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Nuclear relaxation in the dideuterides of hafnium and titanium

G. Majer,* J. Gottwald,† and U. Kaess‡

Max-Planck-Institut fu¨r Metallforschung, Heisenbergstr. 3, 70569 Stuttgart, Germany

D. T. Peterson and R. G. Barnes
Ames Laboratory, USDOE, Department of Physics and Department of Materials Science and Engineering, Iowa State University

Iowa 50011, USA
~Received 28 April 2003; revised manuscript received 10 July 2003; published 14 October 2003!

The deuteron spin-lattice relaxation in the substoichiometric dideuterides HfDx(1.68<x<1.90) and
TiDx(x51.91) has been measured at temperatures between 300 and 830 K. The results are compared with
previous proton NMR measurements on dihydrides of similar hydrogen contents. The deuteron relaxation rate
G1, which consists of quadrupolar (G1,quad), dipolar (G1,dip), and electronic (G1,e) contributions, is dominated
by G1,quad. The deuterium atoms jump predominantly from occupied tetrahedral sites (T sites! to nearest-
neighbor vacantT sites. The fluctuations in the electric field gradients are related to the jumps of the vacancies
on the deuterium sublattice. TheG1,quad maximum occurs at a lower temperature than theG1,dip maximum,
reflecting the higher jump frequency of the vacancies compared to that of the deuterium atoms. The tempera-
ture dependence ofG1,quad yields the activation enthalpyHa of the deuterium vacancies and thus that of the
deuterium atoms in the dideuterides. TheseHa values are in good agreement with the activation enthalpies of
hydrogen atoms in corresponding dihydrides.

DOI: 10.1103/PhysRevB.68.134304 PACS number~s!: 76.60.2k, 66.30.2h
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I. INTRODUCTION

The group IVb transition metals titanium, zirconium, a
hafnium absorb large quantities of hydrogen to form meta
dihydrides MeHx with similar physical properties. These d
hydrides are generally non stoichiometric with hydrog
concentrations betweenx'1.5 and 2. In the lower part o
this concentration range the metal atoms form a fa
centered-cubic~fcc! structure, while at higher hydrogen con
centrations tetragonal distortions occur. The hydrogen at
occupy the tetrahedral interstitial sites (T sites!, forming a
simple cubic~or simple tetragonal! sublattice within the fcc
~or fct! metal matrix.

Nuclear magnetic resonance~NMR! has been used fo
many years to study hydrogen diffusion in metal-hydrog
systems.1 The jump frequency of hydrogen atoms in the d
hydrides TiHx ,2–7 ZrHx ,8–12 and HfHx ~Ref. 13! has been
deduced from the dipolar contribution to the proton sp
lattice relaxation rateG1. Additionally, the long-range diffu-
sivity of hydrogen atoms in TiHx ,14,15 ZrHx ,16,17 and HfHx
~Ref. 13! has been measured by pulsed-field-gradient~PFG!
spin-echo NMR. The underlying diffusion mechanism
these dideuterides could be determined by a combined an
sis of theG1 and the PFG data.13–17

The same diffusion mechanism has been found for
dihydrides of the group IVb transition metals: Up tox'1.9
the hydrogen atoms jump predominantly between near
neighbor T sites, and the activation enthalpy ofHa
'0.55 eV for TiHx ,15 Ha'0.65 eV for ZrHx ,16,17 and Ha
'0.67 eV for HfHx ~Ref. 13! depends only weakly on th
hydrogen concentration. The decrease in the diffusivity w
increasingx is due to blocking of occupiedT sites. For jumps
between nearest-neighbor sites on a sc lattice with block
of occupied sites Monte Carlo calculations of the spec
density functions for the dipolar spin-lattice relaxatio
0163-1829/2003/68~13!/134304~6!/$20.00 68 1343
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G1,dip are available.14,18,19 The results of these calculation
depend slightly onx/2, the occupation probability of a site i
the sc lattice. Sholl has introduced an analytic form for t
spectral densities19 which adequately represents the nume
cal data. Forx<1.9, the relaxation rates are well represen
by the Monte Carlo calculations and a fit of Ref. 19 to t
experimental data yields diffusion coefficients which are
very good agreement with the PFG results.13–17 This con-
firms that the hydrogen diffusion indeed occurs by jum
from occupied to nearest-neighbor unoccupiedT sites.

So far, only very few studies of deuterium diffusion
dideuterides MeDx have been performed. The PFG-NM
measurements on TiDx ~Ref. 15! suggest a semiclassical pic
ture of hydrogen/deuterium diffusion. The attempt frequen
of hydrogen/deuterium diffusion is proportional to the vibr
tional frequency of the atoms at an interstitial site, which
smaller by a factor ofA2 for deuterium than for hydrogen
The effective activation enthalpy in a deuteride is on
slightly higher than that in a hydride with the sam
hydrogen/deuterium content. This difference is of the or
of 0.01 eV and it is due to different zero-point motion ene
gies of hydrogen and deuterium.

Magnetic dipolar relaxation is relatively less effective f
deuterons than for protons because of the deuteron’s s
gyromagnetic ratio. In metal-deuterium systems, deuteron
laxation is usually dominated by quadrupolar fluctuatio
Although a deuteron at aT site in a fcc lattice experiences n
electric field gradient~EFG! due to the symmetry of the
metal lattice, fluctuating EFGs arise from transient occu
tion of some neighboring interstitial sites by other deutero
In the case of a nearly filled deuterium sublattice in subs
ichiometric dideuterides, the deuterium vacancies on th
sublattice are the sources of fluctuating EFGs. If the me
lattice becomes tetragonal at highx values, static EFGs may
also exist on the deuteron sites. However, as in the dip
©2003 The American Physical Society04-1
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case, only the time dependent interactions result in a s
lattice relaxation. The relaxation rate is a linear combinat
of spectral density functions which are the Fourier tra
forms of the correlation functions of the EFG fluctuation
An important difference between magnetic dipole and el
tric quadrupole relaxation is that in the former the nucle
dipole moment interacts separately with each of the s
rounding dipoles, whereas the quadrupole moment inter
with the total EFG due to all surrounding charges tak
together.1 Hence, three-particle as well as two-particle cor
lation functions are needed to adequately describe quadr
lar relaxation, whereas only two-particle functions are n
essary for the dipolar relaxation.

The present paper reports on deuteronG1 measurements
on well-characterized dideuterides of hafnium and titaniu
The data are analyzed together with information availa
from previous NMR studies of hydrogen diffusion in fc
dihydrides. A special emphasis is put on the quadrupolar
laxation analysis in view of recent developments in t
theory of quadrupolar relaxation.20,21 It has been shown that
for an arbitrary concentrationc of sources of fluctuating
EFGs, the spectral density functions may simply be rela
to the case for a low concentration. The relaxation rates
differentc only scale asc(12c) and the maxima in the rate
as a function of temperature are expected to occur at
same temperature for allc.20,21The quadrupolar relaxation o
45Sc in ScH(D)x is, for example, reasonable consistent w
the maximum relaxation rate being proportional toc(12c)
and with the maximum rate occurring at the same temp
ture for all c.20 In the present work, the quadrupolar rela
ation rates of deuterons in the substoichiometric dideuter
of hafnium and titanium have been considered. These stu
enable us to test the consistency and validity of the theor
quadrupolar relaxation for relaxation of the diffusing speci
A further aim of our work is to obtain comprehensive data
hydrogen and deuterium diffusion in the group IVb transiti
metal dihydrides/dideuterides.

II. EXPERIMENTAL DETAILS

The samples were prepared from high-purity metals at
Ames Laboratory. The metal was heated up to 1100 K un
vacuum and subsequently exposed to deuterium gas
modified Sieverts apparatus. The system was maintaine
this temperature for 24 h to assure equilibrium and th
gradually cooled to room temperature in the presence of
deuterium gas. The brittle deuteride was ground in a heliu
filled glove box to a powder of typical grain size 50mm.
One TiDx sample (x51.91) and three HfDx samples (x
51.68, 1.76, and 1.90) were prepared. The concentrat
were first estimated from the pressure change in the c
brated volume of the system and were then precisely de
mined by hot-vacuum-extraction analysis. The uncertain
in the deuterium concentrationsx are about 2% of the quote
values. All samples were sealed in quartz tubes of an in
diameter of 7 mm and a length of 12 mm under a pressur
about 0.1 bar of He.

Measurements of the deuteronG1 were performed over
the temperature range 300–830 K at resonance frequen
13430
n-
n
-
.
-
r
r-
ts

n
-
o-
-

.
e

e-

d
r

e

a-

es
ies
of
.

e
er

a
at
n
e
-

ns
li-
r-
s

er
of

ies

of 10.4 and 34.3 MHz. The NMR signals were observed w
a home-built Fourier transform spectrometer using pha
alternating pulse schemes and quadrature detection.
G1 values followed from fitting recovery curves to the sign
amplitudes that were monitored after the 90° pulse o
180° –t –90° pulse sequence. The sample temperature
maintained by means of a digital PID controller combin
with ohmic heating and was determined by two calibra
platinum resistors to about60.1 K.

III. RESULTS AND DISCUSSION

For a comparison with the present results on deutera
samples, the proton spin-lattice relaxation ratesG1 measured
previously on HfHx (x51.71, 1.81, and 1.90! ~Ref. 13! are
shown in Fig. 1. The shift in the position of the relaxatio
maximum to higher temperatures indicates a decrease in
diffusivity with increasingx, which is in agreement with
PFG measurements.13 In metallic systems the total spin
lattice relaxation rate may generally be written as

G15G1,e1G1,dip1G1,quad. ~1!

In the case of spin12 nuclei such as protons no electric qua
rupole relaxationG1,quad occurs. The electronic relaxatio
G1,e results from the interaction between the magnetic m
ments of protons and conduction electrons, and it is usu
expressed by the Korringa relation22

G1,e5T•CK
21. ~2!

The dipolar spin-lattice relaxation rateG1,dip is due to the
magnetic dipole-dipole interaction of a given proton wi
neighboring protons and, in general, also with the host
clei. In the case of HfHx , the dipolar interaction between th
protons and the host metal nuclei can be neglected due to
low natural abundance and small nuclear moments of the
Hf isotopes177Hf and 179Hf. Thus,G1,dip results only from

FIG. 1. Proton spin-lattice relaxation rateG1 measured on
HfHx(x51.71, 1.81, 1.90) at 37.3 MHz. The solid lines represe
the sum of the electronic relaxationG1,e @Eq. ~2!# and the dipolar
relaxationG1,dip @Sholls’s model for nearest-neighbor jumps on a
lattice ~Ref. 19!#. The fitting parameters are given in Ref. 13.
4-2
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NUCLEAR RELAXATION IN THE DIDEUTERIDES OF . . . PHYSICAL REVIEW B 68, 134304 ~2003!
the diffusion-modulated dipole-dipole interaction betwe
the protons. Figure 2 showsG1,dip obtained by subtracting
Eq. ~2! with CK5310 Ks fromG1 measured on HfH1.71.13

These data are well described by the Monte Ca
calculations19 for nearest-neighbor jumps on a sc lattice. T
thin solid lines in Figs. 1 and 2 are obtained by fitting19 to the
G1,dip data under the assumption of a single thermally a
vated process of hydrogen motion according to the m
dwell time

t5t0•exp~Ha/kBT!. ~3!

The G1,dip curve for HfH1.71 expected at 10.4 MHz is als
included in Fig. 2. This curve has been calculated by us
the prefactort051.2310214 s and the activation enthalp
Ha50.67 eV, which have been obtained by the simultane
fit to the G1,dip data measured at 37.3, 49.8, and 67.7 MH

The value oft0 obtained in this way may be compare
with that based on inelastic neutron scattering measurem
of optical vibration frequencies. For metal hydrides, the
tempt frequency for single particle hopping on an empty
tice, n05t0

21, is related to the optic mode frequencyn0
0 by23

n05z•n0
0 , ~4!

where z56 is the number of neighbor sites on the simp
cubic T-site sublattice of hydrogen in the fcc~or fct! hy-
drides. Rosset al.24 summarized the measurements ofn0

0 for
many metal hydrides, including ZrH2, for which hn0

0

5141 meV. Taking account of the difference in atomic r
dius between Hf and Zr yieldshn0

05144 meV for HfH2.
With this value ofhn0

0, Eq. ~4! yields n052.131014 s21,
and thereforet050.48310214 s, which is very close to tha
above based on the protonG1 measurements. This excelle
agreement, in contrast to earlier examples, is largely att
utable to the present use of spectral density functions ba
on Monte Carlo calculations.19

FIG. 2. Dipolar spin-lattice relaxation rateG1,dip of hydrogen in
HfH1.71 measured at 37.3, 49.8, and 67.7 MHz~from Ref. 13!. The
solid lines represent Sholl’s model~Ref. 19! for G1,dip at these fre-
quencies and the dashed line is the corresponding curve at
MHz.
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Figure 3 shows the deuteron spin-lattice relaxat
G1 measured on HfD1.68 at 10.4 MHz. These data revea
only one relaxation maximum at about 530 K, although ma
netic dipole and electric quadrupole interactions are expe
to contribute toG1 @see Eq.~1!#. In order to separate the
contributions, we have to take into account that in dihydrid
the isotope effect of hydrogen diffusion is rather small15 and
Ha is almost concentration independent forx<1.9. Thus,
the G1,dip maximum in a dideuteride occurs at about t
same temperature as in a dihydride of comparable hydro
content. The 10.4-MHz curve for HfH1.71 ~cf. Fig. 2! indi-
cates that theG1,dip maximum of HfD1.68 is expected at
about 580 K, and the observed maximum at 530 K must
mainly due toG1,quad.

The dipolar relaxation of deuteronsG1,dip
d is related to that

of protonsG1,dip
p at the same resonance frequency accord

to

G1,dip
d

G1,dip
p 5

gd
4

gp
4

I d~ I d11!

I p~ I p11!
. ~5!

The dipolar relaxation is proportional to the hydroge
deuterium concentration, and the relation given above ho
for identical concentrations. With the spin quantum numb
I p5

1
2 and I d51 and the gyromagnetic ratiosgp52.6752

3108 rad s21 T21 and gd50.41063108 rad s21 T21 the
right side of Eq.~5! is given by 1/675. The solid line in Fig
3 representsG1,dip

d of deuterons in HfD1.68, which has been
calculated fromG1,dip

p of the protons in HfH1.71 by using Eq.
~5! and by taking into account thatt0 is larger by a factor of
A2 for deuterium than for hydrogen. The slight difference
the concentrations has also been taken into account by
ing G1,dip

d with a factor 1.68/1.71.
The electronic relaxation in a deuteride is also sma

than that in a hydride by a factor

.4

FIG. 3. Deuteron spin-lattice relaxation rateG1 measured on
HfD1.68 at 10.4 MHz. The electronic and dipolar contribution
represented by the dashed and solid lines, respectively. The qu
polar relaxationG1,quad is shown by the dash-dotted line, and th
sum of the three contributions is given by the bold solid line.
4-3
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G
1,e
d

G1,e
p 5

gd
2

gp
2

, ~6!

which is given by 1/42.3. The electronic relaxation thus o
tained is included as a dashed line in Fig. 3.

The comparison of the dipolar and the electronic rel
ation of the deuterons in HfD1.68 with the experimental data
shows that the relaxation rate is indeed dominated by
quadrupolar contributionG1,quad. This is in agreement with
previous studies of the deuteron spin-lattice relaxation
HfD1.7 by Weaver,25 which also indicate that the quadrupo
interactions are the dominant relaxation mechanism. The
relation functions for quadrupolar relaxation are differe
from those for dipolar relaxation. The dipolar interaction is
coupling between pairs of spins, and so the relevant corr
tion function describes the time evolution of the separat
of a particular pair of spins. The characteristic time const
of the dipolar interaction is the correlation timetc5t/2, if t
is the mean dwell time after which one of the two interacti
nuclei jumps. The quadrupolar interaction, however, is a c
pling between a particular nucleus and the total EFG du
the collective effect of all other diffusing nuclei. For low
concentrations of deuterium vacancies on the deuterium
lattice in the fcc dideuterides, these vacancies are the
sources of the EFGs. In this case, the characteristic t
constant of the quadrupolar interaction is the correlation t
tc5tv , the mean time between two jumps of a deuteriu
vacancy. As has been shown recently,20,21 the quadrupolar
correlation function isc(12c) times the dipolar correlation
function for a single atom undergoing a random walk on
structure. The spectral density functions and nuclear spin
laxation rates may therefore be simply expressed in term
the corresponding theory for the low spin concentrat
limit.

The dash-dotted line in Fig. 3 is obtained by fitting Shol
calculations19 for c→0 to theG1 data of HfD1.68 after sub-
tractingG1,e andG1,dip. This fit yields an activation enthalp
for the motion of the deuterium vacancies and thus of
deuterium atoms ofHa50.67 eV, which is in excellen
agreement with the value found for hydrogen diffusion
HfH1.71.13 This confirms that the isotope effect of diffusio
is very weak in the dihydrides/dideuterides. The sum ofG1,e,
G1,dip and G1,quad thus obtained~bold solid line in Fig. 3!
describes the experimentalG1 data very well.

The fact that theG1,quad maximum occurs at a lower tem
perature than theG1,dip maximum reflects the higher jum
frequency of the vacancies compared to that of the deuter
atoms. The jump frequency of the deuterium atomst21 is
related to that of the deuterium vacanciestv

21 according to

~12c!•t215c•tv
21 ~7!

if c512x/2 denotes the deuterium vacancy concentrati
The ratiot/tv at a given fixed temperature increases fro
5.25 atc50.16 (x51.68) to 19.0 atc50.05 (x51.90). In
this concentration range the hopping frequency of the de
rium vacancies is in a good approximation concentration
dependent. The position of theG1,quad maximum, which is
determined by the hopping frequency of the deuterium
13430
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cancies, is therefore also expected to be nearly concentra
independent. The hopping of the deuterium atoms, howe
decreases with increasingx due to blocking of occupied
sites, which results in a decrease of the diffusivities and i
shift of the position of theG1,dip maximum to higher tem-
peratures~cf. Fig. 1!.

Figure 4 shows the deuteronG1 data of HfD1.90. The dif-
ferent contributions toG1 according to Eq.~1! have been
determined as outlined above for HfD1.68. In the case of
HfD1.90 the temperatures of the dipolar and quadrupolar
laxation maxima differ more than in HfD1.68 reflecting the
greater difference in the jump frequencies of deuterium
oms and deuterium vacancies. Furthermore, the quadrup
relaxation is substantially smaller than in the sample with
lower concentration of deuterium vacancies, which are
sources of the EFGs.

A comparison of the relaxation data measured on th
HfDx samples with differentx is given in Fig. 5. The elec-
tronic contributions are already subtracted and the quadru
lar contributions are indicated by the dash-dotted lines. T
sum of the G1,quad and G1,dip curves obtained by fitting
Sholl’s calculation19 is shown by the solid lines. In all thre
samples the relaxation rate is dominated by the quadrup
contribution. The position of theG1,quad maximum is, in-
deed, nearly concentration independent, and it is observe
Tquad'525 K. While in this concentration range the hoppin
frequency of the deuterium vacancies varies only sligh
with c, the quadrupolar relaxation strength changes sign
cantly with the concentration of fluctuating EFGs. The ma
mum quadrupolar relaxation rate increases by more tha
factor of 3 fromG1,quad

max 50.39 s21 for c50.05 (x51.90) to
G1,quad

max 51.34 s21 for c50.16 (x51.68). For an arbitrary
concentrationc of diffusing vacancies~or atoms!, the spec-
tral density functions and consequent relaxation rates are
pected to scale with concentration asc(12c).20,21 Within
the experimental uncertainty, this prediction is in agreem

FIG. 4. Deuteron spin-lattice relaxation rateG1 measured on
HfD1.90 at 10.4 MHz.G1,e andG1,dip are given by the dashed an
solid lines, respectively. The quadrupolar relaxationG1,quad is rep-
resented by the dash-dotted line, and the sum ofG1,e, G1,dip and
G1,quad is given by the bold solid line.
4-4
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with the present results.G1,quad
max /c(12c) is plotted in Fig. 6

as a function of the deuterium vacancy concentrationc5(1
2x/2) in HfDx . The error bars in Fig. 6 correspond to e
perimental uncertainties of62% in G1,quad

max and62% in x.
The quadrupolar relaxation has also been studied in

tanium dideuteride. Fig. 7 shows the deuteronG1 measured
on TiD1.91 at the resonance frequencyv/2p534.3 MHz. In
this case, the dipolar and quadrupolar contributions toG1 are
well separated. The dashed line indicatesG1,e and the thin
solid curve is the dipolar contribution that has been dedu

FIG. 5. Spin-lattice relaxation rate of deuterons in HfDx(1.68
<x<1.90) at 10.4 MHz. The electronic contribution has been s
tracted from the experimental data. The quadrupolar contribu
G1,quad is represented by the dash-dotted lines, and the sum
G1,dip andG1,quad is given by the bold solid lines.

FIG. 6. Maximum quadrupolar relaxationG1,quad
max of deuterons in

HfDx divided byc(12c) for the deuterium vacancy concentratio
c50.05, 0.12, and 0.16. The dashed line is a guide to the eye
13430
ti-

d

from protonG1 data of TiHx .15 The quadrupolar relaxation
indicated by the dash-dotted line, has been fitted by Sho
calculations forc→0 and it yields an activation enthalpy o
Ha50.66 eV. About the sameHa value has been deduce
from the protonG1,dip in TiHx with a comparable hydrogen
content ofx51.94.15

In order to prove whether the separation of the maxima
G1,quad and G1,dip is as expected for a vacancy mechanis
on the deuterium sublattice we have to take into account
the dipolar relaxation maximum occurs in TiD1.91 (x/2
50.955) at the temperatureTdip , at which the condition
vt/250.24 is fulfilled.19 At the temperatureTquadof the qua-
drupolar relaxation maximum, the hopping frequency of t
deuterium vacancies is related to the NMR frequency acco
ing to vtv50.39, as obtained from Ref. 19 forc→0. To-
gether with Eq.~7! this relation yields the hopping frequenc
of the deuterium atoms at the quadrupolar relaxation ma
mum, t21(Tquad)5c/(12c)•v/0.39. At the temperature o
the dipolar relaxation maximum, the hopping frequency
the deuterium atoms is given byt21(Tdip)5v/(2•0.24).
With Eq. ~3! the ratio of the deuterium hopping frequenci
at Tdip andTquad can be calculated according to

expFHa

kB
~Tquad

21 2Tdip
21!G5

~12c!

c
•

0.39

2•0.24
, ~8!

which allows one to calculate the temperature

Tquad5F 1

Tdip
1

kB

Ha
• lnS ~12c!

c
•

0.39

0.48D G
21

~9!

at which the quadrupolar relaxation maximum is expecte
the dipolar relaxation maximum occurs atTdip . With the
dipolar relaxation maximum atTdip5740 K ~cf. Fig. 7!, the
quadrupolar relaxation maximum in TiD1.91 (c50.045) is
expected to occur atTquad5580 K. Experimentally the qua
drupolar relaxation maximum has been observed at ab

-
n
of

FIG. 7. Deuteron spin-lattice relaxation rateG1 measured on
TiD1.91 at 34.3 MHz. The electronic~dashed line!, dipolar ~solid
curve!, and quadrupolar contributions~dash-dotted curve! are indi-
cated. The sum of these contributions is given by the bold solid l
4-5
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550 K, which is in reasonable agreement with the expec
value if we take into account the uncertainties of63% in
Ha, 62% in x, and61.0% inTdip .

IV. SUMMARY

Over wide temperature ranges the deuterium spin-lat
relaxation rate in the substoichiometric dideuterides
hafnium and titanium is dominated by the quadrupolar rel
ation G1,quad. An important feature of the quadrupolar rela
ation is that the quadrupole moment interacts with the to
electric field gradient~EFG! due to all surrounding charge
taken together. In nearly stoichiometric dideuterides, ho
ever, the vacancies in the deuterium sublattice are the
sources of EFGs. In this case theG1,quadmaximum occurs at
a lower temperature than theG1,dip maximum, reflecting the
higher jump frequency of the deuterium vacancies compa
to that of the deuterium atoms. The activation enthalpy
deuterium vacancy motion and thus of deuterium atom m
tion in HfDx and TiDx is deduced from the temperature d
pendence ofG1,quad. The obtained values are given in Table
Within the experimental uncertainty, these values agree w
with the activation enthalpies of hydrogen motion in dih
drides of the same hydrogen content, indicating the class
mechanism of hydrogen/deuterium diffusion. While the p
sition of theG1,quad maximum is concentration independe
in the dideuterides, the amplitude scales asc(12c) with the
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spond to the fits shown in Figs. 3–5 and in Fig. 7. Estimated
certainties are63%.

Sample x Ha
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HfDx 1.68 0.67
1.76 0.61
1.90 0.66

TiDx 1.91 0.66
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