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Absorption and diffusion of hydrogen in palladium-silver alloys by density functional theory
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The vibrational states, absorption energies, and diffusions of H in Pd andAgl(0=<x=<1) have been
studied by first-principle calculations. All results compare favorably to experiment. The zero-point motion of H
is important in the determination of the H site occupation, in the estimation of the diffusion barrier, and in the
explanation of the reversed isotope effect. The interesting anomalous isotope effect is explored, and a diffusion
mechanism is proposed for tritium. The preferred diffusion paths of H in Pd apd,Rgd, are “indirect”
paths. According to the absorption energies and diffusion barriers, H diffusion in Pd-Ag alloys should avoid the
Ag-rich areas.
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I. INTRODUCTION H preferentially occupies the octahedral site in the interstitial
spaces of Pd fcc latticd?* To investigate both and B
The Pd-H system has continuously attracted attention, nqithase, we performed calculations for several H concentra-
only because of its technological application in H storagetions in PdH (x=0.03125, 0.0625, 0.25, 0.5, 0.75, and 1
and separation, but also because of its special place withiwherex is the ratio of H/Pd. In detail, Pdd3125 PdH, 55,
the more general class of metal hydrides with its an extenPdH, 5, and PdH ;5 are modeled by the simple cubic cells of
sive literature=* Pd is special since it readily dissociates H, Pd;,H, Pd,H, PdH,, and PdH;, respectively. Pdklygosis
stores H at high volumetic density, and has a high H diffu-modeled by the tetragonal cell of RH. PdH is modeled by
sivity. For the different H concentrations at room tempera-one hydrogen and one Pd. The kiolecule is modeled by a
ture, there are two phases in Pdiftc lattice including the dimer in a simple cubic supercell. The lattice constant is 10
a(x<0.1) phase and thg(x>0.6) phasé.Both phases ex- A, which is large enough to prevent interaction between two
hibit a fcc structure and differ only in their lattice constants.H, molecules. The calculated bond length of 0.75 A for the
Of particular interest are the alloys of Pd with silver, which H, molecule agrees well with the experimental value of
are widely employed as a material for the diffusion mem-0.74 A%
branes. Pure Pd is not attractive for practical applications For the alloy structures, the experiment shows that the
because loading with H induces a structural phasenajority of binary alloys of Pd with the neighboring ele-
transformatior!, which causes embrittlement over H loading ments in the periodical table have fcc compositiBhi our
and unloading cycles. By alloying Pd with Ag, the phasestudy, fcc structures have been assumed for_PAlg, (x
transition and the associated embrittlement can be sup=0.0, 0.25, 0.5, 0.75, and 1.alloys, wherex is the fraction
pressed. of Ag. H absorption in Pd ,Ag, alloys and in pure silver
Over the years, there has been a continued theoreticalas modeled by the simple cubor tetragonal cells con-
interest in the vibrational energies, the diffusion, and the distaining four heavy atom$Pd or Ag and one H atom, de-
sociation of H in pure P&, but there is little theoretical picted in Fig. 1. For H in pure Pd, all octahedral sites are
understanding of H in Pd-Ag alloys. This paper and a recengrystallographically equivalent. For H in PdAg, alloys,
paper by Lavik'® intend to fill this gap. In the present work, there are two different octahedral sites for H occupations. We
the anharmonic excitation energies, absorption energies arghecify Q and Q in each structure, where;Gs by defini-
activation energies of H in Pd and Pd-Ag alloys are ad-+ion surrounded by more Pd atoms and less Ag atoms. Table
dressed. Our results show that the harmonic approximation issummarizes the specified;@nd G sites in Pg_,Ag,Hg 25
inadequate to study the vibrations of H in the Pd-Ag alloysstructures. Figure(tl) shows a(110) plane of the fcc lattice
and the solubility of H in the Pd-Ag alloys increases for awhere the large, filled circles are the positions of(BdAg)
25% silver concentration. In particular, we stress the influ-atoms. The open circles are octahedral sites. Additionally, the
ence of the zero-point motion on the absorption and diffusiorilled squares are the,§ transition states and the open
of H. Besides that, we explore the interesting anomalougquares are the;§ transition states for the H diffusion.
isotope effect’~2 The quantum-mechanical study was performed using the
The paper is organized as follows. Section Il describes th&/ienna ab initio simulation packagé’?® which allows for
theoretical methods. Section Ill discusses the main calculaeriodic density functional theoryDFT) calculations by
tion results. Section IV consists of a summary and conclusplving the Kohn-Sham equatiof&S) with pseudopoten-
sions. tials and a plane wave basis set. The approach implemented
in the program is based on a finite-temperature generalized
Il. MODEL AND SIMULATION METHODS gradignt 2glppro?(imatior) with  the Pe.rdeW—Wang 91
functional?® The interactions between the ions and the elec-
For H in pure Pd, the experiment shows that RdBl  trons are described by the ultra-s¢ilS) pseudopotentials
<x=<1) has a face-centered cubifcc) crystal structur. introduced by Vanderbift’
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O 0: o 01 Oy (o very accurately, the level of accuracy is comparable to
z FLAPW calculations? The results show that the absorption
T Y energy of 0.171 eV calculated by the PAW method is almost
Pd ) <x the same as that of 0.170 eV by the US pseudopotentials. The
02
( (b)

energy difference is less than 1%.
a) PdorsAQozs  (b) PdosAdos  (€) PdazsAQors Equilibrium lattice constants were obtained by fitting the
total energies at different lattice constants to a so-called Rose
curve®* The calculated lattice constants of ;PgAg, and
A PdH, as a function ofx are plotted in Figs. @ and 2b),
St respectively. The calculated lattice constants of 3.96 A for Pd
Ot . O and 4.17 A for Ag are in good agreement with the experi-
St o, <V0> mental values of 3.89 A and 4.08%&espectively. As can be
T seen in Fig. Pa), the calculated lattice constants increase
® Fd almost linearly with increasing Ag concentrations. This be-
havior is very similar to that of the experimefitBoth cal-
(d) (110) plane of the fcc lattice culated and measured results in Figb)2show the lattice
FIG. 1. Cell configurations used in the DFT calculation for constants increase \.Nith incrgasjng H Concentrgtions: Itis
Pd-Ag alloys.(a), (b), and(c) are schematic models for the alloys. noted that the experimental finding of 0.06-A Iattlge differ-
0, and G are octahedral site¢d) shows a(110) plane of the fcc ~ €Nce between pure R&Ref. 36 and PdH o5 (Ref. 9 is re-
lattice. Some high-symmetry sites are shown in the plane. The largeroduced in our calculations. The lattice constants for
and filled circles are the positions of Pd or Ag atoms, the small and®d; — yAgyHg 25 are compiled in Table 1.
filled circles are octahedral sites, and the small and open circles are The vibrational excitations of H in the octahedral sites
tetrahedral sites. Additionally, the filled squares areShg transi-  were calculated using thretHARMND (Ref. 3 package. The
tion states and the open squares areShg transition states. package solves the time-independent Sdhmger equation
o . ) based on the potential energy surfd®ES. The three di-
Brillouin-zone  integrations were performed on an 11lmensjonal(3D) PES is fitted with the polynomial functions
X 11x 11 meshi' The energy cutoff is 436 eV. With these iy (y v 7) 37 A fourth-order polynomial was found to fit the
basis set, we chose jd as a test, when the energy cutoff peg yery well. The deviation of the fit was less than 0.2%.
was increased to 500 eV or the mesh was increased 10 I, ohiain a reasonable description of the vibrations of H in
X 15x15, the changes of total energy in these cases Werg o o tahedral site, a77 x 7 mesh was chosen, and the step

smaller than 0.5 meV per atom. A Gaussian smearing W't}%ize of H displacement was 0,86, (or a, or a,). With this

02 ev was applied during the geometry optimization. T.hereset, the calculated results of PdH and PdD agree well with
are two kinds of geometry optimization in our calculation.

One just optimizes the coordinates of atoms. This is suitabléhe exFer;]ment. Wheln a more dense rtne'?:: |stusted, thTt results
for a high symmetry cell such as the cubic cell. The othef0_not show any clear improvement. The test results are

fully optimizes structure including coordinates and latticeSUmmarized in Table Iil.
vectors(cell voluma. This is suitable for a low symmetry ~ 1he nudged elastic band meth¢NEB) (Ref. 38 was

cell such as the tetragonal cell. In all calculations, the totap'S€d to calculate energy barriers for the H diffusion. Each
energy was converged to be less than 0.5 meV with respeéhage in the NEB is only allowed to move into the direction
to thek point sampling, energy cut-off and cell size. In order Perpendicular to the hyper-tangent, which is calculated as the
to check the accuracy of the US pseudopotentials for ouRormal vector between two neighboring images. The algo-
models, the absorption energyer H atom of H in the oc-  rithm keeps the distance between the images to first order
tahedral site of Pdjls also was calculated by Bibl's pro-  constant. The quasi-Newton algorithm was used to refine the
jector augmented wavéPAW) method®? There is all- obtained result with the NEB. The forces and the stress ten-
electron description of the electron-ion-core interaction insor are used to determine the search directions to find the
the PAW. This method is able to describe bulk propertiesequilibrium positions, until they are less than 0.02 eV/A.

TABLE I. The symbols of @ and G are specified for the different octahedral sites of Rég,Ho »s. By
definition, the octahedral site surrounded by more Pd and less Ag atoms is denotediageely, it is
denoted as @in each structure. For H in the pure Pd or pure Ag,add G sites are identical.

H in O, site surrounded by H in Osite surrounded by
PdHy o5 Six Pd atom Six Pd atoms
Pdy 75200 2H0 25 Six Pd atoms Four Pd and two Ag atoms
Pdy 5Ado.sHo 25 Four Pd and two Ag atoms Two Pd and four Ag atoms
Pdy 25Adg 7H0.25 Two Pd and four Ag atoms Six Ag atom
Ag,H Six Ag stoms Six Ag atoms
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425 4.25
(@) Pdi.xAgx o—e—e Calculated (b) PdHx

0--©0--omeasured

FIG. 2. The calculatedsolid
circles and measured (open
circles lattice constants for
Pd,_,Ag, and PdH. (a) shows
the lattice constants as a function
of x in Pd,_,Ag,. The data for

Pth75Ado.o5 and PdsAgg7s are
interpolated from the experiment

415 4.15

4.05 4.05

Lattice Constant(angstroms)

395 o 395 Pd”H‘,--’o (Ref. 35. (b) shows the lattice
Lo constants of Pdas a function of
P’ PdHaors x (x=0.03125, 0.25, 0.75, and.1
3.85 ‘ : . 3.85 ‘ ‘ :
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
Ag concentration x Hydrogen concentration x
[ll. RESULTS AND DISCUSSIONS experiment, indicating that the total-energy calculations are

good enough to predict the vibrational energies. To explain

inelastic-neutron-scattering spectfaFlsasser et al® pro-
The zero-point(ZP) and excitation energy of the vibra- posed that two excited states of 182 meV and 156

tions of H in the octahedral site of the Pd and Pd'Ag a”oySi3 meV seem to be the excitatioegé)o and e(Z%))O' respec-

are calculated by solving the time-independent Sdimger  ively. These states are also observed in our calculations. For

A. Zero-point and excitation energies of the vibrations of H

36 : . o . o
equatior® The energy levels are expressed as follows:  the higher excitation energies, the mixing among them are
clearly observed.
€nmi= Enmi— Eooo @ Table V shows the calculated energies of H in

where Eq is the oscillator ground state energym and| Pd,_.AgyHo o5 alloys. It shows that there are substantial dif-
are the quantum numbers of the harmonic-oscillator statedS'Nc€s between the anharmonic and harmonic patential.
The calculated energies of H in Pdifx=0.25 and 1 and his |nd|c_:ates thqt thg harmonlq approximation is madequate
Pd, Ag,Ho s (x=0.25, 0.5, 0.75, and)lare compiled in for studylng the V|brqt|ons of 'H in the alloys. Cqmpanng the
Tables IV and V, respectively. corresponding energies of H in E%go-ﬁ'o-%('_.' in the G

For H in Pd in our models, H concentrations in Rdit site) with those of H in Pdig s (Table IV), we find the en-
=0.03125, 0.0625, and 0.2%nd PdH are close to the £ J'€S N Pg75A00 290 25 are slightly smaller than those in

phase and th@ phase in the experimentespectively. Fig- PdH, 25. Th'|s can be. epramgd as befo”?eMoreover, the
ures 3a) and 3b) show the ZP and first excitation energies corresponding energies of H in Aghjs are slightly smeil.a:gr

of H in PdH, as a function ofx. Both Figs. 3a) and 3b) than those of H in PehsAgo.7e0.25 for the same reasoft.
show that the energies decrease with increasing H concentrgpr H n some of PEL.XA.Q.XHO-% structures, the energies of
tions. This can be explained by the fact that the increasing ﬁom(% dlrgcnor‘) are significantly larger than th(_)se qo"(x
concentration leads to the increase of the lattice constanf! y.d|r.ect|or). _Th|s.refllects the fact that the wbrgtlonal po-
resulting in the shallower vibrational PES, and thus Iowingten_tlal n thez direction is much steeperthar_l that in phand

the excitation energ} This was also concluded by Efszer y directions. There are tvyo reasons for thls. One is that Ag
et al*3 Table IV shows that the calculated results are in goodeltoms make the po_tentlal steeper. Hin the &te of
agreement with the experiméht and the previous F®5AJosHo2sand Hinthe @ site of Pd 75Ago o9 belong

calgulation§ For H in Pdh 5, the energies calculated by  TABLE IIl. The calculated and measured oscillation energies

Elsesseret al. overestimate the energies to some extent. El{) and the root mean square displacements) of H and deute-

sasseret al. explained this by lack of the local lattice relax- rium in the octahedral site of bulk R&dH unit cel). rms is calcu-

ations during the PES calculations. This does not seem imated from the expression afx=(x?)—(x?) (atomic uni}. The

portant for the energies if we compare our results with theesults are calculated by using two different meshes. Units for the
energies are in meV.

TABLE Il. The calculated lattice constants of PdAg,Hg 25

(x=0.25, 0.5, and 0.75The lattice vectors along,y, andz direc- 7X7X7 mesh with Experimental and
tions are specified a&,, a,, anda,, respectively. Units are in A. the displacement 0.06a, theoretical results
® rms ® rms
H in O, site Hin O, site
PdH 55.7 0.348 56.0 0.357°

a(a) a, aay) a, PdD 37.9 0.300 378 0.305°
Pdy 76200 2H0.25 4.063 4.063 3.986 4.227
Pdy 5Ado.sHo 25 4.037 4.260 4.470 3.535 3Experiment from Refs. 40 and 41.
Pth 2570 74Ho 25 4468  3.657 4173 4173  "Theory from Ref. 8.

“Experiment from Ref. 42,
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TABLE IV. The calculated and measured excitation energies ofpdH and Pqd_,Ag,H, s as a function ofx are plotted in
the vibrations of H in the octahedral sites of PdH and pPgHin Figs. 4 and 5 respeétively. For H in PdHthe calculated

meV). a and 8 samples in experimenRef. 43 are PdH 1, and . .
. 3) ) energy of 0.10 eV of H in PgH agrees very well with that
PdH, 63, respectively.ejy, shows the threefold degeneracies of of 0.10 eV of H in the heat solution in the experimént.

C100- Figure 4 shows the energies increase with increasing H con-
This work ~ ExperimentRef. 43 Elsisseret al. (Ref. 6 centrations_. The ZP gnergies Qf H decrease V\_/ith increasing H
e PdH PdH s aor B PdH PdH, s 'concenf[ratlon?(se'e Flg.'$, which partly contributes to th.e
increasing energies. This tendency also means the H-H inter-
€0 83.6 99.1 action is attractive in this case, which was also concluded by
el 59.3 B 60.0 62.0 Christensenet al** based on the effective-medium theory.
71.0 a 69+0.5 83.0 However, the curve behavior in Fig. 4 is somewhat different
e®) 1138 1342 « 115+5 117.0 158.0 from that of Christenseet al. The energies presented there
ell) 1265 1473 «a 137+2 132.0 179.0 increase continuously with increasing H _concentrationg.
e 1435 162.9 a 156+ 3 147.0 197.0 However, the results here show the maximum energy is

found whenx is 0.5. The present result seems to be more
reasonable if we compare Fig. 4 with the phase diagt4m.
to this case. Another reason is that Pd atoms make the pd-he reason for the maximum is unclear. This may be due to
tential steeper. Since the lattice vector in thedirection is  the electronic or geometric effecor both. Further investi-
much smaller than that in the, direction (for H in the O, ~ gation Is necessary.
site of P@,AgosHoss and H in the Q site of Figure 5 shows the absorp.tion energy per H atom in
Pch sAo Ho 29). Pd, _,Ag,Hg o5 alloys as a function ok. It shows that the
calculated curve behavior coincides well with that of the
experiment’ Whenx is 0.25, the calculated energy of 0.32
eV of H in Pd, 75Adg 20 o5 (H in the G site) is larger than
The absorption energies of H in Pdieind Pd_,Ag,Ho 25  that of 0.17 eV of H in Pdil,s. This indicates that H solu-
are calculated from the formula, bility in Pdy 76200 28H0.25 IS significantly higher than that in
PdH, ,s. This coincides with the experimental observatidn.

B. Absorption energies of H

1 In Table 1l, we can see the lattice constant of 4.06 A in
Eaps= Ef'(Pq*XAgx)+EE(Hz)_E”(Pdl*XAgXH) Ph 75Ad0.28H0.25 IS slightly larger than that of 4.02 A in
PdH, »s. It seems that the increased lattice makes the octa-
— Ezpi(H) +Ep(H) (2)  hedral site more favorable for H occupation. This seems to

be a common rule if we compare the absorption energies of
i the comparable sitesee Table | for the comparable site
energy of the B molecule €y, = —6.8037 eV) E,iisthe  Take for an example, a comparison between ggHand

ZP energy of H in the octahedral site of the allolgs,,isthe  Pd, 5520, 78H0 25 (H in the G, site). It shows that the lattice
ZP energy of H in the H molecule E,,,=134.7 meV per H constant of AgH ,s is larger than that of RghsAg 74H0 25-
atom. The calculated absorption energies per H atom inThus, the energy of H in Aggbsis larger than that of H in

whereE,; is the energy of the rigid latticéE ) is the total

TABLE V. The calculated ZP and excitation energies of the vibrations of H in thar@ G sites of
Pd,_,Ag, (in meV). The energies below are determined by the harmonic approximatigpshows the
twofold degeneracies af;o, andegg. Someey, is blank because the energies are too large.

Py 75Ad0.28H0.25 Pdh sAdo.sHo.25 P 25Ado.75H0.25 AgHo 25
States Q 0O, O, O, O, 0O, Octahedral site
Anharmonic calculation
€000 95.8 101.6 97.9 110.1 114.9 92.9 91.8
el2) 68.8 64.8 60.8 475 57.7 65.5 65.1
€001 68.8 88.5 90.4 137.3 123.9 65.5 65.1
€110 130.2 121.0 113.0 88.2 109.5 123.0 123.0
el?) 130.2 146.3 144.8 177.1 174.8 123.0 123.0
€500 142.8 141.2 133.8 106.2 133.5 133.9 134.0
€020 158.0 155.6 148.9 119.2 1249 150.3 148.7
€002 158.0 185.9 — — — 150.3 148.7
Harmonic approximation
€000 83.7 79.8 85.5 77.0 89.8 46.1 65.7
el2) 55.8 47.6 50.2 43.6 52.9 30.8 43.8
€001 55.8 64.2 70.7 66.8 73.8 30.8 43.8
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) b
E (@) m @ Ccalculated ®)
& 75 [paun O measured 2100 _ FIG. 3. The calculatedsolid
g 32 £ q circles and measured (open
) = circles ZP and excitation energies
&0 5 95 of H in PdH, as a function ofx.
2 S (a) and (b) are the first excitation
m L -4 . . _
c 65 .g 0 energies and the zZP energies, re
8 g— spectively. The experimental data
Ju 5 in (b) are from Ref. 44. The cal-
g 80 | O N g5 culated energies of H in the ;O
% PdHoea Si.te Of P%J?é‘g().zd_'O.ZS are also
L g ‘ ‘ ‘ 80 , , ‘ given in the figure.

] 0.25 0.5 0.75 1 0 0.25 05 0.75 1

Hydrogen concentration

Hydrogen concentration

Pd ,5A00 74Ho.25. This rule was also observed theoretically in the tetrahedral site is in good agreement with the experi-
by other author€ who concluded that the most stable sitesmental predication of 93 me¥.As a result, there are some
have Ag as the next-nearest atoms. Wkéslarger than 0.5, uncertainties for the occupation of H in pure Ag. For H oc-
Fig. 5 shows the energies decrease significantly with increagupations in the alloys, the calculated results show H jn O
ing Ag concentrations. This is in accordance with the experisites are more stable than H in the §ltes in each structure
mental observatioff where the solubility of H in the Pd-Ag (H can not be localized in the tetrahedral sites of the alloys if
alloys decreases greatly when the Ag concentration is largéhe ZP energies are considered
than 50%. For H in pure silver, The energy ©0.76 eV of
H in AgHg s indicates that this structure is extremely un-
stable. This is in accordance with the experimental
observationd?*° where there is an extremely low hydrogen  The diffusion barriers calculated with and without relax-
solubility in pure Ag. ation of the heavy atoms are determined by the saddle point
The site occupation of H in the various interstitial sites ofsearch using the NEB methd@iAccording to the absorption
metals is an important topf¢-2*For H in pure Pd, the ab- energies of H in the Pd-Ag alloys in Fig. 5, there is an ex-
sorption energy of H in the octahedral site is 81.4 meV mordgremely low H solubility in the Ag-rich areas exemplified by
stable than that of H in the tetrahedral site. So the octahedrdd in Pdy 5A0g5Ho.25, Pth 25A00.76H0.25 and AgH, o5. This in-
site is preferred by H. This is in accordance with thedicates that as it diffuses, H will avoid the Ag-rich areas.
experiment!~?*For H in pure Ag (AgH 9, the absorption  This coincides with the result of Opaea al*° who drew this
energy of—0.667 eV of H in the $, site is in good agree- conclusion based on an experiment and a simple model.
ment with the experimental value 6f0.59 eV#’ However, Considering this, we would not discuss H diffusion in these
the occupation of H in the ;§, expands the lattice constant structures. The rest of the paper mainly focuses on H diffu-
greatly, which seems to be unphysicaConsidering the os-

C. Diffusion barriers and paths of H

cillation energies, we found that the energy of 96.5 meV of H 1
0.8 B 01@02 0@02 O@)z
__ o2 € 06 [ Pd Ag
5 g 04 i x=0.25 x=0.5 x=0.75
© > L
< 2 02
> =
L 016 | 2 q
-, [
5 5 i
s § %
5 a 04
= L o] i
g 0.12 ® calculated 2 08
g < [ ——— Caleulations
< Pda;H O measured 08 ... Experiment
_1 | | |
0.08 ‘ ‘ : 0 0.25 0.5 0.75 1
0 0.25 05 0.75 1 Ag concentration x in Pd1.xAgxHo.2s

Hydrogen concentration x in PdHy
FIG. 5. Calculatedsolid symbol$ and measuredopen sym-

FIG. 4. The calculated and measured absorption energies of Hols) absorption energies of H in Pd,Ag,Hg 25 as a function ok
in PdH, as a function ofx (x=0.03125, 0.0625, 0.25, 0.5, 0.75, (x=0, 0.25, 0.5, 0.75, and)1Experimental data are from the fit-
and J. tings of Ref. 47.
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15 TABLE VI. The “direct” ( S;19 and “indirect” (S;;,) diffusion
| barriers of H in Pdigzs, Pdh7AGo2dH, and PgsAgosHo s (in
. Q@ static  relaxed me\/)
"' S110 ® O PdHozs .
<[> / ¢ o PdarsAgoasHozs| : :
P Unrelaxed barrier Relaxed barrier
1 o PdosAgosHo.oo
; SllO Slll S110 S111
(1]
& PdH, »5 1180 284 541 129
g Pdh 75800 2Ho 5 1155 591 594 315
Wos Pd) 5Ago sHo 25 1040 345 446 211

Pdy76Ad0 2Ho 25, Fig. 7(b) shows there are two different
transition states denoted &§,,andS?,,. The barrier of 591
meV in S2,, is significantly larger than that of 319 meV in
Sh,- This indicates that H diffusion to the Ag-rich area is
hindered by a large barrier (Gsite surrounded by two Ag

FIG. 6. Energy vs displacement curves with H diffusions alongand four Pd atoms Fig. 7 (b) shows the local minimum
“direct” paths in Pdh o5, Pth7Ao2dHo2s and PdsAdosHozs:  betweenSy;andS:,,is quite shallow compared to the rela-
The total energy of H in the corresponding §ite is chosen as zero. tively deep local minimum in Pdghs (around the tetrahedral

site). This indicates that H can not be localized in this mini-

sion in PdH o5 and Pg 7520 291025 Next to that, H diffu-  mum if the ZP energy is included. The inset picture in Fig.
sion in Pg sAdo sHg 25 between the @sites is mentioned. 7(b) shows that the trajectory of H diffusion in

In the literature'>3°3>H diffusion in Pd is considered Pd, ;A0 »4Ho 25 is almost along thé111) direction before
along two different paths. One is the so-called “direct” dif- H reaches the local minimum, which is similar to that of
fusion path, where H diffuses directly from one octahedralPdH, ,s in Fig. 7(a). After passing the local minimum, the
site to the next along thel10) direction. The transition state trajectory has a large deviation from thi&l1) direction. For
for “direct” is denoted as $,oin Fig. 1(d). The other is the H diffusion in Pg 5Ag, sHo 25 between the Qsites, the dif-
“indirect” path, where H diffusion is from an octahedral to fusion path is similar to that of Pd}js (not plotted.
tetrahedral site along the 11) direction. From there H atom The diffusion barriers calculated with and without relax-
may move on to another octahedral site along one of thation of the heavy atoms in Figs. 6 and 7 are summarized in
(111) directions. Between the octahedral and tetrahedral sit®able VI. It shows that the corresponding barrier in the “in-
H passes the ;g transition state. The energy profiles for H direct” path is much lower than that in the “direct” path,
diffusions along the “direct” and “indirect” paths are plotted indicating that the preferred diffusion paths are “indirect”
in Figs. 6 and 7, respectively. paths. The remainder of the diffusion barriers in this paper

Figure 7 shows the energy profiles for H diffusions alongare given in terms of the “indirect” paths. For H diffusion in
“indirect” paths in PdH, o5 and Pg 75AdoHo0s. The inset  pure Pd, the measured barriers are between 230 and 300
pictures in Fig. 7 represent the preferred diffusion trajectomeV??®5-%8|f the ZP energies are included, the barriers cal-
ries. For H diffusion in Pdlg,s, the diffusion barriers calcu- culated with and without the relaxation are 204.0 and 387.7
lated with and without relaxation of the heavy atoms are 129meV, respectively. Obviously, the barrier in the relaxed case
and 284 meV, respectively. For H diffusion in is much closer to the observed barriers. It is noted that the

0 0.15 03 0.45 06 0.75
Distance from O site (unit in displacement/ax)

o Ja)PdHo.zs O S0 Oz - S0 Oz (b)2Pd0.75A9025H025
~ R - N i S111
06 Sn 4 y St S1.13' 4 .:"'.‘S'"z
05 | T FIG. 7. Energy vs displace-
S : : Os ment curves with H diffusions
L o4} Pd Pd Pd Ag \ along “indirect” paths in PdH 5
3 S’ q and Pd 75Adg oHo 25- The results
5 03| S111 S X are calculated witlgsolid line) and
G I without (denoted as<) relaxation
0o | % of the heavy atoms. The inset pic-
T tures represent the preferred diffu-
o1 | X X s o sion paths. The total energy of H
"] o ! in the Q site is chosen as zero.
0 / n | L | n | n | \\ I | n | n | n |
0 0.15 03 0.45 06 0 0.15 0.3 0.45 0.6

Distance from O1 site (unit in displacement/a )
X
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TABLE VII. The energy levels(meV) and quantumn tunneling frequencies {5 of H isotopes in
PdH, »5. The results are derived from the 1D PE®e the text for details

H Deuterium Tritium

The states Levels Frequencies Levels Frequencies Levels Frequencies
ground state 16.2 5.5010* 9.2 1.9 10 6.2 0.0x10°
first excitation 65.8 3.781¢° 421 6.4x 10° 32.1 1.9% 10
second excitation 124.3 3.86.0° 81.1 1.34&10° 62.6 5.9% 107
third excitation 185.4 2.5810% 123.4 6.55 10° 96.2 1.5% 10
fourth excitation 243.7 3.9210% 166.9 3.6x10° 131.3 1.3 10°
fifth excitation 209.6 1.68 10 166.9 2.66¢ 107
sixth excitation 249.4 1.72101 202.0 9.1410°
seventh excitation 235.6 2.6110%°
eighth excitation 266.1 4.4010%

barrier of 387.7 meV calculated without the relaxation doesheir excited stat&,, and T tunnel in the higher energy state

not differ very much from the measured values. This reflect€,,, (m>n) [the potential there is very similar to Fig(e9].

the possibility that the heavy atom lattice has almost no timén this way he obtained the sequence of activation energies

to respond in the case of a very quick jump. According to theEt>Ep>Ey [see the arrows in Fig.(8]. Although the as-

above analysis, we conclude that the relaxation of the heav§umption sounds reasonable, it was not underpinned by fur-

atoms is important for the height of the diffusion barrier, andther theoretical evidence. _ o

the real diffusion barrier should be somewhat larger than the To Verify Sicking’s assumptioff) we fit the 1D finite po-

barrier calculated with the relaxation. tential [Fig. 9(a)] to the 22nd order polynomial. The energy
The diffusion of H isotopes in bulk Pd shows an interest-SPlittings are determined by solving the time-independent

ing isotope effectIE): the diffusion constant of deuterium Schralinger® based on the polynomial. The calculated quan-

(D) is greater than that of H, which in turn is greater than thatum tunneling frgquenues of _H isotopes are compiled in

of tritium (T).Y” The IE between H and Dthe heavier iso- Table VIl according to expression

tope diffuses more rapidly than the lighter gr#hows the AE

reversed IE effect. Despite many classical and quantum rate Un=—, 3

models for H diffusion in metal€-2°%°the understanding h

for the anomalous IE still is not fully clear. Obviously, the where AE is the energy splitting ant is Plank’s constant.

classical rate theory fails to explain the reversed IE, and iUsing these frequencies, we can evaluate the jump frequency
predicts that the sequence of the constabtg™>Dp>D+. from

Jost and Widmalf explained the reversed IE successfully by

using the quantum mechanical modified classical rate theory. d —E,
Later, Sicking® pointed out this theory cannot explain why T nzfo Un€XR T
diffusion is the slowest(it predicts T diffusion to be the V=" , 4
fastest. As a solution, a “quantum leak” mechanism was 2 ex __En)
proposed by Sickimy who assumed that H and D tunnel in n= kT
16 (@ H o | (b)H,Dand T

_a-Summation

Diffusion constant (cmz/s)

Diffusion constant (cmz/s)

1000/T(K) 1000/T(K)

FIG. 8. The temperature dependence of the tunneling diffusion constants of H isotopesigs.PtiH(a), the solid lines show the
diffusion constants are contributed from the individual excitation states of H; the dotted solid line is the summation of the individual
constant; the dotted points are for H diffusion in th@hase in the experime(iRef. 17. (b) gives the comparisons of the diffusion constants
of H isotopes(H in the solid line, D in the dashed line, and T in the dotted)line
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TABLE VIIl. The barrier energie$meV) and frequencies () of the diffusions of H isotopes in PgHs
for both unrelaxed and relaxed cases. The barriers include the ZP energies. The ZP energies in the octahedral
site and in the saddle point were calculated by the 3D and 2D PES, respeatjyalydv are frequencies
for H isotopes in the octahedral site and in the saddle point, respectively.

The unrelaxed case The relaxed case
Vo Barrier Vg Barrier Us
H 1.707x 10" 387.7 4.89x 103 204.0 4.19% 103
Deuterium 1.15% 10" 359.3 3.45% 10" 185.1 2.96Xx10%
Tritium 9.271x 10% 346.2 2.82&10% 175.1 2.41& 10
whereE,, corresponds to the-th energy level of H isotopes, If we calculate the constants according to the traditional

andk is the Boltzman constant. The diffusion constants arelD quantum transition-state rate theftyhe results seem to
calculated without taking the effects of lattice deformationsbe much better. The expressiofi%is

into account,

(Bho™/2)sinN Bw™/2)

(Bhwyl2)sinh Bhwyl2)’

_ %o +
k=5_exp—BE") (6)

DtZEszt, 5 . A .
6 whereE™" is the activation energyy, andw™ are the vibra-
tional frequencies in the octahedral site and in the saddle
wherelL is the distance between two nearest octahedral sitepoint, respectively. The barriers including the ZP energies

The calculated tunneling diffusion constants of H isotopesand frequencies are compiled in Table VIII and Figc)9

are compiled in Fig. 8. At low temperatures, Figa8shows Figure 10 shows that the calculated and measured tempera-
that the constants are mainly dominated by the ground stateire dependence of the diffusion constants of H isotopes in
tunneling effect. The occupation of the higher excited state®dH, ,s. It shows the calculated diffusion constant for D is
is reduced at the low temperatures. With increasing temperan quite good agreement with the experim&hThe calcu-
tures, the higher excited states become thermally occupiethted results for H underestimate the experimental Hata.
and thus the contributions from the higher excited statedhis implies that the quantum tunneling effect may make an
dominates the constants. Comparing the calculated constariteportant contribution to the constant. The calculated results
of H with that of the experimerlt, we find that the current can easily explain that the reversed IB>D},). In Figs.
results underestimate the experiment data. Fi)) 8Bom-  9(a) and 9b), they show that T can easily be localized in the
pares the calculated diffusion constants of H isotopes. Itetrahedral site of Pdf}s. This indicates that the diffusion
shows that the constant of H is greater than that of D, whichmechanism of T is different from that of H or D. For H or D,

in turn is slightly greater than that of T. This indicates thatit just needs a jump from an octahedral site to another, but
the quantum tunneling effect of H is more than that of D,for T, it needs double jumps, where T first jumps from an
which is slightly more than that of T. The calculated resultsoctahedral site to the nearest tetrahedral site. From there it
fail to explain the reversed IE. may jump back or jump forth, or just stay there due to the

(b) ZP energies in tetrahedral site
0.29

> 019 :'.:180.6 "
21284 : D
0.09 M FIG. 9. The ZP energies of H isotopes in the
octahedral (a) and tetrahedral(b) sites of
o —0.01 PdH, ,5. The sequence of the energies qf ,HD,

Octahedral Tetrahedral and T,., is “guantum leak” assumption pro-
posed by Sicking(see the text for details (c)
gives the diffusion barriers of H isotopes in the
relaxed lattice(including ZP energies The ZP
energies at the saddle point are determined by the
2D potential. Units are in meV’s.

(c) Barriers
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Experiment Calculated
s ® H H
[} oD == =D

FIG. 10. The calculated and measured tem-
perature dependence of the diffusion constants of
H isotopes in Pdkl,5. The calculated results are
determined from the 1D quantum transition-state
theory. The experimental data are from the litera-
i ture (Refs. 17 and 61

Diffusion constant (cmzls)

S,
4
T

Il
25 3 35 4 45
1000/T(K)

possibility of the increases of barriers on both sides. The reahcreases wheris about 0.25, and decreases greatly wken
diffusion process may be complicated. If we simply consideris larger than 0.5. This coincides with the experimental ob-
that T jumpsL/2 distance for one jump in Ed5), surpris-  servations. This also indicates that H diffusion to the Ag-rich
ingly, the calculated constant agrees reasonably with the exegion is strongly blocked.

perimental dat4! To some extent, this supports our proposed The calculated diffusion path of H in Pghk is almost

mechanism. In this way, the anomalous IE becomes quitlong the (111) direction. The diffusion path of H in
clear now. Pdy 75Ado.oHo 05 has a large deviation from thd.11) direc-

tion. According to the absorption energies and diffusion bar-
riers, H diffusion in the Pd-Ag alloys should avoid the Ag-
rich areas.

The vibrational states, absorption energies, and diffusions The interesting anomalous isotope effect is explored. The
of H in PdH, (x=0.03125, 0.0625, 0.25, 0.5, 0.75, and 1 ZP energy of H in the saddle point is significantly greater
and Pd_,Ag,Ho s (x=0, 0.25, 0.5, 0.75, and) have been than that of D. Thus the activation energy of H is greater than
studied by DFT. that of D. This is the main reason for the reversed IE. A

The vibrational energies of H are determined by solvingdiffusion process is proposed for tritium. .
the time-independent Schtimger equations based on the Due to the light mass of H, the ZP motion is very impor-
PESes. The results show that the harmonic approximation i&nt in the determination of the absorption site and the diffu-
inadequate to study the vibrations of H in JAdand Sion barrier of H. In general, the ZP energies of H in the
Pd,_,AdHos. The lattice constant dependence of the vi-octaheral sites of pure Pd gnd Pd—Ag alloys are small_er than
brational energy is revealed. For the lower H concentrationd20 meV, and the ZP energies of H in the tetrahedral sites are
in Pd (PdH, x=0.031254 and 0.25our method seems to larger than 150 me\M(see Tables IV and Table )V This
be somewhat of an improvement compared to that ofh€ans that the ZP energy of H in the octaheral site increases
Elsasser. The present results demonstrate that the total energ"ye absorption energy, and the ZP energy of H in the tetra-
calculations are good enough to predict the vibrational enef2edral site decreases the absorption energy. For H absorption
gies even for the lower H concentrations. For H in some of! Pdh.2s, the theoretical results show H in the tetrahedral
the Pd-Ag alloys, the vibrational energy efg, is signifi- site is 10.8 meV more stable than H in the octahedral site
cantly larger than that of,0,. Both Ag and Pd atoms may without considering the ZP motions. If the ZP energies are
contribute to the steep vibrational potential for different rea-ncluded, H in the octahedral site is 81.4 meV more stable
Sons. f[han H in the tetrahgdral site, and H cannot even be localized

The calculated absorption energies of H in Pdkhd " the tetrahedral sitésee Fig. 9. For H in the alloys, H
Pd,_,Ag.Ho 05 agree well with the experimental data. The cannot be localized in the tetrahedral sites either if the ZP
calculated énergy of H in the Gites of the alloygwith Ag motions are considered. The ZP motion plays a key role in
as the next-nearest neighbds much greater than that of H €XPlaining the reversed IE.
in the G, sites in each structure. The calculated energy of H
in the O site of P 75Adg »5Ho 25 IS greater than that of H in ACKNOWLEDGMENTS
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