Journal of

ALLOYS
AND COMPOUNDS

Pox S
ELSEVIER Journal of Alloys and Compounds 404—406 (2005) 126—130
www.elsevier.com/locate/jallcom

Relaxation of internal stress field and hydrogen ordering on YH

J. Garés, J.L. Gervasofi®*, P. Vajd&

& Centro Atémico Bariloche, 8400 S. C. de Bariloche, Rio Negro, Argentina
b National Council of Scientific and Technological Research, CONICET, Argentina
¢ Laboratoire des Solides Irradies, CNRS- CEA, Ecole Polytechnique, +F- 91128 Palaiseau, France

Received 7 June 2004; received in revised form 28 December 2004; accepted 4 January 2005
Available online 11 August 2005

Abstract

Although there have been several theoretical efforts in the past to calculate both the best structure of H-H pairs in Y and the total energie
as well as electronic structures, there exist no studies of the relation between hydrogen ordering and the shape of the Fermi surface. We u
the FLAPW method, as implemented in the Wien2k code, focusing our research on the relation between chain ordering of H, the relaxatior
of internal coordinates and the electronic properties for hypothetidét, s anda-YH,,3. In addition to the relaxed atomic positions in the
cell, we obtain information on the negligible role of the H 1s state contribution Fieand the shape of the Fermi surface.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction relation between chain ordering of H, the relaxation of inter-
nal coordinates, and the electronic properties for §rnd

Rare earths absorb hydrogen easily, forming phase dia-YH2,3. For each concentration, we relax the internal posi-

grams with regions of solid solution and dihydrides as well tions of all atoms in the cell and study the density of states

as trihydrides. Among them, Sc, Y, and several hcp rare earthsand the Fermi surface.

possess solid solutions where the hydrogens form second

neighbor pairs on tetrahedral sites alongdkexis in a kind

of quasi one-dimensional short range ordered chains. This

phenomenon and the related effects upon various physical- Method and computational details

properties were described earlier (see, e.g. the rejdéw

but, although there have been several theoretical efforts to ~ The electronic calculations presented in this work were

understand it (e.d2] and[3]), the basic reasons for the ex- performed using the self-consistent, full potential linearized

istence of such a peculiar structure in these systems are nogugmented plane wave (FLAPW) method as is implemented

clear yet. in the Wien2k packagg6]. This uses the full-potential
Some researchefd] explained it through the picture of APW+lo method that makes no shape approximation to the

charge density waves while othdBj ascribed it to the for- ~ Potential or density. The generalized gradient approximation

mation of coherent stresses within the metal lattice; and it is Of Perdew etal7] was used for the correlation and exchange

not impossible that the two are secondary expressions of thePotentials. The atomic sphere radtivr, selected for Y and

same fundamental characteristic of the system such as thd" were 1.9 bohr and 0.8 bohr, respectively. Local orbital ex-

Fermi surface. tensions were included for the?and 413 semicore states of
The purpose of this work is to investigate theoretically the Y- The basis set siz8yr Kmax (whereRyvr are the smallest

ordering of hydrogen in yttrium focusing our research on the atomic sphere radii inside the cell akthax is a cutoff for
the basis function wave vector) were chosen, respectively, as
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719, 4100 and 2041 for Y-hcp, Yk and YH,3, respec- Table 2
tively. The cut-off in the charge density Fourier expansion, SPace groups and lattice parameters fon¢Hind Y3

Gmax, Was selected as 20 RY. The maximum values for Composition  Space group a (A) b (A) ¢ (A) clb
partial waves inside the spheres and for the non-muffin-tin YH13 Pmma 6.3923 3.6906 17.4935  4.7400
matrix elements were selected tolpgx = 12 andmax = 6, YHz/3 P3m1 3.6817 3.6817 17.4710 4.7454
respectively. A mesh of 240, 48 and 52 spetigloints was

taken in the irreducible wedge of the Brillouin zone to obtain ! Y4 I

P3m1 structure, respectively. A set of 120 spekigbints

was selected in the irreducible Brillouin zone for studying

the Fermi Surface of the Ytjs system. The XcrysDe[8]
package was used for that purpose. The iteration process is 4
repeated until the calculated total energy converges to less
than 0.1 mRyd/cell. Fig. 1. Side view (left) and upper view (right) of the crystallographic cell

for the composition YH3. The cell contains 16 atoms and 5 non-equivalent
atoms in its base.

\
the structural information in the Y-hcp, the Pmma and the ‘ .lv
»

3. Results and discussion The cell for the compositions Ytz and YH,,3 are shown

in Figs. 1 and 2espectively, with the nomenclature used for
the different non-equivalent atoms.

Table 2shows the structural information obtained after
the minimization of the total energy was achieved. The
minimization procedure includes the optimization as a
function of the lattice parameterand thec/a ratio, followed
with the relaxation of the internal atomic coordinates in
the optimized values of the lattice parameter. A necessary
additional step includes checking for changes in the lattice
parameter against atomic displacements, which could result
in further minimization of the internal parameters. In our
work, good agreement was found between the first and the
second step in the minimization procedure. The expansions
obtained in this work for both structures are in agreement
with previous theoretical resulf3].

We determined the atomic positions that minimize the
forces with the limit that the maximum force must be smaller
than 0.5mRy/bohr. There is an energy gain per unit cell
upon relaxation of 0.22 and 0.18 eV for YH and YH,/3,
respectively.

Tables 3 and 4ummarize the results for Yizk and YH/3
obtained before (unrelaxed state) and after (relaxed state) the
geometrical optimization of the internal variables. They also
show the displacement along the three axes for each non-
equivalent atomTables 5 and &how the distances before
and after the relaxation of internal coordinates for the group
of atoms schematically representedHig. 3a and b for the
compositions YH,3 and YH,,3, respectively.

3.1. PureY

Hecp Y (P&/mmc space group) was selected to begin with
because it exhibits the same chain-like H ordering observed
experimentally in some heavy hcp rare earths but witlfout
electrons and magnetic effects. In this way, we can limit our
study to just the structural effects produced by the H ordering.

The structural results obtained for pure Y after the mini-
mization of lattice parameters show excellent agreement be-
tween experiment and theory and are summarizddle 1

3.2. The Y-H systems

3.2.1. Structural information

As a first step in our research related to the origin of the
chain structure in YK, two compositions were studied with
chain-like H structure: Yhiz and YH,/3 with Pmma and
P3m1 space groups, respectively. We chose these composi-
tions due to computational limitations, as they have small unit
cells with, respectively, five and 10 non-equivalent atoms in
the crystallographic base. Although the ¥kistructure has
the P@/mmc symmetry, we selected a structural model with
lower symmetry asis the P3m1. That choice allows more free-
dom to the atomic movements in order to see if the relaxation
of atomic coordinates preserves the inversion symmetry con-
sistent with the Pgmmc or the atoms in the cell relax inde-
pendently in agreement with a lower symmetry space group.
Due to computational limitations we chose a structural model
with inversion symmetry for the composition Y3 check-

ing previously that the atoms relax according to the Pmma Y6 Y4 Y} Y(i m
symmetry. b PY ‘ Al

Table 1 ‘ » a ’ P “ /"
Experimenta[9] and computed lattice parameters for hcp Y Y3 H3 H va

Y hcp a®) ¢ (A) cla

Experimental 3.648 5.732 1.571

Fig. 2. Side view (left) and upper view (right) of the crystallographic cell
for the composition YH,3. The cell contains 10 non-equivalent atoms in its
base.

Theoretical 3.651 5.696 1.560
Error (per million) 0.8 6 7
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Table 3
Unrelaxed and relaxed positions of equivalent atoms for the/¥ structure (Pmma space group) in units of lattice parameiets ¢) for (z, y, x) coordinates,
respectively

YHy/3 Unrelaxed Relaxed Ax Ay Az
X y b4 X y Z

Y14i 0.08333 0 0.66666 0.08929 0 0.66421 .0@b96 0 —0.00245
Y2 2e 0.25 0 0.33333 0.25 0 0.33036 0 0 —0.00297
Y3 4 0.083333 1/2 0.16666 0.08353 1/2 0.17237 .000197 0 0570
Y4 2f 0.25 1/2 0.83333 0.25 1/2 0.83209 0 0 —0.00124
H 4i 0.125 0 0.33333 0.12033 0 0.33228 —0.00467 0 —0.00105
Table 4

Unrelaxed and relaxed positions of equivalent atoms for the ¥ structure (P3m1 space group) in units of lattice parametets ¢) for (x, y, z) coordinates,
respectively

YH23 Unrelaxed Relaxed Ax Ay Az
X y Z X y Z

Y1ila 0 0 0 0 0 0.00389 0 0 .@0389
Y2 1b 0.3333 0.6666 0.5 0.3333 0.6666 0.50389 0 0 .00889
Y31b 0.3333 0.6666 0.83333 0.3333 0.6666 0.82944 0 0 —0.00389
Y4 la 0 0 0.33333 0 0 0.32944 0 0 —0.00389
Y5 1b 0.3333 0.6666 0.16666 0.3333 0.6666 0.16666 0 0 0
Y6 la 0 0 0.66666 0 0 0.66666 0 0 0
H1b 0.3333 0.6666 0.04166 0.3333 0.6666 0.03775 0 0 —0.00392
H1la 0 0 0.54166 0 0 0.53775 0 0 —0.00392
H1la 0 0 0.79166 0 0 0.79558 0 0 .00392
H1b 0.3333 0.6666 0.29166 0.3333 0.6666 0.29558 0 0 .003D2

The magnitude of atomic movements found for i We observed that the relaxation of atomic coordinates for
is less than 0.1 and 0.@4along thex- and thez-direction, this composition preserves the inversion symmetry in agree-

respectively, which explains its non-observation by neutron ment with the symmetries of the f/mc space group.
scattering4,5]. By symmetry, there is no displacement al-

lowed in they-direction where infinite H-chains have been

formed in the structure. The relaxation due to H ordering 4, Electronic structure information for the YH; /3

has an appreciable effect up to the Y4 atoms. The hydrogengystem

atoms move almost exclusively in the directions of the H-

chain and the bridge forming atom Y2 moves only slightly 47 pos

from its initial position. The displacements of the remaining

Y atoms depend on the distance to the neighboring H-chains. A common feature observed for the total DOS, H- and
Fig. 3a and b schematizes the displacements found in oury.partial DOS, is that the peaks become smoother under the

calculations for YH,3 and YH3, respectively. . relaxation of atomic coordinates. However, no appreciable
For YHy/3, the atomic displacements are below 007  modification is observed near the Fermi level between pure
relaxing only in thez-direction. Y DOS and Y1, Y2, Y3 and Y4 total DOS for Y{i. The

Oy P
“(2) )

: ©
@ @ ?

Z
@ (b) x

Fig. 3. Schematic representation (not to scale) for the atomic displacements obtained forj gauvtH(b) YH/3.
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Fig. 4. s-DOS for pure hcp Y (left) and relaxed YH (right). Similar DOS are obtained for Y2 and Y3. Y4 does not have the peaks arebibetV.

Table 5 1
Distances between atoms (A) for YHy,3 before and after relaxation of E
internal atomic coordinates for the group of atoms representEijirga 06} | )
Distances Distances,é) Displacementi\) = ! J
between atoms = '
Unrelaxed cell  Relaxed cell = 04 |
> . i i =
H-Y1 2.252 2.190 —0.062 2 |
H-Y2 2.187 2.268 +0.081 % !
H-Y3 2.252 2.206 —0.046 < 5
H-Y4 4.290 4.331 +0.041 8 02 } i i
Y1-y1 5.831 5.623 —0.208 a2 yay |
Y1-Y2 3.611 3.529 —0.066 as) v i i
(Note that the Y1-Y1 distance in this table is not the shortest one in the cell). 0 /' e ! i
-8 6 -4 2 0 2
most appreciable changes are the peaks aretisleV due E-E; (eV)

to s-states, which are not observed in pure Y where the s-
states lie around-2 eV (Fig. 4). But, among the principal
results found is the fact that the s-states from H contribute features such as ring-like and planar-like shapes observed
only negligibly near the Fermi level (séégs. 4 and pand in Y are also present in YH3 although the latter one is
the main contribution to the DOS arises from the Y d-states, emphasized. For Y3, only the ring-like shape is obtained.
asin pure Y. As a consequence, we expect that the hydrogen OQur calculations show that the states at the Fermi level
will not have any appreciable contribution to the shape of are predominantly of Y-4d character. There are no significant

Fig. 5. H s-DOS for relaxed Ykjs.

Fermi surface. contributions coming from Y p- or s-state.
For pure Y, we observed 10 bands crossing the Fermi level
4.2. Fermi surface although four of them have a small contribution. The remain-

ing bands have ring-like and planar-like geometrical features
In order to compare the Fermi surface between pure Y andmainly in the , y) plane of the real space.
YHy3, itis preferable to perform the calculations inidentical ~ For YHa/3, the number of bands crossing the Fermi level
circumstances, i.e. in a structure corresponding to the Pmmais reduced to six. In most of them, the planar-like feature
space group. Although a direct comparison is not possible in of the same plane as in pure Y is emphasized, reflecting the
the present work due to lack of space, the main geometricalquasi-linear chain-like ordering of H along thelirection.

Table 6
Distances between atoms @Ofor the YHy,3 before and after relaxation of
internal atomic coordinates for the group of atoms representEi)irgo

5. Conclusions

In this work we study theoretical aspects related to hy-

E;f::ﬁimms DistancesA) DisplacementA) drogen ordering in the hcp Y solid solution focusing on the
Unrelaxed cell  Relaxed cell relation between chain ordering of H, the relaxation of inter-

H1-Y1 2.247 2.206 —0.041 nal coordinates and the electronic properties for hypothetical

H1-y2 2.184 2.252 +0.068 a-YH1/3 anda-YH2,3. In addition to the relaxed atomic po-

Yi-yz 3.605 3.550 —0.100 sitions in the cell, we obtain information on the negligible
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role of the H 1s state contribution ne&g and on the shape
of the Fermi surface.
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