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In YH,,, hydrides stoichiometric deviations are associated with various interesting phenomena such as
magnetic transitions and metal-insulator transitions; ordering of hydrogen on the octahedral sites (O sites) was
suggested to be responsible. Long-range order was discovered in hydrogenated Y films by electron diffraction
and high-resolution transmission electron microscopy. Ordering on interstitial O sites in the fcc-based Y..Ho,
solid solution (0<x<1) was investigated with computational tools from the Alloy Theoretic Automated
Toolkit. The resulting set of 94 structure energies was fit to a cluster-expansion Hamiltonian that was used to
perform a ground-state analysis for the mostly metastable fcc-based solid solution and for the more stable
YeeHasx+ YiepHos tWwo-phase mixture. The calculated structures were tested by the observed diffraction con-
ditions and two possible ordered structures were suggested, a ground-state triclinic x=0.0625 and an I-centered

cubic x=0.375.
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I. INTRODUCTION

There is considerable interest in the hydrogenation pro-
cess of rare-earth (R) elemental metals and particularly thin
films, owing to the rich variety of physical phenomena that
they exhibit: (1) a decrease in the carrier density with in-
creasing hydrogen content, which gives rise to a metal-to-
insulator transition; (2) optical changes from reflecting to a
transparent state; (3) an array of magnetic states and mag-
netic ordering transitions in R-H, when R is a magnetic
ion.! These phenomena are related to the formation of or-
dered hydride phases, and the optical changes may enable
technological exploitation as switchable mirrors.*>

Rare-earth metals readily absorb hydrogen and typically
form three hydride phases: (1) a solid solution based on an
hep substructure of R atoms (a-hcp phase, P63/mcm, with
up to 35 at. % H at higher temperatures, e.g., for Y or Sc);
(2) a CaF,-structure RH, dihydride phase with an fcc R-atom
substructure and, ideally, H atoms filling the tetrahedral in-
terstices; and (3) a trihydride RH; with an hep-based R-atom

substructure (P3c1).1:26-8

The prototypical R-H phase diagram (e.g., for R=Y, Nd,
Sm, and Ho, but more complicated for La or Pr) has rela-
tively broad hydrogen solubility ranges for its a-hcp, Ry H,,
and Ry H3 phases that are separated by a-hcp+Ryg H, and
RicHy+ Ry, Hs two-phase fields,'? which give rise to pla-
teaus in (log;y Py vs H/R ratio) hydrogenation plots. Ac-
cordingly, hydrogen charging of R-H systems yields the se-
quential formation of a-hep, R..H,, and Ry,.,H; phases with
increasing H content. These phases have been studied by a
variety of methods including neutron scattering®’- in both
hydrides and deuterides for R=Y, Nd, Tb, Dy, Ho, Er, Tm,
and Lu,°8 optical transmission,*>!0 electrical and magnetic
measurements,'=!! electrochemical charging,'?> Raman spec-
troscopy,'>!* x-ray diffraction (XRD),'® infrared imaging,'®
and transmission electron microscopy (TEM).!7-20 Stabilities
of many R H,,, (0>x>1) phases have also been investi-
gated by first-principles calculations.?!~>

Typically, the R hydride/deuteride phases have wide ho-
mogeneity ranges around their ideal stoichiometries, and
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these stoichiometric deviations are associated with various
interesting phenomena such as magnetic transitions, metal-
insulator transitions, and H ordering, particularly in the
Ri..H,,, phases.! Ideally, stoichiometric Ry H, has the
CaF, fluorite structure with all tetrahedral sites (T sites) oc-
cupied by H. In the composition range RH,-RH3, H atoms in
Ri..H,,, solid solutions must occupy both T sites and octa-
hedral interstitial sites (O sites), and if all T and O sites are
filled the stoichiometry is RHs. Thus, one expects the low-
temperature phase equilibria of R;. H,,, solid solutions
(stable or metastable) to be characterized by hydrogen order-
ing on the O sites and this is the principal focus of this paper.

The maximum value of x at which a Ry H,,, phase is
(meta)stable relative to an Re H,+Ryc,H3 two-phase mixture
depends on the R atom: experimentally, the maximum
(meta)stable value for x approaches 0 for heavy R elements
(e.g., Lu) and approaches 1 when R is a light R element (e.g.,
La or Ce), with x for all other R’s in between (with the
exception of Sc).*20

In a first-principles study of coherent (mostly metastable)
YH,,, phase stability’> a cluster-expansion (CE)
Hamiltonian®’?® was fit to structure energies for Y¢..H, and
Y..H; and nine intermediate O-site-ordered superstructures.
Relative to the fcc-based end members, the formation ener-
gies, AE;, for fce-based DO,,, “40,” and D1, superstructures
(at x=0.25, 0.5, and 0.8, respectively) are all negative and lie
on the convex hull. Thus, the DO,,, 40, and D1, superstruc-
tures were predicted as fcc-based ground states (GSs) for the
small number of structures that was considered; note, how-
ever, that Yg H,,, stability with respect to Yy, .,H; was not
considered.

The CE Hamiltonian was also used in a cluster-variation
method calculation®® of an fcc-based coherent phase diagram
in the range 0 <x<<0.6; the calculated diagram has stability
fields for the following structures: a disordered Y. .H,,,
phase and two ordered phases, DO,, with a broad homoge-
neity range and a 40.2! The calculated second-order order-
disorder transition temperature at x=0.1 for the DO, struc-
ture is around 280 K, which is similar to the observation of a
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FIG. 1. (a) HRTEM image of alternating twin lamellae of YH,, both in a [110]-zone axis orientation. The lamellae are separated by
near-edge-on (111) oriented interfaces. (b) Enlargement of the HRTEM image showing a phase contrast of an fcc arrangement of Y. Intensity
modulations due to ordering are indicated with arrows. The inset is from the simulations of phase contrast for the I-centered relaxed
structure. (c)—(e) Fast Fourier transform patterns from a large area which includes (c) both variants and (d) and (e) from individual variants
showing the presence of k;=1/4[220]* and k,=1/2[002]* superlattice reflections.

metal-semiconductor transition near 230-280 K and resistiv-
ity anomalies near 200-250 K for the system with x near
0.1.26 No ordered Y. .H,,, phase was observed in structural
investigations, however, neutron scattering (vibrational spec-
troscopy and powder diffraction) indicated a short-range or-
der arrangement akin to the long-range order of hypothetical
YieeHs o5 14/mmm structure.® However the DO,,-type or-
dered phase has been reported in some other Ry H,,, sys-
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tems: e.g., CeH,,, and TbD,,,.>>3° The DO,,-type ordered
phase has tetragonal O-site ordering, analogous to the order-
ing of Ti in Al;Ti; as far as we know, the DO,, type is the
only R;. .H,,, derived long-range O-site-ordered structure
that has been reported. We did not calculate an fcc-based
coherent phase diagram, but it is clear from the GS results
presented below that if we had, it would be very different
from the previously calculated diagram.

[011]

FIG. 2. SAED patterns obtained by tilting the
same sample regions around (a) [111]* and (b)
[002]" reciprocal space directions. Dashed lines
outline a cell of one variant. The patterns are in-
dexed with the YH2 fcc lattice.
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TABLE I. Atomic coordinates of an idealized I-centered struc-
ture, a=2aYH2=1.04 nm and space group. The coordinates were
later refined by energy minimization calculations.

Atom Wyckoff site xyz Free positional parameters
Y, 2A4: 000

Y, 6b: 5, 5, %

Y5 24h: 0,y,y y~1/4

Hry 16f: x,x,x x~1/8

Hp 48k: x,x,z x~1/8; z~3/8

Hg 12e: x,0,0 x~1/4

Recently, we investigated formation of hydride phases in
near-epitaxial Y films by various methods including
TEM,!020 and our electron-diffraction data indicate that the
Y:..H>,, phase exhibits long-range O-site order. Although
there have been previous TEM (Refs. 17-19) and XRD
(Refs. 31 and 32) studies of hydrogenated Y films, we found
no reports of O-site ordering in Y. H,,, films. Examination
of the diffraction-based reciprocal space indicates that O-site
ordering occurs, but it is not of the DO,, type. It is best
described by an I-centered Y4 cell (a=2aYH2= 1.04 nm) in
which, ideally, all T sites and 12 of the 32 O sites are occu-
pied by hydrogen, or by a triclinic structure of the composi-
tion YH>, /16

II. EXPERIMENTAL PROCEDURES

Y films were prepared by electron-beam evaporation on
(0001)-Al,05 substrates covered with a Ti buffer layer and
were then hydrogenated for different times (see Ref. 12 for
experimental details). The structure that is discussed here
was observed in films that were hydrogenated for 10 min at
523 K under 0.490 MPa of ultrahigh-purity hydrogen gas;
x-ray diffraction and TEM indicate that it is a [111]-oriented
chcH2+x phase'

Cross-sectional thin foils for TEM observations were pre-
pared by cutting, mechanically thinning (grinding and dim-
pling), and Ar-ion milling at liquid-nitrogen temperature. Af-
ter ion milling, the TEM specimens were immediately
transported into the TEM for observation. To reduce the
damage from electron-beam irradiation during TEM obser-
vation, focusing and diffraction operations were carried out
on a part of the TEM specimen with direct imaging accom-
plished by moving to a fresh part of the sample.

III. SUMMARY OF EXPERIMENTAL OBSERVATIONS

As described in our previous paper,?’ the Y films were
grown with the following orientation relationship:
(0001)[1120]y11(0001)[1120]; (0001)[101_0]A1203. Hydro-
genation of the hep Y films transforms them to the Y. H,,,
phase, yielding two twin-related orientational variants with
[111] normal to the substrate. This orientation relationship
results from reshuffling of close-packed planes from hcp
stacking, A-B-A-B-, to fcc stacking, A-B-C-A-B-C-.
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FIG. 3. (Color online) (a) Ground states of the fcc-based
YioHou (0<x<1) subsystem: solid circles are formation energies,
relative to Y .H, and Y. Hj reference states, which were calcu-
lated from first principles (VASP code); open squares (CE, red) are
formation energies that were calculated with a cluster-expansion
Hamiltonian; formation energies for the DO,, and I-centered struc-
tures are plotted as large filled squares (green and blue, respec-
tively); the dashed line (blue) is the fcc-based convex hull. (b)
Comparison of the first-principles results for fcc-based Yy..Hs,,
(solid circles) and hcp-based YhepHoy, formation energies (open
diamonds, red). Other symbols are as in (a) except that here the
convex hull is plotted as a solid black line.

Examination of the twin structure by high-resolution TEM
(HRTEM) imaging and selected area electron diffraction
(SAED) reveals the superstructure of Yy..H,,,. Figure 1(a)
shows a phase-contrast HRTEM image of alternating twin
lamellae separated by near-edge-on (111) oriented interfaces
both in the (1 10>YH2 zone axis. The image shows an arrange-
ment of bright spots that is typical for a [110] oriented fcc
structure [Fig. 1(b)]; however, the intensities of spots are
modulated into a set of 0.74-nm-wide fringes running paral-
lel to (002) planes [Fig. 1(a)]. The modulation contributes a
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TABLE II. Types of the SAED patterns for the (100) and (110) orientations of an fcc-Y sublattice
according to the diffraction simulations of different ground-state structures. Diffraction zone axes of the
structures are given in the indices of a corresponding lattice. Differences in superlattice reflections (both
positions and intensities) are indicated by letters A-D and I. The relationships between the YH, fcc lattice

and the Bravais lattices of the structures are presented.

Diffraction zone axes

Bravais lattices

(011) fec type and relations to fcc-YH,

YH,,, structures X (001) fec type
8106 relaxed 0.0625 [001] (1)
[010] (A)
[100] (A)
6010 relaxed 0.0625 [o11] (1)
[101] (1)
[110] (1)
8105 0.125 [001] (1)
[010] (A)
[100] (1)
DO,, relaxed 0.25 [001] (A)
(010) B
3531 0.375 [001] (1)
(010) (B)
I-centered relaxed 0.375 (100) (1)
3383 0.5 (110) (B)
[001] (C)
323 0.6667 [001] (D)
[120] (A)
[210] (A)

[110] (1)
[012] (A)
[102] (A)
[112] (D)
[121] (D)
[211] (D)
[o11] (1)
[101] (1)
[110] (D)
[110] (A)
[012] (A)
[110] (A)
[021] (A)
[201] (A)
[110] (A)
(010) (I)
(111]) (A)
(110) (I)
[010] (T)
[111] (A)
[100] (A)
[111] (A)
[213] (A)
[100] (1)
[123] (A)

Tetragonal 2 X2 X1

Triclinic

Tetragonal 2 X2 X1

Tetragonal 1 X 1X2
= =
Tetragonal 2 X 2 X2

Cubic 2X2X2
Tetragonal \E X\2X2

Monoclinic \EX \EX 1

set of weak reflections %(002h) and %(5?12%10) evident in fast
Fourier transforms of the HRTEM image in Figs. 1(c)-1(e).
The same superlattice reflections were clearly observed in
SAED patterns. The commensurate nature of the reflections
suggests that the superstructure is based on O-site ordering in
chcH2+x~

For completeness, a series of tilting experiments were
conducted to obtain positions of superlattice reflections in a
three-dimensional reciprocal lattice. Figures 2(a) and 2(b)
show two sequences of major SAED patterns acquired dur-
ing tilting around [111]g, and [002];,. directions of one of
the twin variants. Because the twin lamellae are very small,
the SAED patterns include reflections belonging to both vari-
ants. Tilting of the [110] pattern 60° around [111];,. results
in the equivalent [ 101] pattern and tilting 45° around [002 ],
results in the [001] pattern. Summary of the tilting experi-
ments shows that the positions of the superlattice reflections
preserve cubic symmetry. Assuming that the cubic substruc-
ture is not distorted, in our recent work we suggested an

idealized structural model with an I-centered cubic «

=2ayy,=1.04 nm Bravais lattice and space group Im3m
(Ref. 20); the structure is described in Table 1. An ideal sto-
ichiometry of the structure is Y. Ho, 3/5-

IV. COMPUTATIONAL PROCEDURE

Interstitial O-site H:O ordering in the fcc-based Y. .Hj,,
solid solution (0<x<1) was investigated with computa-
tional tools from the Alloy Theoretic Automated Toolkit.33-3
We performed total-energy calculations for 93 Y. H,,, su-
percells with different H:O configurations on the O sites,
with all T sites fully occupied by H. The resulting set of
94 structure energies, {Eg,}, was fit to a CE Hamiltonian
that was used to perform a GS analysis for the mostly meta-
stable fcc-based solid solution and for the more stable
YieeHo it YhepHo i two-phase mixture.
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FIG. 4. Calculated electron-diffraction patterns of the (a) and (c)
I-centered and (b) and (d) 6010 relaxed structures at (a) and (b)
(100)-type and (c) and (d) (011)-type zone axes. All calculations are
kinematic, with fixed crystal thickness of 50 nm and a level of
intensities.

V. TOTAL ENERGY CALCULATIONS

All total-energy calculations were performed with the Vi-
enna ab initio simulation program®®-4° (VASP, version 445)
using projector augmented wave pseudopotentials, with the
generalized gradient approximation for exchange and corre-
lation energies. Electronic degrees of freedom were opti-
mized with a conjugate gradient algorithm. Both cell con-
stant and atomic positions were fully relaxed without
symmetry constraints. Pseudopotential valence electron con-
figurations were H, 1s'; va, 4524p65s24d. Total energies
were calculated for Y. .H,, Y;..H3, and 92 fcc-Y; . H,., su-
perstructures where 0 <<x<<1.

Total energy calculations were converged with respect to
k-point meshes by using the equivalent of 6 X6X6 or
greater for an fcc cell with four Y atoms. A 500 eV energy
cutoff was used in the “high-precision” option that yields
absolute energies converged to within a few meV per O site
(a few tenths of a kilojoule per O site). Residual forces were
typically on the order of 0.02 eV or less.

@ N (b)
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To test the hypothesis that O-site ordering can be treated
separately from T-site ordering, i.e., the approximation that
all T sites are occupied by H, a series of 60 structure energies
was calculated for superstructures with various hydrogen
configurations on both T and O sites. These calculations con-
firmed the strong T-site preference of H, suggesting that the
separate treatment of O-site ordering is justified.

In addition, structure energy calculations were performed
for YypHs, YiepHo, and 32 Yy H,,, ordered structures to
address the question of O-site vacancy solubility in Yy,Hs,
i.e., is the stable Yy ,H,,, phase in equilibrium with the fcc-
based solid solution essentially stoichiometric Y},,H3 or is
there significant O-site vacancy solubility toward Y.,H,?

Results of these calculations are plotted in Figs. 3(a) and
3(b). Figure 3(a) is a plot of the fcc-based Y. Ho,, sub-
system (AE}, defined relative to Y..H, and Y. .H;3) in which
solid circles indicate the 94 AE; for Y. .H,,, VASP calcula-
tions, open squares (red) indicate the corresponding CE val-
ues, larger open squares indicate VASP calculations of AE; for
the DO,, structure (green, x=0.25), and the I-centered struc-
ture [blue, x=0.375 (Ref. 41)]. The dashed line (blue) is the
convex hull, which indicates mostly metastable fcc-based
GS. Seven ordered fcc-subsystem GSs are predicted, includ-
ing the DO,, structure, but not the I-centered structure. Be-
cause the DO,, and I-centered structures are of high symme-
try, T-dependent (Refs. 36—40) calculations were performed
prior to final 0 K structure energy minimization: for DO,,
this yielded no significant change in AE;, i.e., change
<0.01 meV/O site; for the I-centered phase it yielded an
~0.7 meV/O-site reduction in AE}. The latter is marginally
significant and includes a possible symmetry reduction that
was determined with the FINDSYM (Ref. 41)
program; i.e., within a tolerance factors (in angstroms) of
t=0.01, 0.001, 0.0001, and 0.000 01 space-group symmetries

are calculated as Imgm, Rgm, C2/m, and C1, respectively.
In Fig. 3(b), the AE{’s are defined relative to reference
states Yy .H, and Yy, Hz. Symbols are the same as in Fig.
3(a) except that here open diamonds (red) indicate the AE;
for YppHo.yr; note that three Yy Hy,, structures have for-
mation energies that are similar to those for Y. .Hj,, (two
structures at x=1/3 have almost identical energies and there-
fore plot as if they were only one). The solid black lines
indicate the (stable) convex hull: only one Y. .H,, -ordered
structure at x=0.0625 (labeled as 6010 in Fig. 3) is predicted
to be stable relative to a Y. .H,+Yp,H; two-phase mixture.

FIG. 5. Schematic drawing of the (a)
I-centered and (b) 6010 structures as seen along a
[001] direction of a Y cubic cell (a=1.04 nm for

both structures); for clarity only hydrogen atoms
on the octahedral sites are shown. (a) In the
I-centered cubic structure the Hg atoms form
vertex-connected octahedra centered at the Bra-
vais lattice nodes; distances between the hydro-
gen atoms at the octahedral clusters are 0.38 nm.
(b) In the 6010 structure the Hy atoms form spi-

a=1.04 nm

ral chains (with counterclockwise chirality shown
with an arrow), with the distance between the Hg
atoms of 0.37 nm.
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Thus, for x>0.0625, all fcc-subsystem Y;..H,,, phases are
metastable relative to Y Hy+ Yy, Hs at 0 K.

VI. COMPARISON OF EXPERIMENTAL AND
COMPUTATIONAL RESULTS

The GS search for ordering in the mostly metastable
Y..H>,, solid solution predicts a number of ordered phases.
As a screening procedure electron-diffraction patterns were
calculated for the predicted fcc-GS structures [those with
AE; on the convex hull; Fig. 3(a)], the DO,,-type structure
(x=0.25), and the I-centered cubic structure (x=0.375); all
structures used for the calculations had fully relaxed atomic
positions. The simulated electron-diffraction patterns for the
[001]- and [110]-type orientations of an fcc-Y sublattice
were compared with experimental SAED patterns. The simu-
lated patterns were calculated using SINGLECRYSTAL™ soft-
ware, with crystal thickness and intensity saturation kept
constant for all diffraction patterns; the kinematic (single-
scattering) approximation, which ignores dynamic electron
scattering, was used.

Table II lists simulated structures and their [001]- and
[110]-type patterns; the patterns’ zone axes are indexed ac-
cording to the corresponding Bravais lattices. Superlattice
reflections of the simulated patterns are compared to the ex-
perimental patterns; patterns, which are close to the experi-
mental, are labeled as “I” and those that differ are labeled
with letters “A-D.” From the experimental SAEDs the three
(100) and six (110) patterns are equivalent. Thus, we con-
clude that only the I-centered (x=0.375) and 6010 structures
(x=0.0625) fit the experiment.

Figure 4 shows the simulated [001]- and [110]-type pat-
terns for the I-centered and 6010 structures. The patterns are
very similar and resemble experimental patterns in Fig. 2
with the caveat that multiple scattering is ignored in the cal-
culations and twinning is taken into account. Simulations of
x-ray powder diffraction (XRD) from these structures yield
practically indistinguishable patterns (dominated by scatter-
ing from Y). Simulated powder neutron diffraction exhibits
some differences in the peak intensities of both fundamental
and superlattice reflections. Simulations of phase contrast for
the relaxed I-centered structure in [110] orientation repro-
duce the major feature of the experimental high-resolution
images: enhanced intensity of spots along every fifth (110)
plane. One such simulated image is shown as an inset in Fig.
1(b). Similar phase-contrast images were obtained for the
relaxed 6010 structure.

Figure 5 shows drawings of these two structures projected
along a [001] direction; for clarity only O-site hydrogen at-
oms, H, are shown. For the I-centered cubic structure [Fig.
5(a)], the Hy atoms form octahedra that are centered at the
Bravais lattice nodes; distances between the hydrogen atoms

PHYSICAL REVIEW B 82, 144111 (2010)

in the octahedral clusters (octahedral edge lengths) are 0.38
nm.

In spite of the strong similarities of [001] diffractions in
the 6010 and I-centered structures, their structural projec-
tions differ, such that all three (001) directions yield differ-
ently arranged (relative to their Y, substructures) rows of
Hg atoms. The square arrays of Hp atoms projected to (100)
directions in 6010 as shown in Fig. 5(b) are actually projec-
tions of a spiral chain of Hg and V, with an Ho-Hg separa-
tion of 0.37 nm; corresponding projections in the I-centered
cell are from square-planar arrays of Hy atoms. Intersections
of the chains produce the projected squares in other cubic
directions. In spite of its pseudocubic appearance and simi-
larities in (001) projections, the 6010 structure is actually
triclinic. It appears that only neutron diffraction can distin-
guish between the I-centered and 6010 structures.

Although the I-centered structure is not predicted to be a
GS, even for the fcc-based Y. .H,,, subsystem, this does not
preclude its (meta)stability at elevated temperature where it
may be stabilized by configurational entropy from disorder
on O sites and/or positional disorder within O sites. The O
site is large for an H atom; hence, positional disorder within
O sites is another possible source of entropy at elevated tem-
perature. Investigation of the contribution from disorder re-
quires a full first-principles phase diagram calculation, and
the consideration of positional disorder within O sites is a
much more difficult problem beyond the scope of this work.
It is clear, however, that the fcc-based subsystem is more
complicated than was portrayed in Ref. 21.

VII. CONCLUSIONS

Our experimental observations show the existence of
long-range ordering in the fcc-based Yy..H,,, solid solution.
From comparison of the experimental data and computa-
tional studies, two O-site-ordered structures with hydrogen
fully occupying tetrahedral sites and ordered on octahedral
sites are possible candidates: triclinic 6010 (x=0.0625) and
I-centered cubic (x=0.375). It appears that the stable fcc-
based ground-state phase Y(.H,,,, in equilibrium with es-
sentially stoichiometric Yj,H3, has the 6010 x=0.0625
structure. Another candidate, the I-centered x=0.375 struc-
ture, is not ground state but may be stabilized by configura-
tional entropy at above zero temperatures. The DO,,-type
ordered structure is the only O-site ordered phase that has
been reported in other rare-earth hydride systems.®?30 Our
calculations predict that it is a ground-state of the fcc-based
subsystem that is metastable with respect to the Y. H,
+YppHs two-phase mixture. Future work, such as neutron
diffraction and first-principles phase diagram calculation, is
necessary to determine the correct ordered structure of
YfCCH2+x'
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