest-neigh-
bor (nnn) vacancies, r = 3 . 9 3 Ä , and (QCC)nnn = 
2.0 Z ' MHz. Thus, for nn vacancies we have good 
agreement with the experimental value if Z ' = 0.1, 
whereas agreement for nnn vacancies would require 
Z' = 0.5. Self-consistent band structure calculations 
for ScH2 [10] have concluded that the addit ional 
electronic charge within the hydrogen muff in- t in 
sphere is 0.15 e. Thus, the present measurements are 
consistent with the source of the relaxation being 
efg fluctuations due to vacancies moving in and out 
of the nearest-neighbor hydrogen shell around the 
scandium. 

5. Discussion 

The results summarized in Tables 1 and 2 give rise 
to several interesting and important conclusions 
concerning the activation energy and at tempt fre-
quency of hydrogen vacancy diffusion in scandium 
dihydride in particular, and in f.c.c. structure hy-
drides in general. We consider these factors in the 
following subsections. 

Activation Energy 

Figure 2 shows how the activation energies listed 
in Tables 1 and 2 depend on the vacancy concentra-
tion cv. The activation energy decreases with de-

V A C A N C Y C O N C E N T R A T I O N 

Fig. 2. Activation energies for vacancy d i f fus ion deter-
mined from 45SC R, measurements . ( • : S c H 2 _ v ; A : S C D 2 _ V 
series A samples: T : S C D 2 _ v series B samples). Activation 
energies for hydrogen di f fus ion determined f rom proton T, 
measurements ( • : ScH 2 _ v ) . The solid lines are guides to 
the eye only. 

creasing vacancy concentration (increasing hydrogen 
concentration) over the entire composition range of 
the dihydride phase. The decrease is substantial, 
from £ a = 0.8 eV at cv = 0.05 to £ a ^ 0.60 eV at 
cv = 0.005 in the deuterides, and from £ a = 0.75 eV 
to Ea = 0.52 eV over the same range of cv in the 
hydrides. The isotope difference is in reasonable 
accord with the expected difference in zero-point 
energies, 0.055 eV, based on the proton vibrational 
frequency [11]. The same trend of E.d values is also 
found in the results [12] of measurements of the 
proton 7j in the same samples, which are also 
shown in Figure 2. However, the activation energies 
based on the proton measurements consistently fall 
about 0.1 eV below those based on the 45Sc mea-
surements. 

This behavior of the activation energy may be 
compared with that in the similar dihydrides of Ti, 
Zr, Y, and La. In making this comparison, we focus 
attention on the possible significance of hydrogen 
0-site occupancy in determining the composition 
dependence of £ a . In this regard, ScH2_v lies inter-
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mediate between TiH2_v and ZrH 2 _ v for which 
there is no evidence that 0-sites are occupied [13], 
and YH2_ r and LaH 2 + v for which there is. clear 
evidence that 0-sites are occupied [14, 15]. The 
lattice parameter of ScH2 (4.738 A) also falls be-
tween those of TiH2 and ZrH2 (4.447 A and 4.603 A, 
respectively) and of YH2 and LaH2 (5.204 A and 
5.663 A, respectively). However, like Ti and Zr, Sc 
does not form a trihydride phase [16], whereas Y 
and La do [16]. These observations suggest that 
0-site occupancy is unlikely to be significant in 
ScH2. This conclusion is supported by electron spin 
resonance (ESR) studies [17] of dilute Er3 + in ScH2 

which indicate that the fraction of 0-sites occupied 
in ScH : is less than 0.5% and by the absence of any 
0-site contribution in inelastic neutron scattering 
[11]. 

Various proton and F, e (T\ in the rotating 
frame) measurements in TiH2_v have found E.D = 
0.50 eV/atom essentially independent of hydrogen 
concentration [18, 19]. However, recent proton T ] e 

measurements [20] in ZrH2_v show a small decrease 
10%) of ED with decreasing vacancy concentra-

tion in the range 0.1 > cv > 0.5 in which the lattice 
experiences a small tetragonal distortion. For both 
of these systems the argument has been advanced 
that £ a could be expected to increase as the limiting 
dihydride composition is approached due to the 
additional energy required to create a vacancy on 
the hydrogen sublattice [20]. This effect would 
presumably only be noticeable for composit ions 
very close to the dihydride limit. And indeed, such 
an increase in E.D was recently reported for ZrH, 997 

on the basis of proton F l g measurements [20]. 
In contrast to these results, proton spin relaxation 

time measurements on both yttrium and lan thanum 
dihydrides yield activation energies that decrease 
significantly with increasing hydrogen content [21, 
22], For the lanthanum hydrides, this trend was 
already evident in the pioneering work of Schreiber 
and Cotts [15]. All these pieces of information, taken 
together, strongly suggest that the ability of hy-
drogen to occupy the octahedral interstitial sites 
may be the principal factor responsible for the acti-
vation energy decreasing with increasing hydrogen 
concentration in f.c.c. structure hydrides. In the case 
of SCH2_v, the observed behavior of E.D may indi-
cate that 0-site occupancy, or at least the ability to 
sample 0-sites. is non-negligible at high tempera-
tures. 

Attempt Frequency 

The most striking feature of the present results 
are the attempt frequency values. In sharp contrast 
to such parameters based on proton F, measure-
ments, the present results based on the 45Sc F, mea-
surements show little dependence on vacancy con-
centration and agree satisfactorily with the value 
anticipated from inelastic neutron scattering mea-
surements of hydrogen optic mode vibration fre-
quencies. For single particle hopping on an empty 
lattice, the attempt frequency v0 is given by 

v'o = r v§ , (7) 

where VQ is the optic mode frequency and z = 6 is 
the number of neighbor sites on the simple cubic 
F-site sublattice of hydrogen in the f.c.c. hydrides. 
Unpublished neutron measurements [11] give a 
mean value of / / i ' o = 1 2 6 m e V which follows the 
trend of published data [23] for f.c.c. hydrides. With 
this we have v0 = 1.80 x 1014 s _ 1 in very good agree-
ment with the experimental values, particularly at 
the lower vacancy concentrations. There does ap-
pear to be a trend toward somewhat greater v0 

values at the higher vacancy concentrations. 
For comparison, values of the vacancy attempt 

frequency v0 = z VQ derived from proton F, data are 
displayed in Figure 3. For TiH 2 _ x and ScH2_x the 
points are derived from F, measurements ([18] and 
[12], respectively), and for ZrH2_v f rom F, e mea-
surements (see [20]). It's evident that the proton-
derived values of v0 fall 1 to 2 orders of magnitude 
below the anticipated value of 2 x 1014 s _ l based on 
the neutron measurements and also found from the 
45Sc F] results. Note that the values for ScH2_Y de-
crease more rapidly with increasing hydrogen con-
centration than do those for TiH 2 _ x and ZrH 2 _ v . 
This difference between the Group III and IV metal 
hydrides is further born out by similar data for 
YH2_y [21.22], 

One can show that the average labeled particle 
(vp) and vacancy (vv) hopping rates are in the ratio 
c v / ( l - cv) even if proton-proton interactions strong-
ly affect the rates. The proton and 45Sc data, which 
should measure the former and latter rates, respec-
tively, are in clear disagreement with this. A pos-
sible explanation concerns the effect of interactions 
when, for cv 1, vacancies move much faster than 
labeled particles. Suppose the rate to hop from site / 
to j depends on the distribution of vacancies in 
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.9 2.0 
C O M P O S I T I O N ( H / M ) 

Fig. 3. Hydrogen concentration dependence of the vacancy 
attempt frequency v0 derived from proton T\ measure-
ments in the dihydride phases of Sc, Ti, and Zr. (A: 
TiH 2_ v from Ref. 20; • : ScH2_v f rom [13]; and • : ZrH 2_ v 
from [22], The solid lines are guides to the eye only. 

other neighboring sites k because of interactions. 
For a labeled-particle hop it is proper to compute 
the rate by taking an average over this distribution 
because of the rapid vacancy fluctuations. (That is, 
a mean-field description of labeled particle hopping 
is exact [24] for cv —• 0.) Such is not the case, 
however, if the i —> j hop is a vacancy one, since 
then the distribution of k fluctuates on the same 
time scale. The vacancy rate can therefore be non-
mean-field and weighted toward the value corre-
sponding to the most probable distribution (all sur-
rounding sites occupied) rather than to the average 
rate. There can be considerable difference between 
these for small if, owing to strong repulsions at 

the saddle point, the rate increases strongly as the 
instantaneous number of vacancies in the surround-
ing sites k increases. This model will be treated in 
detail elsewhere. A further point to consider might 
be that in proton N M R where R\a dominates, one is 
dealing with 2-particle interactions which may be 
affected by 2 or more-particle correlated hopping 
processes. 

6. Conclusions 

The measurements reported here show that the 
45Sc spin-lattice relaxation rate R\ in ScH2_x and 
SCD2_y at intermediate temperatures is predomi-
nantly quadrupolar in origin, resulting from vacancy 
diffusive jumps on the hydrogen (deuterium) sub-
lattice. The conduction electron contribution to the 
relaxation rate is relatively weak, consistent with a 
low density-of-states at the Fermi level. The j u m p 
frequency prefactor (attempt frequency) for hy-
drogen vacancy diffusion derived from the tempera-
ture dependence of R\ agrees well with the value 
expected on the basis of neutron scattering mea-
surements of the hydrogen optic mode frequency. In 
contrast, attempt frequency values based on proton 
spin-lattice relaxation rate data are 1 to 2 orders of 
magnitude less than this, indicating possible effects 
of hydrogen-hydrogen interactions and /or 2 or 
more-particle correlated hopping processes. 
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