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We studied total energies of various ordered structures of PidHvhich hydrogen occupies the octahedral
sites within the fcc Pd lattigeusing the pseudopotential method and a plane-wave basis within the local-
density-functional approximation. The structures considered includg4@-plane ordering of hydrogen
atoms at different concentrations. F)OB% we found that the NiMo- and MMo (D1,)-type structures at
x:% andx= ‘g‘, respectively, were energetically favored phases, in agreement with the superlattice reflections
found in previous neutron-scattering measurements. For the intermediate concentrations, linear variation of the
formation energy as a function of in several(420)-ordered structures explained the observed short-range
order. In contrast to an earlier proposal, we did not find the Fermi surface imaging effect responsible in this
case. The overall energy variation in different phases indicates the importance of going beyond pairwise
interactions between interstitial hydrogen atoms in this system.

Metal-hydrogen systems have continuously attractediydrogen in the sample, the anomaly temperature varied in
much attention as prototypes for studying certain basidthe 50—80 K range. A series of neutron-scattering experi-
physical properties and for their technological ments determined the origin of these anomalies due to struc-
applications:~3 The palladium-hydrogen system is most ex-tural changes in the deuteriuthydrogen arrangements. It
tensively studied both experimentally and theoretically.involves various ordering processes of the interstitially dis-
When hydrogen goes into fcc palladium, it occupies octahesolved deuteriunthydrogen at the octahedral sité$ jinclud-
dral interstitial sites within the slightly expanded metal lat-ing long-range-ordered structures, as well as a complicated
tice, as determined by neutron-diffraction stuliem PdD,  short-range order in certain concentration range.

(x<1). Since the number of available octahedral sites is As for the long-range order, a neutron-scattering experi-
equal to that of metal atoms, the ideal saturation concentrament by Andersoret al! found a weak but sharp superlat-
tion corresponds tx=1. At low concentration, one has a tice reflection at th€l, 1/2, Q reciprocal-lattice point super-
solid solution phase with hydrogen randomly occupying theposed on a diffuse background far=0.64, suggesting an
octahedral sites. By measuring a series of equilibrium coninterstitial structure with4,/amd symmetry. It is stoichio-
centrations as a function of surrounding tbr D,) pressure metric atx=0.5, consisting of tw@420) planes of deuterium

at different temperatures, one can construct the temperaturatoms followed by two empty ones. At slightly higher con-
concentration phase diagram. It contains a characteristicentrations X = 0.76 and 0.7823 neutron data found an-
spinodal decomposition with regions where two solid solu-other long-rangé420-plane ordering where superlattice re-
tions (« anda’ phaseyof different concentrations coexist. flections occurred at4/5, 2/5, 0 and equivalent points. In
One of the special properties of the Pd-H system is the sahis case deuterium atoms occupy fod20 planes and
called 50-K anomaly found in the high-density phase leave one empty, forming a jlo-type (D1,) structure.
(sometimes also called the phasg¢ at low temperatures. However, at intermediate concentrations, short-range order
Researchers observed it in measurements of the specificas present, giving rise to a broad diffuse intensity in the
heat® resistivity, internal friction® and Hall coefficientS, vicinity of (1, 1/2, 0.3** These diffuse intensity distribu-
for x between 0.6 and 0.8. Depending on the amount ofions existed over the whole concentration range
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2412 et TABLE I. Symmetry of various ordered phases considered in the
i P calculation and their lattice constants.
—~
oL 4.08 Structure Symmetry Lattice constadt)
§ 404 PdH, fee osﬁ Fm3m 3.94
Z PdH, D1, (Ni;Mo) C3, 14/m 3.98
‘é .00 PdH, 55 L1, O Pm3m 3.99
S DO, (NigMo) D3/ 14/mmm 3.99
N PdH, 33 Ni,Mo D3 Immm 4.01
g 3.96 PdH, 5o L1, D, P4/mmm 4.04
= NiMo D3 14,/amd 4.04
3 3.92 PdHyes  Ni,Mo D2 Immm 4.06
{ 1 PdH, 75 DO,, (NigMo) D3/ 14/mmm 4.07
388 et L1, O Pm3m 4.07
00 02 04 06 08 1.0 PdHyg D1, (Ni;Mo) C3, 14/m 4.08
x PdH, fcc O; Fm3m 411

FIG. 1. Calculated equilibrium lattice constants as a function of
hydrogen concentratiofsquares Measured values are denoted by

solid dircles. The lines are linear fits. for the s, p, andd components, respectively, and the hydro-

gens pseudopotential with a radial cutoff of 0.88 a.u. The
potential was chosen as the local potential. An energy cutoff
0.64<x<0.78, which were quite complicated and concen-of 60 Ry gave a good convergence, which corresponded to
tration dependent. Blaschket al*** described the short- anout 900 plane waves per atom. For the full foc symmetry,
range-ordered state in terms of mixed microdomains consiSiye ysed 2& points in the irreducible Brillouin zonéorre-

ing of cells of the NiMo type, which have similar structures sponding to 864 distinct reducible vectors in the full Zpne
but different sequences 0420 planes occupied by intersti- This number varies in other supercell calculations. We used
tial deuterium. By locally exchanging one or two occupiedihe Gaussian smearing metRdavith a width of 0.1 eV to
and empty sites, one can transform these unit cells into eackyelerate the convergence of the total energp.l mRy)

other. The observed intensity distribution can be described ag;i, respect to the number &fpoints. The Hedin-Lundqvist
an ensemble average of unit cells of these structures ﬁtti”gxchange-correlation formd was used. At self-

together like mosaic tiles. consistency, the total energy is stable to within 1Ry per

Researchers often use a three-dimensional lattice 9as [ \we determined the equilibrium total energy and lattice

m'o.del hyd_rog.en ordenng in metals. In this mo.d?' each INtereonstant for a given structure by a least-squares fit of the
stitial site is either occupied or empty, and so it is equivalen

: : ) . . Ntalculated volume-dependent total energy to Murnaghan’s
to an Ising system with spin 1/2. Previous lattice-gas Swd'egquation of stat&’
.Of hydrc_)gensolzden_ng in palladium employed only two-body We first examined the structural properties of elemental
interactions,”*® which could not account for all observed alladium in the fcc structure. The calculated equilibrium
ph_ases. Therefore, first-principles ca!culations of phase st attice constant, cohesive enérgy and bulk modulus were
bility of different ordered structures will be extremely useful . - ! ’ .

. : ; ) .~ within 1.2%, 1.0%, and 6.0% of experimental vald@se-
to clarify experimental observations and to provide the bmd_spectively These results were consistent with a previous
ing parameters. For the palladium-hydrogen system, firstz :

principles calculations have been applied to studying hydropseudopotentlal mixed-basis calculatioror PdH with H

: : ; ; filling up all octahedral sites, the lattice constant expanded
gen vibrational frequenciég;*® electronic structures of PdH : JemtvE U
and PgH 221 and binding within pairs of hydrogen in the by 4.2% to 4.11 A(see Fig. 1, which is within 1% of the

octahedral cag? In the present paper, we focus on a differ- °PServed valué’ For ordered phases of PdHwith

ent aspect, the energetics of Rdkhd H ordering. We have O<X<1, one needs bigger unit cells with largely reduced
investigated an extended collection of ordered phases, iyMmetry and an increased number of plane waves. We in-
cluding a series of420)-plane-ordered structures, and exam-Veéstigated seven intermediate hydrogen concentrations at
ined their relative stability. From the calculated energy spec= 1/5, 1/4, 1/3, 1/2, 2/3, 3/4, and 4/5. These included six
trum, we will discuss both the long- and short-rangedifferent  hydrogen-ordering  configurations: D1,
orderings. (NigMo-type), D05, (NizMo-type), Ni,Mo-type,L1,, L1,

Our calculations used theb initio pseudopotential and “40” (NiMo-type),*® which will be described below.
density-functional approach within the local-density ~TheL1, structure atx = 1/4 andx = 3/4 and thel1,
approximatior?? We employed the Born-Oppenheimer ap- structure a = 1/2 all have a fcc cubic unit cell containing
proximation within which the electronic properties for four palladium atoms. Four octahedral sites exist in this cu-
PdH, and PdL) are identical. Using a soft pseudopotentfal, bic cell. Adding a hydrogen at one of these octahedral sites
we expanded the wave functions in plane waves for botlgives PdH; (PdH, 5in the L1, structure. Filling one more
palladium and hydrogen. We generated the palladiunhydrogen atom into another octahedral site producgsipd
pseudopotential from its ground-state atomic configuratiofPdH, 5o in the L1, structure. Occupying three out of four
4d'95s%5p° with core-radius cutoffs of 2.7, 2.8, and 2.2 a.u. octahedral sites yields Rd; (PdH, 75in the L1, structurg.
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from this linear variation. This means that for a given con-

0 ' ' ' ‘ ] centration betweem = 0.5 and 0.8, combinations of these
o §rcc FCe ;' phases will have similar energies. Note that anotd&0)-
'\ /] ordered phase, Bllo (with a stoichiometic concentration of
LA /] x = 2/3), is slightly above this line in Fig. 2. It is, therefore,
ISR SN S less likely to stablize this phase. In fact, the neutron data for
g i \\ iDOzz N // 1 x=0.64 at low temperatures found a long-range order of the
& 20 ¢ NI 12 .o.lea ] NiMo type (14, /amdsymmetry, not the NyMo type! Be-
E i Ll:\ i lg 1 tweenx=0.65 and 0.70, the observed short-range order from
-30 N e e DOze ] the diffuse scattering contours centered aroundthé/2, 0
L \310// 1 point at 40 K can be explained by mixed microdomains of
40 | - ] the NiMo and NiMo (DO,,) types!* The current total-
energy results support this description. Further concentration
B A S A and temperature increases will favor the occurrence of
00 02 04 06 08 1.0 NisMo (D1,) and N,Mo microdomains, respectively. A
x long-range order of the hvo type (D1,) will appear when

the concentration gets high enough. These are all consistent
FIG. 2. Formation energies defined in EQ) for structures  With neutron-scattering datd:*
listed in Table I. The dashed line represents the lowest-energy Within the lattice gas model with only two-body interac-
states. tions, ordering occurs if the Fourier transform of the interac-

tion, V(IZ), exhibits extremes at “special points” in the re-
The space group for both Rid; and PdH; is Of (or  ciprocal space. This picture could not explain the occurrence
Pm3m). The structure of PH,, however, possesses a lower of djffuse intensity maximum in the neutron data near but
symmetry with the space group beilly, (or PAimmm.  qutside the(1, 1/2, Q point at high temperatures for the
Thus the number of symmetry operations is reduced fromgncentration range 0.7Ix<0.78. Blaschkd' proposed
48 in Oy to 16 in Dy, . This unit cell is 4 times larger than that this distribution is related to secondary minima in

the rhombohedral pr|m|t|ye cell of .the fc.c crystal, and the\/(IZ) at wave vectors connecting flat portions of the Fermi
number of plane waves is accordingly increased to abou - .
3600. surface. The arguments were based on a rigid-band approxi-

We also considered420)-plane-ordered structures. At mation given the pand structure of PdH, Where the Fermi
= 4/5 four (420 planes are filled by H followed by one surface is convex in thEK dlre(_:non. Decreasing hydr_ogen_
plane of vacant interstitial sites. It corresponds t® 4, concentration lowers the Fermi level, and at a certain point
(Ni;Mo-type) structure with a space group, (or 14/m). the Ferr_ni_ S_urface may go flat, With thé&2vector pointing
Similarly, for x = 3/4 three(420) planes are filed by H O the vicinity of the(1, 1/2, Q point. We checked the self-
followed by a vacant one. It corresponds to 0, Consistent electronic structures of420-plane-ordered
(NisMo-type) structure with a space groum3i/ (or  Phases in this concentration range € 2/3, 3/4, and 4/f
| 4/mmn). One can construct the Mio-type structures at  but did not find flat Fermi surfaces in the corresponding di-
= 1/3 (2/3) similarly by filling (vacating one of every three rection. We feel that higher-order interactions may be quite
planes. The NiMo-type structurex (= 1/2) consists of two important in this case. Two-body interactions alone are in-
(420 planes occupied by H atoms followed by two empty sufficient to describe the energy distribution of various
ones. Table | gives a summary of symmetry. phases shown in Fig. 2.

We evaluated total energies as a function of lattice con- Another unusual feature in Fig. 2 is that th&, structure
stant for all ordered structures described above and found thig slightly lower in energy than théD0,, structure at
equilibrium lattice constant as a function xf As shown in  x=1/4. Should a low-temperature ordered phase exist in this
Fig. 1, they compared well with measurements, with a dif-concentration range, it is likely to be the former. This is
ference of about 1%. To examine the relative stability ofgifferent from what octahedral hydrogen exhibits in other fcc
various phases, we consider the following formation energyattices, for example, the superstoichiometric dihydrides of
(T=0) for configurationo with concentratiorx: rare-earth metaldyiH,. . In those cases, tHR0,, ordering

is found energetically favorable in calculatiGhsand ob-
AE(0,x)=E(0,X) ~xE(PdH — (1=X)E(Pd. (1) gened experimental? However, those are quite different

These formation energies are shown in Fig. 2, with Stab|(§yste_ms, in which hydrogen fills tetrahedral sites before oc-
structures connected by dashed linesxAt 1/2, the NiMo- ~ CuPYing the octahedral sites. _ _
type arrangement definitely has a lower formation energy [N summary, we examined the energetics and H ordering
than the other structurel,, favoring a(420-plane order- In the PdH system by pseudopotential total-energy calcula-
ing. The other two stablé420)-ordered structures ai@0,, tions. The study covers an extended hydrogen concentration
(NigMo-type) atx = 3/4 andD1, (Ni;Mo-type) atx = 4/5.  range and explores a variety of ordered structures. We found
These three phases are almost on a straight line in Fig. 2hat for PdH (x=1/2) the system favors thé20-plane
Taking into account the computational uncertainty that is ofordering, which is consistent with superlattice reflections ob-
the order of a few meV, we cannot further separate thenserved in neutron measurements. We also found a degen-
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