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1H NMR analysis of nuclear relaxation mechanisms
in Pd–H and Pd–Ag–H alloys
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Abstract

Crystalline Pd1−xAgx–Hy (x = 0–0.35) alloys were studied as model systems representing a chemically disordered system for hydrogen-
storage materials. Extensive1H relaxation rate (R1, R1ρ andR2) measurements were carried out in a wide temperature range of 2.4–400 K.
Palladium–silver alloys of silver concentration as high as 35 at.% 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-
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elaxation to quadrupolar metal nuclei were identified and characterized. The presence of cross-relaxation between1H and quadrupolar105Pd
uclear spins was assumed and demonstrated for the first time in Pd–H and Pd1−xAgx–H systems. More than one jump processes of diffu
ydrogen were found to be present in the studied palladium–silver alloys. Only lower estimated limit values of Korringa constant
btained since no frequency independentR1 versusT region was found. These values are significantly higher than the ones reported by
2005 Elsevier B.V. All rights reserved.
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. Introduction

Proton spin–lattice-relaxation ratesR1 are often used in
uclear magnetic resonance (NMR) studies of electronic
tructure and hydrogen motion in metal–hydrogen systems.
he total spin–lattice-relaxation rate is usually taken to be

he sum of three terms[1]: R1d is due to dipole–dipole inter-
ction modulated by hydrogen diffusion,R1e is the electronic
Korringa) relaxation rate, andR1p represents relaxation
ue to paramagnetic impurities. In our case, there should
e included the effects of yet another spin–lattice relaxation
echanism,R1c, in which protons cross relax with quadrupo-

ar metal nuclei, which in turn transfer energy to the lattice
ia their own relaxation rates[2]: R1 = R1d + R1e + R1p
R1c.
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2. Nuclear relaxation mechanisms

2.1. Hydrogen diffusion

The spectral density functions relevant to nuclear spi
laxation due to dipolar coupling between diffusing1H spins
in an fcc lattice (intrinsic diffusion, simple hopping mod
were calculated numerically by Monte Carlo method[3]. A
new analytic form for the spectral densities was introdu
by Sholl [4] which adequately represents the results o
numerical calculations. The relaxation rates for a polyc
talline sample are described by the formulae:

R1 = Ay0(g(y0) + 4g(2y0)), (1)

R1ρ = A

2
y0(3g(2y1) + 5g(y0) + 2g(2y0)) (2)

and

R2 = A

2
y0(3g(0) + 5g(y0) + 2g(2y0)), (3)
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whereA = (µ0/4π)22γ4
�

2I(I + 1)c/(5a6ω0) andγ is the
nuclear gyromagnetic ratio,I is the nuclear spin,c is the
fraction of sites occupied by spins,a is the lattice parame-
ter, ω0 is the Larmor frequency andyi = ωiτ/2. The mean
time between jumps of a spin isτ = τ0 exp(E/RT ). The
analytic form forg(y) is g(y) = S/(a1 + a2y

1/2 + a3y
u +

a4y
v + y2), where the parametersS, ai, u andv are chosen to

fit the numerical results.

2.2. Korringa relaxation

The interaction between protons and conduction electrons
manifests in a field-independent relaxation term—the Kor-
ringa relaxation described asR1e = R1ρe = R2e = T/κ. The
constantκ is inversely proportional to the electron density of
states at the Fermi level.

2.3. Relaxation due to paramagnetic impurities

Low levels of paramagnetic impurities (10–100 ppm) can
have profound effects on the spin–lattice relaxation rate[5]:
they produce considerably more asymmetric maxima than the
theories predict in the temperature dependence of the proton
R1d, with a shallower low-temperature slope or secondary
maxima on the low-temperature side of the maximum. There
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removed—averaged by the motion. If hydrogen diffusion is
absent,R1cr is independent of temperature unless a structural
phase change occurs. IfR1S is fast enough not to constitute
a bottleneck thenR1c is also temperature independent. Since
the Zeeman energies depend onB0, the cross-relaxation rate
R1cr will likewise vary with field (1H NMR frequency). In
most materials studied to date[2,6] R1Shas been fast enough
to maintain a common spin temperature between the lattice
and theS-spin system. In such casesR1S plays a negligible
role since the temperature and frequency dependences ofR1c
are then determined solely byR1cr which is basically inde-
pendent of temperature in rigid solids.

3. Experimental

Twenty-five micrometre thick palladium foil of 99.95%
purity was purchased from Goodfellow. For the alloys, lumps
of palladium (99.95%) and silver (99.99%) were mixed and
alloyed by induction melting under reduced argon pressure of
8 × 104 Pa. To reach homogeneity, the ingots were remelted
three times. The alloys were cold rolled in five to seven
steps to a thickness of 20�m. The steps of cold rolling were
separated by surface cleaning in 6 M hydrochloric acid and
annealing at 973 K. The samples was charged with hydro-
gen to the maximum available metal to hydrogen atomic
r sure
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re two important mechanisms for the transport of the ex
nergy in the nuclear spin system. Proton magnetizati

ransported to the paramagnetic ions (relaxation center
pin diffusion when hydrogen motion is frozen at low te
eratures and by atomic diffusion at intermediate and

emperatures.

.4. Cross-relaxation between 1H and quadrupolar
uclear spins

Proton spin–lattice relaxation ratesR1 reveal an anoma
ous frequency dependence in several metal–hydrogen
ems[1,2,6] at T < 100 K. In addition, many of the1H R1
ata have weaker than linear temperature dependencies
bservations are unusual since Korringa relaxation[7] is ex-
ected what predicts relaxation rates linear in temper
nd independent of resonance frequency. Absorbed h
en and silver alloying destroys the ideal cubic symmet

he palladium lattice in Pd1xAgx–Hy samples. There is th
distribution of electric field gradients (EFG) at quadru

ar 105Pd nuclei, as well as of orientations of the EFG a
ith respect to the applied fieldB0. Cross-relaxation due
ipolar interaction between the two spin systems (R1cr) can
ccur when the Zeeman energy splitting of an1H spin hap
ens to equal some combined Zeeman-quadrupolar sp
f a nearby105Pd nuclear spin. The spin energy is transfe

rom the1H spin system (I) to that of the quadrupolar105Pd
uclei (S) (R1cr term) and then on to the lattice (R1S term)

o give an overall relaxation rateR1c [2]. At temperature
t which hydrogen diffusion occurs,R1cr is progressivel
atio (Table 1) from the gas phase at atmospheric pres
t 373 K. According to the manufacturers data, iron is
nly impurity of magnetic nature in the starting materi
he nominal iron impurity concentrations were 19 ppm
d, 18 ppm for Pd0.90Ag0.10, 16 ppm for Pd0.80Ag0.20 and
4 ppm for Pd0.65Ag0.35 as calculated from manufacture
ata of 10 wt. ppm Fe in Pd and 2 wt. ppm Fe in Ag.

1H NMR measurements and data acquisition were ac
lished by a Bruker SXP 4-100. Stability of magnetic fi
nd frequency was better than±10−6. Temperature was co

rolled by an open-cycle Oxford cryostat with an uncerta
ess than±1 K. Spin–lattice relaxation ratesR1 were mea
ured by inversion-recovery method. Rotating-frame r
1ρ were obtained by applying a 90◦ pulse, immediately fo

owed by a long spin-locking pulse, phase shifted by◦
ith respect to 90◦ pulse. Spin–spin relaxation ratesR2 were
easured by CPMG method with a delay time 2τ = 0.1 ms.

. Results and discussion

No field-independentR1 versusT region could be foun
or the metal hydrides investigated (Fig. 1). A linear-fit ap-
roach was applied to determine constantκ. This method

s based on the assumption that in the rigid-lattice reg
hereR1 = R1e + R1p + R1c the relaxation rateR1p is con-
tant and independent of temperature[5]. The constantκ was
hen determined from the slope of the line fitted to theR1
ersusT data measured atT < 50 K (Fig. 2andTable 1). The
eld dependent intercepts of the straight lines on theR1 axis
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Table 1
Parameter values obtained by the analysis of the temperature and frequency dependences of1H R1 andR1ρ data (bold numbers) measured in Pd1xAgx–Hy

alloys

x

0 0.10 0.20 0.35

y 0.61–0.78 0.55–0.59 0.45 0.27
κ (sK) 110; 68–70[13] 118; 62±2.5[14]b 121 106
R1(T = 0 K)c (s−1) 0.62; 0.31 0.28; 0.14 0.08; 0.04 0.17; 0.08
E (kJ/mol) 22.2a; 22.2[15] 23.8d; 23 [10]e, 24[16] 24.4; 28.5[17] 27.9
τ0 (10−13 s) 0.91; 1.3 [18] 0.86d; 0.88[10]e 2.0 1.3
D0 (10−7 m2/s) 1.6 1.7 0.72 1.2√〈l2〉 (nm) 0.296 0.297 0.297 0.295
D0/(1 − c) (10−7 m2/s) 5.5; 2.9 [15] 4.1; 3.9 [16] 1.3; 1.09[17] 1.6
M2 (10−8 T2) 5.0; 4.9f 4.4g; 4.4f 3.4g; 3.4f 2.1g; 2.1f

Diffusion constantsD0 were calculated as〈l2〉/6τ0 with the assumption
√〈l2〉 = 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 reliable to±1, the estimated error ofκ is 5%.
a Not varied, from[15].
b Pd0.889Ag0.111–H, from high-temperatureR1 data.
c From linear fit of theR1 data measured atT < 50 K; ν0 ≈ 30 and 90 MHz.
d Not varied, from the frequency dependence of theR1 andR1ρ maxima.
e From temperature dependence ofR2 data.
f Calculated from spectra of1H free induction decay signals measured atT = 2.4 K.
g Not varied, from spectrum measurements (footnote f).

(Table 1) give the sum of the (constant) impurity rateR1p
and the field dependent cross-relaxation rateR1c. The high-
temperature sides of theR1 andR1ρ maxima were interpreted
asR = Rd + Re (Fig. 1). Eqs.(1) and (2)were fitted to the
experimentalR1 andR1ρ data, the appropriate values of pa-
rametersS, ai, u andv for fcc lattice were taken from[4].
The spin–spin relaxation rate curves calculated with the pa-
rameters of theR1 andR1ρ fit (Eq. (3), dashed lines inFig.
1) showed reasonable agreement with the measured points.
The activation energyE of hydrogen diffusion shows the ex-
pected trend[8] of becoming larger with increasing silver

content (Table 1). The 0.295–0.297 nm values of lattice pa-
rametera resulting form the fit (Table 1,

√〈l2〉 = a) are close
to the 0.285–0.286 nm distance between neighboring octahe-
dral sites in Pd1−xAgx–Hmax alloys[9]. The second moment
M2 values calculated from spectra of1H free induction de-
cay signals measured atT = 2.4 K decrease with increasing
silver and diminishing hydrogen content. ExperimentalM2
values resulted in relaxation rate maxima of right magnitudes.

The low-temperature sides of theR1 and R1ρ maxima
become more and more shallower than the high-temperature
sides with increasing silver content. The presence of more

F ice) anR nd
f = 710 H
8 MHz;R
8 20–H: tr s
( 65Ag0.3 y
c 0 Hz); d for
d shown lines and
t

ig. 1. 1H relaxation ratesR1 (spin–lattice),R1ρ (rotating-frame spin–latt
or R1 at ν0 = 28 and 83 MHz;R1ρ is denoted by circles (ν0 = 28 MHz;ν1

3 MHz). (b) Pd0.90Ag0.10–H: triangles stand forR1 at ν0 = 28–30 and 87
3 MHz; ν1 = 330 Hz); diamonds are forR2 (ν0 = 87 MHz). (c) Pd0.80Ag0.

ν0 = 28 MHz; ν1 = 710 Hz); diamonds are forR2 (ν0 = 87 MHz). (d) Pd0.

ircles (ν0 = 28 MHz; ν1 = 750 Hz) and by squares (ν0 = 28 MHz; ν1 = 60
etails see text andTable 1). The Korringa relaxation contributions are

he spin–spin relaxation rates are given by dashed lines.
d2 (spin–spin) measured in Pd1xAgx–Hmax alloys. (a) Pd–H: triangles sta
z) and by squares (ν0 = 83 MHz;ν1 = 170 Hz); diamonds are forR2 (ν0 =

1ρ is denoted by circles (ν0 = 28 MHz; ν1 = 750 Hz) and by squares (ν0 =
iangles stand forR1 at ν0 = 28–30 and 87 MHz;R1ρ is denoted by circle

5–H: triangles stand forR1 at ν0 = 28–30 and 87 MHz;R1ρ is denoted b
iamonds are forR2 (ν0 = 87 MHz). Lines are theoretical curves fitted (

by the dash-dotted lines. Spin–lattice relaxation rate curves are solid
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Fig. 2. Low-temperature1H spin–lattice relaxation ratesR1 for Pd1xAgx–
Hmaxalloys at (a)ν0 = 28 MHz and (b)ν0 = 87 MHz. Diamonds: Pd–H, cir-
cles: Pd0.90Ag0.10–H, triangles: Pd0.80Ag0.20–H and squares: Pd0.65Ag0.35–
H. Linear fits:R1 = R1e + R1p + R1c, whereR1p andR1c are temperature
independent constants andR1e = T/κ.

than one jump processes of hydrogen diffusion can be
made responsible for this feature mostly expressed when
x = 0.20 and 0.35 (Fig. 1c and d). The measuredR2 data
deviate from the calculated curves towards faster relaxation
what points also to the existence of more than one jump
processes.

Following the argumentation of[2], the mechanism of
cross-relaxation between proton and quadrupolar105Pd
nuclear spins was assumed to be mostly responsible for
the observed deviations from the Korringa behavior, since
Pd1−xAgx–Hy systems (i) are of destroyed cubic symmetry
(due to absorbed hydrogen and alloying with silver) and (ii)
contain quadrupolar spins. This term is removed at higher
temperatures, at which hydrogen diffusion occurs on the
NMR frequency scale. At lower temperatures, whereRd is
negligibly small,R1 andR1ρ increased as the proton reso-
nance frequency decreased. The relaxation rates after the sub-
traction of the electronic term are temperature independent at
low T (R1 below 100 K andR1ρ below 50 K;Fig. 3). This be-
havior suggests thatR1Sis fast enough to maintain a common
spin temperature between the lattice and theS-spin system.
The temperature and frequency dependences ofR1c are then
determined byRcr, which is basically independent of temper-
ature in rigid solids. Both paramagnetic relaxation and cross-
relaxation are assumed to give a constant and temperature
independent contribution to the1H spin–lattice relaxation
r
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i
t ot
q ation
r

Fig. 3. Low-temperature1H spin–lattice relaxation rates without the elec-
tronic term (R1 – Re) for Pd1xAgx–Hmax alloys at (a)ν0 = 28 MHz and
(b) ν0 = 87 MHz. Diamonds: Pd–H, circles: Pd0.90Ag0.10–H, triangles:
d0.80Ag0.20–H and squares: Pd0.65Ag0.35–H.

5. Conclusions

Extensive1H relaxation rate measurements were made on
Pd1−xAgx–Hy samples (Fig. 1). Only lower estimated limit
values of Korringa constants could be obtained since no fre-
quency independentR1 andR1ρ versusT was found; these
values are significantly higher than the ones reported by oth-
ers. More than one jump processes of diffusing hydrogen
were found in�-phase palladium–silver alloys ofx = 0.20
and 0.35. Our earlier results on1H NMR spectrum shape
(x = 0.10)[10] and spin–spin relaxation rate (x = 0.25)[11]
support also this concept. Other authors have reported similar
behavior only for�-phase Pd0.9Ag0.1–H and Pd0.7Ag0.3–H,
these alloys show two and three jump processes, respectively
[12]. Cross-relaxation between1H and quadrupolar105Pd nu-
clear spins was taken into account as a significant relaxation
mechanism besides paramagnetic relaxation at low tempera-
tures for the first time in the studied Pd1−xAgx–Hy alloys.
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