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Abstract

Crystalline Pg_,Ag,—H, (x = 0-0.35) alloys were studied as model systems representing a chemically disordered system for hydrogen-
storage materials. Extensivel relaxation rate R1, R1, and R,) measurements were carried out in a wide temperature range of 2.4-400K.
Palladium-silver alloys of silver concentration as high as 35at.% were studied by NMR spectroscopy for the first time. The relaxation
mechanisms magnetic dipolar relaxation (hydrogen diffusion), Korringa relaxation, relaxation by paramagnetic impurity ions and cross-
relaxation to quadrupolar metal nuclei were identified and characterized. The presence of cross-relaxatiortHetag:qnadrupolai®>Pd
nuclear spins was assumed and demonstrated for the first time in Pd—H;apddldH systems. More than one jump processes of diffusing
hydrogen were found to be present in the studied palladium—silver alloys. Only lower estimated limit values of Korringa constants could be
obtained since no frequency independRnversusT region was found. These values are significantly higher than the ones reported by others.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 2. Nuclear relaxation mechanisms

Proton spin—lattice-relaxation raté&y are often used in  2.1. Hydrogen diffusion
nuclear magnetic resonance (NMR) studies of electronic
structure and hydrogen motion in metal-hydrogen systems. The spectral density functions relevant to nuclear spin re-
The total spin—lattice-relaxation rate is usually taken to be laxation due to dipolar coupling between diffusitd spins
the sum of three ternfd]: R1qis due to dipole—dipole inter-  in an fcc lattice (intrinsic diffusion, simple hopping model)
action modulated by hydrogen diffusioRy e is the electronic ~ were calculated numerically by Monte Carlo methat A
(Korringa) relaxation rate, an®ip represents relaxation new analytic form for the spectral densities was introduced
due to paramagnetic impurities. In our case, there shouldby Sholl[4] which adequately represents the results of the
be included the effects of yet another spin—lattice relaxation numerical calculations. The relaxation rates for a polycrys-
mechanismR, in which protons cross relax with quadrupo- talline sample are described by the formulae:
lar metal nuclei, which in turn transfer energy to the lattice

via their own relaxation ratef?]: Ry = Rig + Rie+ Rip R1 = Ayo(g(yo) + 48(2y0)), 1)
+ R]_c. A
Ry, = §y0(3g(2y1) + 5g(yo) + 2g(2y0)) (2)
and
; A
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where A = (uo/47)22y*R2I(I + 1)c/(54%w0) andy is the removed—averaged by the motion. If hydrogen diffusion is
nuclear gyromagnetic ratid, is the nuclear spin¢ is the absentRicris independent of temperature unless a structural
fraction of sites occupied by spins,is the lattice parame-  Phase change occurs. Rs is fast enough not to constitute
ter, wo is the Larmor frequency angd = w;t/2. The mean a bottleneck them® 1 is also temperature independent. Since
time between jumps of a spin is= 1o exp(E/RT). The the Zeeman energies dependRy) the cross-relaxation rate
analytic form forg(y) is g(y) = S/(a1 + a2yY/? + azy* + Ricr Will likewise vary with field ¢H NMR frequency). In

asy’ + y2), where the parametefsq;, u andv are chosento ~ most materials studied to d§&6] R1s has been fast enough
fit the numerical results. to maintain a common spin temperature between the lattice

and theS-spin system. In such cas®&gs plays a negligible
role since the temperature and frequency dependenddg of
are then determined solely R4, which is basically inde-
pendent of temperature in rigid solids.

2.2. Korringa relaxation

The interaction between protons and conduction electrons
manifests in a field-independent relaxation term—the Kor-
ringa relaxation described #&e = R1pe = R2e = T/k. The
constank is inversely proportional to the electron density of
states at the Fermi level.

3. Experimental

Twenty-five micrometre thick palladium foil of 99.95%
purity was purchased from Goodfellow. For the alloys, lumps
2.3. Relaxation due to paramagnetic impurities of palladium (99.95%) and silver (99.99%) were mixed and
alloyed by induction melting under reduced argon pressure of
Low levels of paramagnetic impurities (10-100 ppm) can g, '10# pa. To reach homogeneity, the ingots were remelted
have profound effects on the spin-lattice relaxationfale  {nree times. The alloys were cold rolled in five to seven
they produce considerably more asymmetric maximathan thesteps to a thickness of 20n. The steps of cold rolling were
theories predict in the temperature dependence of the pmtonseparated by surface cleaning in 6 M hydrochloric acid and
R14, With a shallower low-temperature slope or secondary annealing at 973 K. The samples was charged with hydro-
maxima on the low-temperature side of the maximum. There gen to the maximum available metal to hydrogen atomic
are two important mechanisms for the transport of the excess, 41iq (Table 1 from the gas phase at atmospheric pressure
energy in the nuclear spin system. Proton magnetization is 5t 373 K. According to the manufacturers data, iron is the
transported to the paramagnetic ions (relaxation centers) bygnly impurity of magnetic nature in the starting materials.
spin diffusion when hydrogen motion is frozen at low tem-  The nominal iron impurity concentrations were 19 ppm for
peratures and by atomic diffusion at intermediate and high Pd, 18 ppm for PelagAgo 10, 16 ppm for PgsoAgo.20 and

temperatures. 14 ppm for P@esAgo.ss as calculated from manufacturers
data of 10 wt. ppm Fe in Pd and 2 wt. ppm Fe in Ag.

2.4. Cross-relaxation between ! H and quadrupolar 1H NMR measurements and data acquisition were accom-

nuclear spins plished by a Bruker SXP 4-100. Stability of magnetic field

and frequency was better thari0-6. Temperature was con-
Proton spin-lattice relaxation rat&s reveal an anoma- trolled by an open-cycle Oxford cryostat with an uncertainty
lous frequency dependence in several metal-hydrogen sysiess thant-1 K. Spin—lattice relaxation rate®; were mea-

tems[1,2,6] at 7 < 100 K. In addition, many of théH R sured by inversion-recovery method. Rotating-frame rates
data have weaker than linear temperature dependencies. BotlR1, were obtained by applying a 9pulse, immediately fol-
observations are unusual since Korringa relaxdtitis ex- lowed by a long spin-locking pulse, phase shifted by 90

pected what predicts relaxation rates linear in temperaturewith respect to 90pulse. Spin—spin relaxation ratBs were
and independent of resonance frequency. Absorbed hydro-measured by CPMG method with a delay time=20.1 ms.
gen and silver alloying destroys the ideal cubic symmetry of

the palladium lattice in PAAg,—H, samples. There is thus

a distribution of electric field gradients (EFG) at quadrupo- 4. Results and discussion

lar 195Pd nuclei, as well as of orientations of the EFG axes

with respect to the applied fielHp. Cross-relaxation due to No field-independenR; versusT region could be found
dipolar interaction between the two spin systemgf) can for the metal hydrides investigateHig. 1). A linear-fit ap-
occur when the Zeeman energy splitting of'%&hspin hap- proach was applied to determine constaniThis method

pens to equal some combined Zeeman-quadrupolar splittingis based on the assumption that in the rigid-lattice regime
of a nearby%Pd nuclear spin. The spin energy is transferred whereR, = Rie + R1p + Ricthe relaxation rateyp is con-
from the'H spin systemi to that of the quadrupold°Pd stant and independent of temperatifie The constant was
nuclei (§) (Ricr term) and then on to the lattic®{s term) then determined from the slope of the line fitted to e
to give an overall relaxation ratB;c [2]. At temperatures  versusl data measured dt< 50 K (Fig. 2andTable 1. The
at which hydrogen diffusion occur®icr is progressively  field dependent intercepts of the straight lines onRh@xis
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Table 1
Parameter values obtained by the analysis of the temperature and frequency dependdndesarid R1, data (bold numbers) measured in &g, —H,
alloys

X

0 0.10 0.20 0.35
y 0.61-0.78 0.55-0.59 0.45 0.27
K (sK) 110; 68—70[13] 118; 62+2.5[14]° 121 106
Ri(T =0K)¢ (s 0.62;0.31 0.28;0.14 0.08;0.04 0.17;0.08
E (kJ/mol) 2222, 22.2[15] 23.89; 23[10]°, 24[16] 24.4; 28.5[17] 27.9
70 (107135) 0.91; 1.3[18] 0.867; 0.88[10]° 2.0 13
Do (107 m?/s) 1.6 1.7 0.72 1.2
VA{?) (nm) 0.296 0.297 0.297 0.295
Dol(1—¢) (107 m?/s) 5.5;2.9[15] 4.1;3.9[16] 1.3;1.09[17] 1.6
Mo (1078 T2) 5.0;4.9 4.49; 4.4 349,34 2.19; 2.1

Diffusion constantsDo were calculated ag?)/61o with the assumption/(i?) = a. The relevant results obtained by others are given for comparison (second
columns), where available. The last significant figure of each value given is considered relialilehe estimated error afis 5%.
2 Not varied, from[15].
b Pdy.889Ag0.111—H, from high-temperatur®; data.
From linear fit of theR;, data measured dt< 50K; vp ~ 30 and 90 MHz.
Not varied, from the frequency dependence of fieand R1, maxima.
From temperature dependenceffdata.
Calculated from spectra 8H free induction decay signals measured’at 2.4 K.
Not varied, from spectrum measurements (footnote f).

Q - 0o 9 o

(Table 9 give the sum of the (constant) impurity raia, content Table 1. The 0.295-0.297 nm values of lattice pa-
and the field dependent cross-relaxation ite The high- rametew resulting form the fit {able 1 ./(I?) = a) are close
temperature sides of ttiy andR1, maximawere interpreted  to the 0.285-0.286 nm distance between neighboring octahe-
asR = Rq + Re (Fig. 1). Egs.(1) and (2)were fitted to the dral sites in Pg_,Ag,—Hmax alloys[9]. The second moment
experimentalR; and Ry, data, the appropriate values of pa- M values calculated from spectra ¥ free induction de-

rametersS, a;, u andv for fcc lattice were taken frony]. cay signals measured At= 2.4 K decrease with increasing
The spin—spin relaxation rate curves calculated with the pa- silver and diminishing hydrogen content. Experimerial
rameters of thek;, and Ry, fit (Eq. (3), dashed lines ifrig. values resulted in relaxation rate maxima of right magnitudes.

1) showed reasonable agreement with the measured points. The low-temperature sides of th®; and Ry, maxima
The activation energg of hydrogen diffusion shows the ex- become more and more shallower than the high-temperature
pected trend8] of becoming larger with increasing silver sides with increasing silver content. The presence of more

100 200 300 0 100 200 300 T[K]

0 100 200 300 0 100 200 300

Fig. 1. IH relaxation rate®; (spin—lattice) Ry, (rotating-frame spin-lattice) argh (spin—spin) measured in RdAg—Hmax alloys. (a) Pd—-H: triangles stand

for Ry atvg = 28 and 83 MHzR;,, is denoted by circlesi = 28 MHz; v; = 710 Hz) and by squaresy= 83 MHz;v; = 170 Hz); diamonds are fak; (v =

83 MHz). (b) Pd.90Ago.10—H: triangles stand foR; atvp = 28—-30 and 87 MHzR1,, is denoted by circlesuy = 28 MHz; v; = 750 Hz) and by squaresy =

83 MHz; v1 = 330 Hz); diamonds are fak, (vo = 87 MHz). (c) Pd.goAgo.20—H: triangles stand foR; atvg = 28-30 and 87 MHzR;,, is denoted by circles

(vo = 28 MHz; v1 = 710 Hz); diamonds are fak> (vo = 87 MHz). (d) Pd 65Agdo.35—H: triangles stand foR; atvg = 28—-30 and 87 MHzR, is denoted by

circles (o = 28 MHz; v1 = 750 Hz) and by squaresy = 28 MHz; v; = 600 Hz); diamonds are faR, (vo = 87 MHz). Lines are theoretical curves fitted (for
details see text an@iable ). The Korringa relaxation contributions are shown by the dash-dotted lines. Spin—lattice relaxation rate curves are solid lines and
the spin—spin relaxation rates are given by dashed lines.
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Fig. 2. Low-temperatureH spin-lattice relaxation rate®, for Pdi,Ag,— Fig. 3. Low-temperaturéH spin—lattice relaxation rates without the elec-
Hmaxalloys at(apo = 28 MHz and (byo = 87 MHz. Diamonds: Pd-H, cir- tronic term Ry — Re) for Poi Agy—Hmax alloys at (a)vp = 28 MHz and
cles: P@goAdo.10-H, triangles: PelgoAdo 20—H and squares: B@sAgo.ss— (b) vo = 87 MHz. Diamonds: Pd-H, circles: RebAdo10—H, triangles:

H. Linear fits:R1 = Rie + R1p + Ric, WhereR1p and Ry are temperature do.soAgo20-H and squares: BdsAdo.as—H.
independent constants aRde = 7/«.

5. Conclusions

than one jump processes of hydrogen diffusion can be  Extensive'H relaxation rate measurements were made on
made responsible for this feature mostly expressed WhenPdl_xAgx—Hy samples Fig. 1). Only lower estimated limit
x =0.20 and 0.35Kig. 1c and §l The measuredk, data  values of Korringa constants could be obtained since no fre-
deviate from the calculated curves towards faster relaxation qguency independeml and Rlp versusT was found; these

what points also to the existence of more than one jump values are significantly higher than the ones reported by oth-

processes. _ . ers. More than one jump processes of diffusing hydrogen
Following the argumentation dP], the mechanism of  were found ing-phase palladium-silver alloys af= 0.20
cross-relaxation between proton and quadrupdPd and 0.35. Our earlier results diti NMR spectrum shape

nuclear spins was assumed to be mostly responsible for(x = 0.10)[10] and spin—spin relaxation rate & 0.25)[11]
the observed deviations from the Korringa behavior, since support also this concept. Other authors have reported similar
Pdi_.Agx—H, systems (i) are of destroyed cubic symmetry pehavior only fora-phase PgloAgo1—H and Pd7Agos—H,
(due to absorbed hydrogen and alloying with silver) and (i) these alloys show two and three jump processes, respectively
contain quadrupolar spins. This term is removed at higher [12]. Cross-relaxation betweéhi and quadrupolat®>Pd nu-
temperatures, at which hydrogen diffusion occurs on the clear spins was taken into account as a significant relaxation
NMR frequency scale. At lower temperatures, whegeis mechanism besides paramagnetic relaxation at low tempera-

negligibly small, Ry and Ry, increased as the proton reso- tures for the first time in the studied PdAg,—H, alloys.
nance frequency decreased. The relaxation rates after the sub-
traction of the electronic term are temperature independent at
low T (R1 below 100 K andR1, below 50 K;Fig. 3). This be- Acknowledgements
havior suggests th&; sis fast enough to maintain a common
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