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Abstract: The role of the hydride anion in controlling the electronic properties of the transition metal oxide
hydride LaSrCoOsHo 7 is investigated theoretically by full potential DFT band structure calculation and
experimentally by determination of the Néel temperature for three-dimensional magnetic ordering. The
mechanism by which hydrogen is introduced into the solid is addressed by in situ X-ray diffraction studies
of the formation of the oxide hydride, which reveal both a relationship between the microscopic growth of
the observed oxide hydride order and the anisotropic broadening of the diffraction profile, and the existence
of a range of intermediate compositions.

Introduction focused attention on the difficulty of studying negatively charged
H-derived species in extended transition metal solids due to the
low concentrations in which they occur, and it is therefore

ltti d ltant i " f the d elect important to isolate oxide-based materials in which hydride
sp |h|ng, an | resu anEcoopéerz Ive propefr ]:_es 0 e_ _e ec ro_ns occurs in sufficient concentration to allow both theoretical and
at the metal center. Extended arrays of first transition series experimental methods to probe its chemical nature.

Cﬁ“ﬁns _brldgeg byhth? O.X'dlf anion support ac_;ademu;\ally Cobalt adopts a wide range of oxidation states, coordination
challenging and technologically Important properties such as environments, and electronic configurations in oxide systems.

high-temperatu're.superconductivity, colossal magngtoresistapceThe Co(lll) phase LaSrCaDadopts the tetragonal layered
a_n(_i ferroelectricity. T_he dev_elopment of synthetic strate_g|es n = 1 RuddlesdenPopper structure in which Codayers
giving access 0 .SUCh mtera_ctlng arrays of metal centers brl(_jgedconstructed from corner-sharing Cofjuare units are separated
by_othe_r anions 15 thu_s ag |mport_ant task. The_use of_r_nultlple by pairs of (LasSt5)O layers, resulting in Cogoctahedra
anions in the oxide halide and oxide chal.cogenldé.fgrnllles linked in two dimensions by corner-sharing. This phase is
produces electronic properties and chemical reactivities that are o quced by hydrogen to LaSrCe,with oxygen removed from

SUb.tl)t/ altetr_e d from the ox;defs. Théltl-_H]y(.jnde a_r(;lor;JWou(;d bet the CoQ layer of the parent compourfdThe more powerful
an interesting component of a muftianion oxide-based system hydride anion reducing agent NaH at 200 removes more
as it has bonding characteristics that can vary between ionic

and covalent. However, the strong reducing power of the hydride
anion E°(H/Hy) is estimated as-2.2 V) produces synthetic
difficulties for classical high-temperature syntheses of target
transition metal oxide hydrides due to competition from direct
reduction to the metal, suggesting that lower-temperature
kinetically controlled routes to such materials will be required.
Current interest in the electronic state of hydrogen in semicon-
ductor$ and hydrogen-transporting transition metal oxidess

The covalent interaction between transition metal cations and
main group anions controls the localization, crystal field

oxygen to form LaSrCogkgz, producing a significant con-
centration of Co(l). Both these reduced oxides remain tetragonal
due to vacancy disorder in the perovskite layer. Increasing the
reaction temperature to 48C, with Cak as the reducing agent,
resulted in the novel oxide hydride LaSrC# 70(2)(1).1° This
reaction involves reduction of the Co and ordered substitution
of oxide in the CoQlayers by hydride, forming chains of CqeO
squares linked into a two-dimensional Coatiray by hydride
anions (Figure 1)1 adopts an orthorhombic structure due to
the ordering of oxide and hydride anions along orthogonal

T Current address: Inorganic Chemistry Laboratory, University of Oxford,

South Parks Road, Oxford, OX1 30R directions in the CoOb}k; plane. It is notable that this route
(1) Loureiro, S. M.; Felser, C.; Huang, Q.; Cava, RChem. Mat200Q 12, avoids direct reduction to the metal and preserves the layered
3181-3185.
(2) Knee, C. S.; Price, D. J.; Lees, M. R.; Weller, M.Ahys. Re. B 2003 (7) Wideroe, M.; Munch, W.; Larring, Y.; Norby, TSolid State lonic2002
68, 174407174414, 154, 669-677.
(3) James, A. C. W. P.; Zahurak, S. M.; Murphy, D. Wature 1989 338 (8) Hu, Z.; Wu, H.; Haverkort, M. W.; Hsieh, H. H.; Lin, H. J.; Lorenz, T.;
240-241. Baier, J.; Reichl, A.; Bonn, I.; Felser, C.; Tanaka, A.; Chen, C. T.; Tjeng,
(4) Hyett, G.; Rutt, O. J.; GaZ. A.; Denis, S. G.; Hayward, M. A.; Clarke, L. H. Phys. Re. Lett. 2004 92 (20), art. no.-207402.
S. J.J. Am. Chem. SoQ004 126, 1980-1991. (9) Hayward, M. A.; Rosseinsky, M. £hem. Mater200Q 12, 2182-2195.
(5) ljjaali, I.; Haynes, C. L.; McFarland, A. D.; Duyne, R. P. V.; Ibers, J. A.  (10) Hayward, M. A.; Cussen, E. J.; Claridge, J. B.; Bieringer, M.; Rosseinsky,
J. Solid State Chen2003 172 257—260. M. J.; Kiely, C. J.; Blundell, S. J.; Marshall, I. M.; Pratt, F. Bcience
(6) Cox, S. F. JJ. Phys. Condens. Matt@003 15 (46), R1727R1780. 2002 295 1882-1884.

5996 = J. AM. CHEM. SOC. 2005, 127, 5996—6011 10.1021/ja042683e CCC: $30.25 © 2005 American Chemical Society
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Figure 1. Formation of LaSrCogH via reduction of LaSrCo® The unit cell on the far right is thienn? cell of LaSrCoGQH used with FPLAPW calculations
to produce the DOS and bandstructure plots. Each oxygen anion is coordinated to a mixture of lanthanum and strontium cations.

structural features of the starting material. Although solid oxide hot plate, and the resulting resin was decomposed atC@@ernight.

hydrides containing main grodp lanthanidée’? and actinidé?

To complete the preparation, the partially reacted powder was pelletized

metal oxide hydride is unprecedented.

The low-temperature transformation of oxide to oxide hydride
contrasts with the more forcing high-temperature direct com-
bination or substitution routes used to access other mixed anio
solid€ and raises significant questions concerning the reaction

pathway leading td. Here we report detailed in situ synchrotron

The resulting product was pure by laboratory X-ray diffraction.
Caution! Reactions with Caklgenerate hydrogen pressure within
sealed Pyrex tubes. Unless otherwise stated, we work with Pyrex tubes
that have a 12-mm outer diameter and a wall thickness of 1.5 mm and

Mthat are sealed under high vacuum (4fnbar). Maximum pressures

of hydrogen gas in the tube at the reaction temperature are calculated
to fall in the range of £55 bar for various samples detailed below

powder X-ray diffraction measurements from room temperature (tubes of length ranging from 15 to 20 cm).

to the reaction temperature, which reveal a surprisingly complex

To obtain LaSrCoGHo 702 (Sample A) for variable-temperature

formation mechanism, in which the structures of the materials neutron diffraction studies, LaSrCe@as mixed with Cakl(90—95%,

involved in the transformation evolve during the complete

Aldrich) [1:2 mole ratio] in a helium-filled glovebox. The mixture was

formation ofl. Given the differences in size and valence electron sealed in a Pyrex tube under dynamic vacuum, followed by reaction at

configuration between © 22 oxide and 15H~ hydride,
both the nature and origin of the electronic propertieslof

compared to those of oxides are of fundamental interest. The

coexistence of Hand C&* centers is an interesting aspect of
the electronic structure and resulting stabilitylaind suggests
comparison with both salt-liké15and intermetallit®1” hydrides.

450 °C for 48 h. After the reaction had gone to completion, the CaO
reaction product and excess Gatlere washed out of the reaction
product using a 0.1 M NEKCI solution in previously dried methanol
on a Schlenk line.

Sample B was prepared for synchrotron X-ray diffraction in a
0.5-mm Pyrex capillary containing LaSrCe@nd CaH [1:2.2 mole
ratio] that was fired at 34€C for 15 h and then quenched by removing

In this contribution, the strength and nature of the electronic ine capillary from the furnace. Data were collected at room temperature
interactions in the oxide hydride are revealed by determination on station 9.1 of the SRS, Daresbury Laboratories, at a wavelength of
of the magnetic ordering temperature. These studies are com-0.80550(1)A.

plimented by full potential band structure calculationsland
comparison with LaSrCof)which are essential to understand

A 1-g sample of LaSrCo&« was prepared by placing LaSrCpO
into a tube furnace, contained within an alumina boat, followed by

the bonding and electronic properties of the materials by reaction with 8% H in nitrogen at 550°C for 5 h. This was mixed

permitting quantitative evaluation of the role of the hydrogen
orbitals in the electronic structure @fin comparison with an
oxide of related structure.

Experimental Section

Synthesis.The citrate precursor method was used to prepag of
LaSrCoQ. LayOs (99.999%, Aldrich), SrC©(99.99%, Alfa Aesar),
and cobalt powder (99.998%, Alfa Aesar) were weighed out in
stoichiometric quantities and dissolved in dilute nitric acid with
approximately 10 g of citric acid. This solution was then dried on a

(11) Huang, B. Q.; Corbett, J. Dnorg. Chem.1998 37, 1892-1899.

(12) Malaman, B.; Brice, J. Rl. Solid State Cheml.998 53, 44—54.

(13) Haschke, J. M.; Allen, T. HJ. Alloys Compd2001, 320, 58—71.

(14) Bertheville, B.; Herrmannsdorfer, T.; Yvon, K. Alloys Compd2001,
325 L13-L16.

(15) Yvon, K.; Kohlmann, H.; Bertheville, BChimia 2001, 55, 505-509.

(16) Joubert, J.-M.; Latroche, M.; Cerny, R.; Percheron-Guegan, A.; Yvon, K.
J. Alloys Compd2002 330332 208-214.

(17) Hector, L. G.; Herbst, J. Appl. Phys. Lett2003 82, 1042-1044.

with CaH; in a 1:2.2 mole ratio, sealed in a Pyrex tube under vacuum
and heated at 45%C for 12 h to produce sample C.

The product fron a 2 greaction between LaSrCa@nd CaH [1:2]—
formed at 45C0C for 48 h in a sealed tubewas washed using a 0.1 M
solution of NH,Cl in previously dried methanol on a Schlenk line. This
was followed by annealing at 45 in an evacuated silica tube for
3 days (sample D).

From a single mixture of LaSrColand CaH [1:2.2 mole ratio],

0.05 g (2¢) and 0.8 g (%) of mixture were placed into four identical
Pyrex tubes, which were then sealed off to the same volume under
dynamic vacuum. Each Pyrex tube had been previously flame-heated
under dynamic vacuum to remove adsorbed moisture. Two tubes, one
containing 0.05 g (E) and the other 0.8 g (F) of the reaction mixture,
were placed in the same furnace and ramped at©/&in to 270°C

(held at this temperature for 5 h) and then at 8€C3min to 450°C

(held at this temperature for 12 h). The other 0.05 g (G) and 0.8 g
(sample H) samples were heated together in the same furnace at
5 °C/min to 450°C, where the temperature was held for 12 h.

J. AM. CHEM. SOC. = VOL. 127, NO. 16, 2005 5997
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A Pyrex tube containing an intimately mixed 0.5 g sample (I) of
LaSrCoQ and CaH [1:2.2 mole ratio] was fired at 450C for 15 h
under dynamic vacuun~1 x 104 mbar).

A Pyrex tube containing an intimately mitel g sample (J) of
LaSrCoQ and CaH [1:1.05 mole ratio] was sealed under vacuum,
and then fired at 450C for 48 h.

Samples €&J were examined qualitatively using laboratory powder
X-ray diffraction employing Co K radiation. Data of a quality suitable
for Rietveld refinement were collected on sample D using a PANalytical
X’'pert Pro Multi-Purpose X-ray diffractometer employing CaxK
radiation.

Thermogravimetric Measurements. A Seiko SII-TG/DTA 6300
thermal analyzer was used with a Hiden HPR 20 RGA mass
spectrometer (He, #D, O,, and CQ were monitored). Approximately
30 mg of washed (with 0.1 M NI solution in methanol) sample J
was loaded into an alumina crucible and heated & Bnin~* under a
flow of ~20% & in He (Air Products) from 20 to 840C. The
guantitative response of the mass spectrometer,@® \Was calibrated
using the decomposition of CaG,-H-0.

Band Structure Calculations. The WIEN2K density functional

tetragonal l4/mmm to orthorhombiclmnm2, while maintaining the
tetragonal cell constants at experimental vaRies.

Neutron Diffraction. Measurements were performed on a 1-g
sample sealed under helium in a vanadium can, employing a copper
O-ring to provide a seal at all temperatures. Data were collected over
a range from 0to 14C (260) on the D20 diffractometer at the Institute
Laue-Langevin, Grenoble. The temperature program involved a con-
tinuous ramp from 2 to 320 K (ramp of 0.004 K/s, scan time of 9 min)
in an orange cryostat, then from 296 to 432 K (with the same ramp
and scan times) using the ILL vacuum furnace. These patterns were
later summed to produce data from 6 to 320nk6iK steps, and from
299 to 429 K in 6 K stepdt

The D2B diffractometer was used to collect high-resolution data at
345, 360, 375, 390, and 405 K in a cryofurnace, employing a
wavelength of 1.59478(1) A as calibrated using G&IST standard.

The D20 data were initially refined using an estimated wavelength
of 1.301A. The D20 data were then scaled to fit with data collected
using the same sample on D2B, as the wavelength calibration for the
D2B data is much more precise. The cell parameters for data collected
at 345 K on D2B were held constant during a wavelength refinement
of 346 K data from D20, obtained during the ramp from 296 K in the

theory code was used to carry out full-potential linearized-augmented ILL vacuum furnace. The wavelength obtained by this procedure,
plane wave (FPLAPW) band structure calculations, using the scalar- 1.29774(4) A, was used to refine D20 data at 6, 49, 89, 130, 171, 213,

relativistic version without spirorbit coupling!® Local orbitals have
been included for La 5%p, Sr 4s4p, Co 3p, and O 2s, and the PBE

254, 296, and 320 K. The D20 data at all temperatures collected with
the orange cryostat were then scaled to agree with the data refined at

version of gradient corrections to the LDA was applied. Tests indicated 1.29774(4)A. Temperature readings from the furnace were obtained
that 164k points in the irreducible part of the Brillouin zone (IBz) by placing a thermocouple in contact with the sample can, while
were sufficient for convergence of the total energy. The total energy ensuring that the thermocouple remained outside of the neutron beam.
was converged to lower than 10Ry/cell, and the charge to less than In Situ Synchrotron X-ray Diffraction. Experiments were per-
10-* electrons/atom. Experimental lattice constants and atomic positions formed on Station 9.1, a high angular resolution powder diffraction
were used for all calculations. The sphere radii used were La/Sr 2.25, facility, of the Synchrotron Radiation Source (SRS), Daresbury

Co 1.8, O 1.8, and H 1.4 bohr. The values for convergence of total

Laboratory, UK. On this statigra 5 Twiggler is used to produce X-ray

energy and charge, as well as the sphere radii, apply to calculations onfadiation in the energy range-B0 keV. A Si 111 monochromator

LaSrCoQ and LaSrCoGH.

The structural models used for the calculations of both LaSgE0O
and LaSrCo@require consideration of the disordered occupation of
the A sites by La and Sr cations in these materials. For LaSgg0o0O
the symmetry was lowered frobommmto Imn2, splitting the 4 position
of Immminto separate2La®" and S#* positions inlmn2 (Figure 1).
The 4 position of O1 is also split into two oxygen sites (O1 and O3).
The local environment of the O1 and O3 sites now differ, as is not the
case in the experimentally determined structure, in which" laand
S+ are randomly distributed with a range of local environments.

To examine the effect of altering the symmetry on the DOS, the
symmetry was further lowered mn2, and Wien2K calculations were
run using the same parameters as for LaSrfEb@wo sites are present
in thePmn?® space group setting for each of the sitebnin2 symmetry,
and two L&'/Se* distributions distinct fromimn? are possible (Figure
S1). In the first, each perovskite layer contains only one type of A
cation, with an alternation of a and S#* containing perovskite layers
along thec axis; calculations on this structure type were extremely
difficult to converge with the set of parameters used in lime2

was used to select a radiation of 0.8000(1) A wavelength, chosen to
avoid fluorescence problems below the absorption edge of Sr (16.1keV;
0.77 A). The wavelength and zero-point offset were determined
accurately, using the Bragg reflections of an NBS silicon standard. An
intimately ground mixture of LaSrCaCand CaH [1:2.2 mole ratio]

was sealed under helium gas (1 bar of pressure) in 0.5-mm Pyrex
capillaries. Results from capillaries that were filled less than 50% are
presented below, as completely filled capillaries were found to explode
at the reaction temperature from the pressure of evolvegild during
ramping to 450C. Data were obtained using a conventional two-circle
diffractometer in Debye Scherrer geometry. A furnace was used which
provided a maximum accessible temperature above €D@&nd a
temperature stability of=10 °C at 450°C. The temperature stability
and average temperature were determined by collecting a series of
measurements using a thermocouple placed at the capillary position,
while holding at a given setpoint on the temperature controller. For
the first in situ experiment (capillary 1) the temperature was ramped
in stages, with a 5C/min ramp rate between temperatures: °CXor

2 h, 140°C for 3 h, 240°C for 35 min, 290°C for 20 min, 340°C for

3.5 h, 400°C for 5 h, 415°C for 40 min, 450°C for 13 h, 475°C for

calculations. In the second, each rocksalt layer contains only one type3 h, and 500°C for 4 h.

of A cation, with an alternation of 2 and St" containing rocksalt
layers along thec axis; calculations on this structure type were
converged with the set of parameters used inltheR2 calculations.
The structural model used for LaSrCo@® identical to thelmm2
model used for LaSrCofBl, with the exception that the Hanion has

been substituted with an oxygen anion (labeled O4) in the plane of the

perovskite layer (Figure 1). This required lowering the symmetry from

(18) Blaha, P.; Schwarz, K.; Madsen, G. K. H.; Kvasnicka, D.; Luitdy[EN2Kk,
An Augmented Plane Wave Plus Local Orbitals Program for Calculating
Crystal Properties; Vienna University of Technology: Austria, 2001.
(19) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett. 1996 77, 3865-
3868.
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At the temperatures at which the sample was held for over 1 h,
extended data sets suitable for Rietveld refinement were collected. Data
were collected for 4.3 min (15:518° 26; 0.01° 26 step size; up to
340°C) or 5.2 min (15-18° 26; 0.01° 20 step size; above 34%C)
during the shorter periods of temperature stability. The region examined
by the shorter scans contained the most intense peaks of LagrCoO
LaSrCoQs-x, LaSrCoQHy, and CaH, which rapidly revealed the

(20) Demazeau, G.; Courbin, P.; Flem, G. I.; Pouchard, M.; Hagenmuller, P.;
Soubeyroux, J. L.; Main, I. G.; Robins, G. Alow. J. Chim.1979 3,
171-174.

(21) During the initial stages of each ramp, the temperature increase deviated
slightly from the programmed ramp rate. This has been taken into account
in the average temperatures reported for the summed D20 data.
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progress of the reaction to form the oxide hydride. The 400 and a)

450 °C diffractograms were each collected over a period of 43 min i Total DOS
with an angular range of 3510° 26, and a step size of 0.026. The sk ——La DOS
reaction occurred at a sufficiently slow rate that the data at these SrDOS
temperatures could be refined to extract cell constants and phase L CoDOS

fractions. Data obtained at 475 and 500 were used to observe the 0 DOS

completion of the reaction, as judged by the disappearance of thewn 20 | H DOS (x 2)
LaSrCoQ s« phase, as well as to examine the temperature stability of e
the oxide hydridel. =T

A further in situ experiment (capillary 2) was performed on an 1wk
intimately ground mixture of LaSrCofand CaH [1:1 mole ratio] that
was sealed under helium gas (1 bar of pressure) in a 0.5-mm Pyrex L
capillary. This capillary was ramped from 125 to 58C at a rate of A ¥

0.5 °C/min. Data were collected at a scan time of 10.3 min over an 0 =
angular range of 1619° 26, with a step size of 0.0126. * *
In addition, five in situ experiments involving intimately ground

mixtures of LaSrCo® and CaH at a 1:2.2 mole ratio have been Energy (eV)

examined to determine the reproducibility of the in situ results. Four

different 0.5-mm Pyrex capillaries (capillaries-8) containing this b) 35

mixture of reagents were sealed under helium gas (1 bar of pressure) — Total DOS

and placed in the furnace at Station 9.1. The fifth capillary (capillary 30 LaDOS

7) was a 0.5-mm quartz capillary sealed under the same conditions [ Sr DOS

and containing the same reaction mixture. Details of the temperature 5r

programs used for these capillaries are given in the Supporting 20k CoDOS

Information. W L ODOS
Rietveld refinement was performed using the GSAS suite of & 15} ———04DOS

programs for all of the X-ray and neutron diffraction patteths. =

Results

Figure 2a displays the total density of states (DOS) for
LaSrCoQH. The first point to address is that the FPLAPW
results in this study indicate that LaSrCg®is metallic, . . . . . . .
contrary to expectations from experiment, which shows an S a0 . T
ordered antiferromagnetic insulator at room temperature. This
is because the material is a Metiubbard insulator in which Energy (eV)

the interelectron repulsiob localizes the 3d electrondJ is Figure 2. (@) The total density of states for LaSrC#0 The projected
not included in the present calculations. density of states for La, Sr, Co, O, and H are shown. The H contribution

T ) ) . has been multiplied by a factor of 2 to make it more visible. (b) The total
Our aim in performing these calculations is to compare the density of states for LaSrCoOThe 04 anion occupies the same position

bonding interactions conferring stability on oxide hydrides with as hydride H in the LaSrCol structure.
those in oxides rather than ab initio prediction of electronic

_properti_es, and it is t_hus the distribution of initial _atomic states -gntributions extend from-1.5 to 1.6 eV; the Co 3d > DOS
in t_he final electronic structure daf over the en_t|re valence is broader, extending from-1.5 eV to above 3 eV. The 3d
region rather than the existence of a gajgathat is our focus orbital is oriented toward both O1 and O3 along ¢heis, and
here. mixes mainly with the oxygen bands frorb.7 to—2.2 eV to

The La 4f states are concentr_ated in _a sharp peak ap'produce a broad distribution of states. Thez3gd orbital mixes
proximately 2.5 eV above the Fermi level, with the 5d states of |, . the o symmetry orbitals from the O2 and H anions. As a

La, and the Sr 5s states spreading to higher energies. While theresult, the region betweend4.9 and—7.6 eV contains contribu-
La and Sr states mainly contribute to unoccupied states in thetions from O2 2p, H 1s, and Co 3¢ erbitals (Figure 3b-e)

conduction band, the cobalt cation states mix significantly with The comparison ’betwe’aif and x2—y? states reveals a mc.>re
its coordinating anions. The majority of the Co 3d states are pronounced@—y? contribution (approximately double) at low

Iocated_around the Fermi level, with some mixing into the energies €—5.7 eV), suggesting greater mixing with the anion
predomlnantly ox_ygen 2p states fromz.s to=5.7eV. i states at these energies and a stronger contribution to the in-

As shown in _Flgure 3a, the_CQgtorbnals "T’“ge'y Sit J_us_t plane bonding. There is also an admixture of Co 4s and 4p
below the Fermi level, are relatively n(_)nbondlng, and mix |_nto orbitals in the valence states, in particular into the low-energy
bgnds from-1.810 0.3 e\(. Thesg prbrral;; show some mixing region where H 1s is prevalent (Figure S2). The Co 4s and
with O 2p sta}tes, but mix negligibly with H 1s _due to Its 3de-y2 contributions are approximately equal, while the Co 4p
o symmetry with respect to the metdigand bond. Figure 3b,c contribution is~1/3 that of 3g_ in the <—5.7 eV regior?®

shows that the 3dy@rbitals of Co mix strongly into the valence iy > 5 L
band, which is composed mainly of O 2p states betwer® Due to the mixing of the>—y# 3d orbital into the low energy

and—7.6 eV. In the region of the Fermi level the CoBDOS

(23) These comparisons are based upon integration of the projected DOS in the
specified energy range and therefore do not consider the DOS in the

(22) Larson, A. C.; von Dreele, R. B.os Alamos National Laboratory, Los interstitial region. These figures may be considered rough estimates of the
Alamos, LANSCH994 relative orbital contributions.

J. AM. CHEM. SOC. = VOL. 127, NO. 16, 2005 5999
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region of the Fermi level, significant contributions are present at the bottom of the valence band along directions similar to those of the Hufisrentrib
in particular, neaf” in the energy region of-6 eV. Most of the oxygen contribution in the lowest-energy band is from QZRgracter, which is the orbital
oriented in the direction of the cobalt cations.

anion states, the H 1s contribution is visible arodwhere
Co 3de-y and O 2p are present, as well as ab&¢gFigure

3f).

are predominantly anionic (H 1s and O 2p), with the main metal
contributions coming from the Co 3dy2 and 4s. The Co 3&.

may be expected from the symmetry arguments illustrated in
Figure S3a, in which bonding between Co&B¢ and H 1s

contrasts with O2 2monbonding interactions. Similarly, mixing
To highlight the mixing of Co 3d, H 1s, and 02 2p states between Co 4s and H 1s may be expected ardurah the
within the perovskite CoOH layer, the band structure has beenbasis of symmetry arguments. However, @& character is
plotted with atomic character of the band states in Figure 4. As observed in the lowest band away frdim where symmetry
apparent from the DOS in Figure 2a, the lowest-energy bandsdoes not restrict its mixing.

When the secon®mn® La*™/S2" distribution (Figure S1)
is compared with thémm2 La®*/S2* distribution, significant

and H 1s states clearly contribute to similar regions of the energy shifts are observed in contributions to the valence band

lowest-energy valence bands, in particular arolinlthe lowest

from the oxygen anions in the rocksalt layer (Figure S4a). The

band, where there is also a Co 4s contribution. These resultsDOS for oxygen sites in the Br containing layer is shifted
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higher in energy, toward the Fermi level, which nearly closes

were out of phase dt, but are in phase at S. Thus, the further

the gap between anion- and Co-derived bands that is present irdecrease in energy to S can be attributed to the mixing between

the Imm2 calculation (Figure S4e). The DOS for oxygen sites
in the L&é*-containing layer are shifted lower in energy, and
away from the Fermi level (Figure S4f). However, the DOS of
the cobalt cation, the hydride anion, and the oxygen anion within
the perovskite layer are very similar in both calculations (Figure
S4b—d). This indicates that the main conclusions drawn in this
paper from the DFT results, which relate to-€0 and Co-H
mixing, are unaffected by the lowering of symmetry frammm
to Imm2 or Pmn2.

The total DOS for the parent ®ooxide LaSrCoQis shown
in Figure 2b. The features are strikingly similar to LaSrGHO

H 1s and O2 2p Further contributions at S come from the Co
4p, orbital (visible in Figure 4 at-6 eV) and the axial oxygen
orbitals O1 2p and O3 2p.

In addition, there is a contribution to the decrease in energy
alongI'=S from moving out of phase along thedirection, as
the point S is out of phase along bothdnd k. Along T'—X?25
the orbitals become out of phase along the reciprocal vegtor k
In the oxide hydride there is a significant decrease in energy at
X, in contrast to the case of LaSrCeo@ which a very slight
increase in energy is observed. The change in the band structure
along I'-S and I'-X when comparing LaSrCof with

Perhaps the most distinct difference between the electronicLaSrCoQH illustrates the significant effect of the H 1s
structures of the two compounds is that the (mainly 3d) states symmetry on the electronic structure of the oxide hydride.

near the Fermi energy in LaSrCg@re shifted lower in energy
relative to the sharp peak of Eastates (width of 2.83.8 eV),
and closer to the top of the predominantly O 2p states.6 to
—1.5 eV). As a result, there exists a finite DOS between the

The structural model used to refine the neutron diffraction
data has been described previou8iyhe refined phases include
LaSrCoQHp7 Lax0s, the vanadium can, and the magnetic
structure of LaSrCo€Hp 7. One region of the D20 data was

valence and conduction bands, removing the gap that is presenexcluded (62.763.9) due to the presence of an instrumental

in the oxide hydridel. The shift in the Fermi level is due to a
change in oxidation state: LaSrCg@ontains Cé", and thus
one fewer d electron than the €ocation in LaSrCoGH. The

contribution. Similarly, there were weak peaks present in the
D2B data arising from the cryofurnace that were excluded from
the following regions: 38.7942.34, 65.7-66.6", 68.6-69.5,

Fermi level is situated in the conduction band, near the bottom and 78.86-80.72.

of the g states rather than being well into tke-y? states as in
the oxide hydride (Figure 3&c). Therefore, the calculation
incorrectly predicts a metal, as far

The similarity of the DOS of LaSrCofBl and LaSrCo@
indicates that the hydride anion is influencing the electronic
structure in a manner similar to the in-plane oxide anion O4

The magnetic structure was refined as a separate magnetic
phase of symmetry P1. The magnitude and orientation of the
ordered moment was constrained to be equal on all cobalt sites,
with the antiferromagnetic interactions according to the previ-
ously determined magnetic structdfeThe magnitude of the
moment with increasing temperature was refined by using the

that it replaces. This is most evident at the bottom of the valence fractional occupancy of the cobalt ions as a scaling factor, after

band, where energy bands below.6 eV in both the oxide
and the oxide hydride are composed of Cee3d, O2 2p, and
either O4 2p or H 1s character (Figure 3e). In this region there
are additional contributions from Co 3dCo 4s, and Co 4p
(Figure S2). It is interesting to note that the Cgz3¢ width
appears greater in the oxide hydride than in LaSrCd®
LaSrCoQ the width extends from-0.5 to 3.5 eV, while the
oxide hydride exhibits significant 3d2character from—1.5

to 4.0 eV.

The band structure of LaSrCqe@®@ shown in Figure S5. The
shift in the Fermi energy is clearly visible. The bands exhibit
symmetry aroundl’ due to the tetragonal structure. At
replacing O 2p with H 1s means replacing a set of orbitals that
are out of phase (and thus orthogonal to theosbitals atl’

having initially refined the moment at low temperature. The
scaling factors of the chemical and magnetic cells were in the
ratio 1:0.5, to compensate for the doubled volume of the
magnetic cell. This resulted in a refined moment of 2.70£4)
at 6 K26

Previous reports of LaSrCa#y 7 indicated that the magnetic
ordering temperature lies above 350 K. Figure 5 shows that the
magnetic ordering temperature is 380 K. Critical exponent
analysis of the magnetization data is given in Figure S6.

The relatively featureless evolution of cell constants (Figure
S7) suggests that no structural phase transition occurs in this
temperature region. Each of the axes increases steadily with
increasing temperature. Figure S8 illustrates the smooth variation
of the isotropic atomic displacement parameter for the hydride

which are in-phase) with a set (H 1s) that are in phase and thusanion with temperature, indicating that the anion remains

capable of bonding with Co. The two situations are shown in
Figure S3.

An analysis of dispersion in the LaSrCgD bandstructure
(Figure 4) along thé'—S direction is as follows. From, there
is an initial increase in energy, followed by a further decrease
in energy toward S. We attribute the initial increase to the fact
that the H 1s orbitals are out of phase with th@wbitals along
ky (along theb axis of the direct space cell in Figure S3). The
minor contribution of mixing between H 1s and Co 4s would
not be affected by moving out of phase in this direction. At S,
the main contributions are from H 1s and 03;2pthese orbitals

(24) Though the main contribution at S is from O2,2pis contribution is less
than 20% of the total O2 2p contribution to the band in the energy region
—7.6 t0—5.7 eV. The main contribution is provided by the OZ Bpbital,
which points directly towards the cobalt cation within the perovskite layer.

localized at its bridging site in the structure over the temperature
range studied. Figure S9 shows Rietveld refinements of data
collected using the higher-resolution diffractometer D2B. Ther-
mal expansion is largest aloihg.e., the direction of the CeH
bond.

The temperature-dependent data for each of the axes, as well
as the volume, have been fitted with the Einstein equation to
derive the phonon frequency. The data are presented as an inset
to Figure S7. The CoH bond would appear to be weaker than

(25) T (fa, 12, 0), W (12, 2, "2), S (0,2, %2), G (0, 0, 0), R¥z 0, %2), X (0,
0, '2)

(26) The components of the moment for the Co atom at (0,0,0) were refined at
6 K, and are m= 1.56(8), m = 1.4(1) and m=1.79(8)ug. This differs
from [10] as the scaling factors used for the chemical and magnetic cell in
that study were in a ratio of 1:1. The correct scaling factors should be set
at a ratio of 1:0.5.
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3.0 and the capillary diameter, and was held constant throughout.
- %W T = 380K As the absorption coefficient of the cobaltate material changes
25k N very little over the course of the reaction and provides the
} I ni.q- dominant contribution to the absorption of the mixture, the use
=~ 20} " of a fixed coefficient is expected to be an acceptable ap-
E I proximation. All data were normalized to monitor counts, and
£ 15k s then scaled with the same scaling factor to ensure that the
= i § guantitative analysis would be valid. The absolute values of the
10 phase fractions are sensitive to the absorption coefficient used,
T ¢ although the temperature evolution of the relative values should
05 [ be reliable.
“r } { At 400 and 45C°C, the tetragonal reduced phaséstructur-
[ ally analogous to LaSrCof3y) is converted intol. The
00 [ U BN DU N B B R R ) B ) -
0 50 100 150 200 250 300 350 400 450 evolution of lattice parameters (capillary 1) has been quantified

Temperature (K)

Figure 5. Temperature-dependent magnetic moment of LaSiEle® The
magnetic ordering temperature is 380 K.

the Co-O bond from both the lower phonon frequency and
the (related) thermal expansion alomg(Table S10). The

excellent fits to the Einstein equation over the full temperature

range show thatl is a well-behaved solid as a function of

temperature and does not decompose, separate into closel

using Rietveld refinement for both disappearthgnd forming

1. These data are presented in Figures S12 (@0ata) and 7
(450°C data), along with the changes in weight fraction of each
phase with time.

Over tre 5 h hold at 400°C no significant change was
observed in the or b lattice parameters of either phase. The
peaks of the oxide-hydride phase are extremely broad, indicating
that the crystallinity of the material is rather poor due to the
relatively short duration of the reaction at this temperature. At

¥he end of the observation period at 40 the fwhn?° for the
(004) peak is 0.149(1) and for the (103) peak is 0.230¢1)
These peaks are clearly broadened as compared to the end of

related phases of similar composition, or undergo structural
rearrangement over this temperature range.

The in situ X-ray diffraction study of the reaction between
LaSrCoQ and CaH provided information about reaction

intermediates and kinetics, as well as the evolution of lattice
parameters and phase fractions, which indicates whether th
phases in question evolve in structure and/or composition during

the formation ofl. Although results from seven different

capillaries are reported, capillary 1 has been studied in the

€

the observation period at 45, where the respective fwhm
values are now 0.084(1and 0.097(1). The poor crystallinity
makes it difficult to observe any potentially subtle change in
the lattice parameters for LaSrCel) during the initial stage
of formation.

However, thec parameter of the tetragonal phase is clearly

greatest detail, and thus, the relevant stages of its temperatur&l€Creasing with increasing time. Toparameter changes from
program are described here. The sample temperature wagh initial value of 13.222(9) A to a final value of 13.181(3) A

increased to initiate the reaction between LaSrgCa@l CaH,

which produced CaO and the oxygen-deficient phase

LaSrCoQs-x above 240°C. The complete conversion of
LaSrCoQ to LaSrCoQs-x was observed during a hold for
3.5 h at 340°C, before the temperature was raised to 4000
initiate formation of LaSrCogHy. This was followed by a ramp
to 450°C to obtain the optimum reaction rate for data collection.
Portions of the data collected during the conversion of
LaSrCoQs-x into LaSrCoQHy at both 400 and 450C are

at 400°C.

Over the period of time in which measurements were
collected at 400C the weight fraction of Cajshows a decrease
from 0.164(2) to 0.154(2), and that of CaO shows an increase
from 0.099(3) to 0.109(3). A similarly small variation in this
parameter is observed at 48Q for these phases, with CaH
decreasing from 0.149(2) to 0.143(2) and CaO increasing from
0.116(3) to 0.124(3). These values compare with a room-
temperature weight fraction of 0.314(2) for Ca&hd zero for

displayed in Figure 6 and Figure S11. The temperature was thenCaO, based upon Rietveld refinement of the room-temperature

raised to complete the formation of oxide hydride. While weak
peaks of LaSrCogx 4 remained aftea 3 hperiod at 475°C,

a further treatment at 500C resulted in a mixture of
LaSrCoQHy, Cah, and CaO. No impurity peaks were observed
during the 4 h hold at 500C, suggesting that the oxide-hydride
phase 1 is stable at this temperature under the reaction
conditions. An example of a Rietveld refinement of the data
collected at 450C is given in Figure 6c. The figures of merit
for this fit are typical of the fits to the in situ data.

data. The room-temperature value of 0.314(2) is higher than
the 0.21 expected from the 1:2.2 mole ratio of the starting
materials, due to the much lower absorption of Gaké
compared with the cobaltate phases. However, it remains clear
that a far greater decrease in the weight fraction of Oatdurs
during the formation of the LaSrCa@ x phase ¢85% of the

total decrease) from LaSrCaOthan during the subsequent
formation of LaSrCoGHy (~15% of the total decrease).

At 450 °C the a axes for both tetragonal oxide and

Refinements at each temperature were based upon previoushorthorhombic oxide hydride phases were found to increase with

described crystal structures for LaSrCg® LaSrCoQ sy,°
LaSrCoQHo 7,10 CaH,,2” and CaC(?® An approximate absorption
coefficient was calculated on the basis of the initial composition

(27) Bergsma, J.; Loopstra, B. @cta Crystallogr.1962 15, 92—93.
(28) Huang, Q.; Chmaissem, O.; Caponi, J. J.; Chaillout, C.; Marezio, M.;
Tholence, J. L.; Santoro, ARhysica C1994 227, 1-9.
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time, while the variation in Cajicell parameters indicates that
the temperature could have decreased slightly (by approximately

(29) To obtain these numbers for fwhm, the profile and LaSr hase
parameters were taken from a Rietveld refinement of the original data and
were used to simulate a pattern. The simulated pattern was then fitted to

obtain the reported numbers.
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Figure 6. (a) Time-dependent variation of the (004) reflection during the reaction of LaSr&e@®CaH [1:2.2 mole ratio], which illustrates the gradual
conversion of LaSrCogx—x into LaSrCoQHy. The thick red line indicates the final data set at 400 and the thick black line, the first data set at 480

(b) Smoothed 450C data illustrate the clear shift in peak position with time during the reaction, corresponding to the decrease indatidthaxes of
LaSrCoQHy. In this plot the thick black line is the first data set, and the thick red line is the last data set. (c) Rietveld refinement of in situ X-ray diffraction
data collected at Daresbury station 9.1. Phases present are indicated by the reflection markers and include from top to bottomH),dEIA0Q 5,

Cahb, and CaO. The first pattern collected during the reaction to form oxide hydride &CGiB0shown. The figures of merit ay@ = 1.74, wR, = 9.09%,

Ry, = 6.95%.

10 °C)% during the data collection. This increase in cell total scattering power as the reaction proceeds indicates that
parameter for the orthorhombic phase, while the reaction there is no intermediate conversion of some fraction of the
temperature is slowly decreasing, is not consistent with the material into an amorphous or very poorly crystalline phase
temperature-dependent cell parameter evolution observed byduring the reaction. The increase in the weight fraction of the
powder neutron diffraction for LaSrCa8o.70¢2y This provides orthorhombic phase has been fitted to the Avramiofe’ev
evidence that changes induced in the phases present by reactiogquatiod? (Figure 7b). An exponent of 1.10(7) has been
and not temperature variation, were the main factors in the determined, which is consistent with growth bbccurring in
change in cell constants with time at 480. Furthermore, the  either one or two dimensions.
fact that theb axis is decreasing while theeaxis is increasing Accurate modeling of the diffraction profiles required inclu-
in the orthorhombic phaskitself demonstrates that the changes sion of anisotropic broadening of the LaSrGpQ and
observed in the cell parameters as a function of time do not LaSrCoQHy, peak shapes which was refined using the Stephens
result from drift in the temperature during the reactidioth model of microstrain broadenirf§,as implemented in GSAS.
in-plane cell parameters increase with temperature on heating,In this model, strain broadening is a result of each crystallite
and thus effects due solely to temperature variation cannothaving its own set of lattice parameters. The mean distribution
induce opposite variation of the two parameters. Plots of of lattice parameters in the sample follows the symmetry of
orthorhombic straift in LaSrCoQH, versus time during the  the crystal structure, although individual grains may not follow
in situ reaction and of pur& with temperature are shown in  this symmetry. Starting from the expression for the d-spacing
Figure 8a. of a reflection,

The growth curve of LaSrCofBly at 450°C crosses the decay
curve of thg tetragonal reduced oxide phase ata yve|ght frgctlon lz = M,y = AR + BI¢ + CI> + Dkl + Ehl + Fhk (1)
of 0.37, slightly over 50% of the maximum weight fraction d
attained by the oxide hydride (0.65). This conservation of the

where{A, ...,F} are metric parameters of the reciprocal lattice,

(30) This result has been determined on the basis of an estimate of the thermal
expansion of Calj obtained from in situ XRD data collected in this study.  (32) Avrami, M.J. Chem. Phys1941, 9, 177.
(31) Defined as strair- 2(a — b)/(a + b). (33) Stephens, P. WI. Appl. Cryst.1999 32, 281—289.
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Figure 7. (a) Time-dependent variation of weight fractions during the reaction of LaSr@a@® CaH [1:2.2 mole ratio] at 450C. The phases present
include LaSrCo@s-x, LaSrCoQHy, CaO, and Cakbl (b) Fit of normalized weight fraction data for LaSrCe¢i) to the Avrami-Erofe’ev equation.
(c) Variation in the unit cell volumes versus time for LaSrGeQ and LaSrCoGHy (d—f) Variation in the cell constants versus time for LaSrGeQ and
LaSrCoQHy during the reaction at 458C. For these figures the error of each data point is less than the size of the symbol that represents it.

an expression for the microstrain broadening (the variance of parameters for the oxide hydrideat 450°C is presented in
Mhw) is Figure 9, which shows the overall decrease in anisotropy as
the reaction proceeds.
A(My) = }ZL Sy K- 2 The results from capillary 1 have been compared with those
of six other capillaries. For a 1:1 mixture of LaSrCpéhd CaH
i (capillary 2), the LaSrCogs x phase visibly forms near a
In eq 2, the termsSy«. are defined foH + K + L = 4. The  tomperature of 256C, although peaks from the LaSrCpghase
model is further expanded by Stephens to include both Gaussmnoegin to decrease in intensity above IZ5 This observation
and Lorentzian contributions to the anisotropic broadening, as g confirmed by studies on five other capillaries containing a
implemented _in GSAS. To iIIustra_te the _applica_tion_ of ed 2, 1.2 2 mole ratio of LaSrCogto Catb (capillaries 3-7)34 These
we may consider that the only anisotropic contribution to the gqitional capillaries were heated to temperatures ranging from
width of the 00 peaks in LaSrCogHy is from the Sy term. 450 to 570°C, and in each of these experiments the oxygen
However, the (RI) peaks contain contributions from tt8a40, deficient LaSrCo@s_ phase is formed during heating.

SO(;‘:] ?r?: ?;éée(r)rfnz.rthorhombic LasrC svmmetrv ardu Other aspects of the in situ reaction were found to be capillary
ments reduce the number of possiﬁiﬁgf)}/aylra)r/neters ¥rom915 dependent. During the ”? situ_ study qf capillary 3, only weak
10 6 Sio0 Soto. S02 Sora Soos ANAS LAs the Syoq term for peaks of the orthorhombic oxide hydride were observed along
- 00 =040, 202 =022 2004 20 04 with a majority LaSrCo@s-, phase at 450C. The weak peaks
stralln.broadenlng of the OQreflections was found to be from LaSrCoQH, were not present in diffraction patterns
negligibly small, it was set to zero for the final stage of the collected at 500C, suggesting that under the conditions present

refmgments. The reSUIt.S indicate that Stfa'" broadenmg 'S in this capillary the phase is not stable at this temperature. This
dominated by the Gaussian component during the formation of

1 (the mixing faCtorE diverged when refm_ed and_ was thus_held (34) Details of the temperature programs for capillaries/ &are given in the
at zero). The time dependence of fg, anisotropic broadening Supporting Information.
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Figure 8. (a) Time-dependent variation of orthorhombic strain during the reaction of LaSr@o@® CaH [1:2.2 mole ratio] at 400 and 456C.
(b) Temperature-dependent variation of orthorhombic strain for LaSg8£92)

50 ; m 5400 of which is similar to that of LaSrCofThis decrease in volume
wl 33 o 5040 is mainly due to the decrease in tieeparameter, as tha
¢ 3 . 4 5004 parameter ishigher in the CaH-reduced LaSrCog ,-type
or P fego Lo 7 2 phase than in that of the LaSrCe&rtype phase. This increase
20F ¥ . “ @ fe |4 so22 in the a axis, in conjunction with a decrease in theaxis,
wg 10l fra .. ... reproduces the trend observed at #8Dwhile following the
" E g g

reaction by in situ XRD. The trends in cell parameters suggest
that the tetragonal phases formed by high-temperature
-10 | e v u ¥ reduction with Call are qualitatively different than those

o ¥ v v v i )
20l PR reported in the literaturg.
sl t ° . ) . . The successful formation of oxide hydride from LaSrGe®Q
0 200 400 600 800 starting material (which does not contain the hydride anion) is
Time (min) demonstrated by sample C. This sample contained a mixture

Figure 9. Comparison of the six symmetry-allowed anisotropic broadening of LaSrCoQHy:LaSrCoQ s in the mass ratio 61(2):39(2). As
terms obtained from Rietveld refinement of LaSrGbi The data refined observed for sample B above, the cell constants suggest that

were in situ powder X-ray diffraction patterns obtained at 460 the reduced oxide in C corresponds to a qualitatively different
phase than has been reported in the literature.

The stability of washed was examined by annealing at the
reaction temperature in a sealed evacuated tube (sample D). The
cell constants of sample D are very close to those of nonannealed
samples (Table 1), indicating that the washed material does not
decompose upon annealing at the reaction conditions. D was
of further use in examining the effect of annealing on the width
of the peaks. A comparison between the fwhm of various
reflections is given in Table S13 for sample D before washing
and annealing (nonannealed) and after the washing and anneal-
ing stage. It is interesting to note that in contrast to the in situ
¢ results, the fwhm of the 110 reflection is significantly larger
the oxide hydride. than that of 004 in both annealed and nonannealed material.

The in situ data directly led one to consider comparing the Examination of all of the reflections in the nonannealed sgmple
observed tetragonal intermediate phase with other reduced™®Veals thatover the 48 h the sample has reacted, the anisotropy
LaSrCoQ phases. To investigate this comparison, synchrotron I reflections for whictk is zero has decreased much more than
XRD data were collected at room temperature on sample B those with nonzer&indices. The distribution of distances along
(340 °C for 15 h). The capillary contained a mixture of the the b axis _in t_he nonannealed samp_le is suc_h that peaks _With
LaSrCoQs x and LaSrCoGH,-type phases, CaHand CaO nonzerok indices are extremely difficult to fit, as shown in
after quenching. The distribution of cobaltate phases was refinedFigure S14. After annealing, the peaks have sharpened consider-
as 36(1)% LaSrCogbl, and 64(1)% LaSrCo, by weight. aply, ma_lklng it possible to fit the 011, 013, and 110 reflections
Cell constants obtained from Rietveld refinement of these data With @ single-phase model.
are shown along with data from previous studies in Table 1.  The influence of reaction ramp rate and sample loading was
The volume of the cell increases from LaSrCof® LaSr- tested in the series of samplesH. Samples E and G contained
CoQs 5+, butdecreasesagain to form LaSrCogMy, the volume 0.05 g of reaction mixture which corresponds to 0.7 bar of
hydrogen pressure generated in the #ilaad were ramped at
(35) Ex situ experiments on sample J produced a mixture of oxide hydride and different rates, but in both cases only very weak peaks attributed

LaSrCoQ sy, indicating that oxide hydride may be formed with a ratio of . X i
LaSrCoQ:Cah; less than 1:2. to the oxide hydride were present. However, in samples F and

contrasts with the apparent stability of the phase at D
capillary 1. During the study of capillary 4 the LaSrC0x
phase was formed, but no evidence was found for LaSgEpO
up to 570°C. Significant quantities of LaSrCe#l, were formed

in capillaries 5 and 6, while in capillary 7 the reaction to form
1 went to completionn 4 h at 450°C. The various results can
be reconciled if the capillaries were poorly mixed or had become
somewhat segregated due to the agitation required to fill the
capillaries. Eliminating the excess CaHad a similar result,
as a 1:1 mixture of reagents (capillary 2) was found to form
LaSrCoQ s« but not1.3% These results highlight the importance
of physical contact between the reagents for the formation o
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Table 1. Room-Temperature Data For Reduced Cobaltates Derived From LaSrCoO4

a(h) b (&) thyo (B) c(A) V(&)
LaSrCoQ 3.8052(3) - 2.6907(2) 12.540(1) 181.57(4)
LaSrCoQ saft 3.74636(8) - 2.64908(6) 13.3201(2) 186.95(1)
LaSrCoQ 4zl 3.74544(8) - 2.64843(6) 13.3408(2) 187.14(1)
LaSrCoQ sseP 3.7419(1) - 2.6459(1) 13.2712(5) 185.82(2)
LaSrCoQ s ¢ 3.7446(1) - 2.6478(1) 13.1838(3) 184.864(5)
LaSrCoQ 5,0 3.7529(8) - 2.6537(6) 13.161(3) 185.37(9)
LaSrCoQs ¢ 3.7559(1) - 2.6558(1) 13.1562(5) 185.586(5)
LaSrCoQHo 7o0f 3.8711(1) 3.6032(1) 2.6375(1) 13.0177(1) 181.58(1)
LaSrCoQH,9 3.8701(1) 3.6086(1) 2.6393(1) 13.0122(3) 181.73(1)

aReaction of LaSrCo@and 8%H/98%N, at 550°C for 4 h? P Reaction of LaSrCo@and NaH [1:2] at 200C for 12 day€ °¢Quenched from a
reaction of LaSrCo@and CaH [1:2.2] at 340°C for 15 h (sample B)d Reaction of LaSrCogkx and CaH [1:2.2] at 450°C for 12 h (sample C): Reaction
of LaSrCoQ and CaH [1:1.05] at 450°C for 48 h (sample JY.From ref 10, a reaction between LaSrCoshd CaH [1:2] at 450°C for 48 h (sample A).
9 Annealed oxide hydride (sample D).

H (0.8 g of reaction mixture, 11 bar hydrogen pressure in the the incompletely reacted material contains less hydride anion
tube at reaction temperature) the LaSrGeQ phase reacted than the LaSrCogMo 7 final product.
completely to form LaSrCogMy. Therefore, the ramp rate does )
not influence the formation of LaSrCeBy, but the pressure ~ Discussion
of Hz gas formed in the reaction vessel (due to the formation  The unusual coexistence of oxide and hydride anions with a
of CaO when Cablacts as a reducing reagent in these reactions) givalent transition metal cation produces questions about the
has an impact on the formation of oxide hydride as opposed t0 glectronic properties and electronic structure of the material
reduced oxide phases. which we address here by combining experimental information
The effect of hydrogen pressure was further examined by about the strength of the interactions between the cobalt centers
reacting a mixture of LaSrCaOand CaH under dynamic through determination of the three-dimensional magnetic order-
vacuum (sample I). The Hformed during the reduction of  ing temperature with calculation of the electronic structure. The
LaSrCoQ is immediately removed from the environment of introduction of the hydride anion into the oxide array must occur
the sample. X-ray diffraction data indicate that the product of by a kinetically controlled pathway which avoids complete
this reaction was mainly LaSrCa®x, although approximately  reduction to the metatas examples of transition metal oxide
one-third of the cobaltate material consisted of slightly reduced hydrides are rare, the identification of the pathway for the
oxide of general composition LaSrCeQ, along with CaO and formation of1 is important, as the ability to form the phases
Cahb.3” There was no evidence for the presence of oxide hydride required en route t@ may be a chemical prerequisite for other
phases. The fact that the starting material was not completelycompositions to act as precursors to transition metal oxide
reduced in sample | after 15 h at 48Q in comparison with hydride formation in a manner similar to that of LaSrGoO
reduction in a sealed capillary for 15 h at 3%0 to a mixture The electronic structure calculations are presented here with
of the LaSrCo@s-x- and LaSrCoGHy-type phases (sample B),  the aim of contrasting the bonding in the oxide hydride with
suggests that the reduction to LaSrGeQ is also influenced that in transition metal oxides, where the importance of metal-
by the pressure of # oxide covalency in controlling electronic properties such as
Thermogravimetric oxidation data were obtained on sample localization versus delocalization and magnetic exchange are
J in combination with a mass spectroscopic analysis of evolved well-known. While other examples of well-characterized oxide
H.O. Rietveld refinement of laboratory X-ray diffraction data hydrides (LaHO"? Bag(AlO,)H,* BaxiGeOsH.4') have been
indicated that this sample contained a mixture of LaSrg40 reported, to our knowledge no computational studies have been
LaSrCoQ s x in the mass ratio 62(1):38(1). As observed for reported on these compounds.
sample B and C above, the cell constants suggest that J differs The differences observed in the electronic structures of the
from the reduced oxide phases reported in réff@e oxidation three possible representations of the La/Sr substitutional disorder
of oxide hydride material above 200 °C produced a visible  only effect interactions within the rocksalt layer and are shown
peak of HO. The quantity of HO indicates that the hydride  quantitatively to have only a minor influence on the contribution
anion is present in the sample at a levekdd.3 mol per mole to the electronic structure of the orbital overlap within the CoOH
of lanthanum strontium cobaltate material. This is significantly layer, which is the main focus of the paper. The2 structure
less than the composition of LaSrCg 7 expected in the final is expected to give a closer approximation to the random
product. However, this would correspond+0.5 mol of hydride La®*/Sr* distribution found in thémmmstructure, than would
per mole of the orthorhombic phase, which is much closer to thePmn® results. Thémn structure is preferred as all anions
the level expected ifh. In summary, the TGA data suggest that are coordinated to a mixture of #aand S#*, in contrast to
the second and third distributions &mn®, and hence the
(36) The estimates of pressure are based on the assumption that the maximun€lectronic structure of is discussed using these results.
possible pressure would involve decomposition of 1 mol equiv of QaH The partial DOS indicate a close relationship between the

Ca metal and bigas. Masses refer to a mixture of LaSrGa®dd CaH at

- %ﬁ”o"'f‘-r rr1a|tio Oé 1:2d on of the product labeled LaSrCo®as b occurrence of Co 3d.2 and H 1s states in the electronic
e slightly reduced portion of the product labeled LaSr as been . P
identified on the basis of its lattice parameters, which are intermediate structure, reﬂectlng covalent overlap of the type shown in F|gure

between those of LaSrCa@nd LaSrCo@s. The extremely broad nature S3. This mixing of Co 3d, H 1s, and O2 2p states within the
of the reflections indicates that this material contains a range of oxygen
content, indicating a solid solution rather than a stoichiometric intermediate
phase. (38) Huang, B. Q.; Corbett, J. . Solid State Cherh998 141, 570-575.
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perovskite layer is further confirmed by the atomic parentage of densities of states. These results provide important theoretical
of the band states in Figure 4. The mixing of 3d and 1s orbitals and experimental links between the oxide-containing hydrides
is significant due to the link between these orbitals and the and the rather covalent binary transition metal hydrides. The
electronic properties of the material. Co—H bond lengths and bandwidths of the 1s states in both
FPLAPW calculations have been carried out on LaSrCoO cases are similar, although the properties of the Co-derived
to provide a basis for understanding the influence of hydrogen electrons inl are controlled also by interaction with oxide,
on the electronic structure of LaSrCgD The similarity of the producing the magnetic insulating behavior observed.
electronic structures of the two materials (oxide and oxide The electronic structures of the more ionic binary alkali and
hydride) indicates that the H 1s orbital incan be thought of alkaline earth hydrides provide an important contrast to the
as substituting for the O4 2prbital in LaSrCoQinto electronic covalent interactions found il and the transition metal
states arising frono bonding overlap between meté&-y? and hydrides. KH also crystallizes in the rocksalt structure. The
in-plane anion states. (Figure 3. The bands in the region  lower-energy hydride states are now filled, with the Fermi
below —4.6 eV exhibit strong contributions from mixing that energy situated at the top of the valence b&h@ihe valence
occurs within the Co@.Hy layer. In addition, mixing with band is now very sharp (a width 2.3 eV in KH as compared
higher-energy orbitals produces a significant H 1s DOQ in  with ~5.4 eV for the H states il, and~5.7 eV for the H
well above the Fermi energy, although the majority of hydrogen states in CoH), with the states having almost exclusively H 1s
states are situated near the bottom of the valence band. Thecharacter. Only an extremely small contribution from these states
existence of H 1s states at such high energies, as is observeds observed at higher energies. The absence of a metal
for the 04 states of LaSrCoO(Figure 3e), reflects the  contribution to the low-energy region of the electronic structure
interactions with metal orbitals and is further evidence of and the concentration of H 1s states to a narrow energy range
covalent interactions that play an important role in the electronic rather than bonding-induced contributions over the entire valence
properties ofl. The similarity in the distribution of H 1s and  region, as found irl, are thus characteristic of ionic hydride
04 states indicates that the hydride anion can play a similar electronic structure. The mixing of the H 1s state with the metal
role to that of oxide in controlling the electronic properties of orbitals and the resulting distribution of H 1s character over
1. This is reflected in the comparison of total O4 and H 1s states the electronic structure in oxide hydridere qualitatively more
in Figure 3e. The enhanced width of the Cqe3¢ states inl consistent with those of the transition metal hydrides than the
indicates that overlap of this key metal orbital with both oxide alkali hydrides, suggesting that the presence of H will make a
and hydride is greater in this material than in LaSrGoO direct contribution to the electronic properties by modulating
providing an important qualitative link with the high magnetic the interaction between the cobalt centers. Together with the
ordering temperature ol compared with pure Co oxide comparison with the electronic structure of the LaSrgoO
analoguesthe Co bandwidth directly reflects the spreading in starting material, this allows one to conclude that both the oxide
energy of the Co d states due to mixing with the states of and hydride frontier orbitals are involved in mediating electronic
neighboring anions. The enhanced contribution of xhey? communication between the metal centers. Analogy with the
compared withz2 Co 3d state at lower energies also reflects covalent interaction between metal and oxide, which is well-
the interaction between the in-plane orbitals of metal and anions.established as producing superexchange interactions in pure
It is worthwhile to further compare the €d4 mixing in transition metal oxides, then indicates that metal-hydride mixing
LaSrCoQH with that in pure hydrides of the transition metals. should contribute to the superexchange paths contributing to
The rocksalt structure binary hydrides of the transition metals the electronic structure of the material. Tle H—Co—H
have been examined using ab initio DFT calculati#tf¥ The interactions provide an important pathway for magnetic ex-
hydride 1s states of CoH are mainly situated in the range of change to occur, impacting strongly on the high-temperature
—6 to —7.5 eV below the Fermi energy, although due to the long-range ordering reported in this contribution.
presence of a free electron tail, the full width of the H 1s DOS  The neutron diffraction data demonstrate experimentally the
in this energy region is approximately 5.7 éVFurthermore, existence of strong superexchange interactions between the
mixing of Co g states into the lower-energy H 1s states was transition metal cations iy, producing an antiferromagnetically
found, due to the direct overlap of these orbitals in the rocksalt ordered ground state. The observed magnetic ordering temper-
structure. This is analogous to the metat-3gydride 1s mixing ature of 380 K points to the strength of the superexchange
in LaSrCoQH, which produces a DOS for H 1s largely interactions between the cobalt cations. The cobalt centers are
distributed over the valence band (5.4 eV wide), while also sufficiently separated in this material that the dominant magnetic
providing small contributions to the H 1s DOS in the conduction interactions are via a superexchange mechanism. The ordering
band and above the Fermi level. The-Gd distances in the  temperature indicates that €6l—Co superexchange, exclu-
fcc CoH structure are remarkably similar to those in the oxide sively through thes orbital interactions examined in the DFT
hydride: 1.80 A in the fully relaxed fcc CoH structure based study, are very strong. This can be judged by comparison with
upon LDA calculations, 1.87 A from experimental data on fcc the Neel temperature of oxides adopting the single-layer
CoH394%and 1.80174(2) A fod at room temperature. On the  KzNiF4 structure, which are 270 K for L&00,,*! ~330 K for
basis of these distances, the extent of overlap between metal-a;NiO4*? and~320 K for LaCuQ,*3 This similar but elevated
and hydride orbitals may be expected to be similar in the two ordering temperature fits with the idea that the electronic
materials, as appears to be the case from the detailed compariso&l)

Furukawa, Y.; Wada, S.; Kajitani, T.; Hosoya,JSPhys. Soc. Jpri999

68, 346-349.
(39) Smithson, H.; Marianetti, C. A.; Morgan, D.; de Ven, A. V.; Predith, A.;  (42) Castro, M.; Burriel, RThermochim. Actd 995 269/27Q 537-552.
Ceder, GPhys. Re. B 2002 66, 144107144116. (43) MacLaughlin, D. E.; Vithayathil, J. P.; Brom, H. B.; de Rooy, J. C. J. M.;
(40) Singh, D. J.; Papaconstantopoulos, DPAys. Re. B 1994 49, 12801 Hammel, P. C.; Canfield, P. C.; Reyes, A. P.; Fisk, Z.; Thompson, J. D.;
12804. Cheong, S.-WPhys. Re. Lett. 1994 72, 760-763.
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structure is similar to that of the pure oxide LaSrGa®th the
in-plane states coming from the O4 ,2prbital replaced
effectively by the H 1s statesexperiment reveals that the H

In view of the reduction in staggered moment expected due both
to covalency and disorder, we will use the originally refined
Ho7 composition in discussing the properties dfin the

states are actually more effective in transmitting electronic remainder of the report.

interactions than the oxide states they replace. The two-

The effective replacement of the 2p states of the oxide anion

dimensional nature of the material means that the enhancedsubstituted by hydride to forrh by the H 1s states reflects the
three-dimensional ordering temperature cannot be directly stryctural replacement of oxide by hydride in the reaction to
attributed to the difference between oxide- and hydride-mediated form LaSrCoQH, 7 from LaSrCoQ. This involves substitution

superexchange. In a layered material, the onset of three-of oxide by hydride and occurs at relatively low temperatures

dimensional order is controlled by the interlayer couplihg

for processes involving solids. The identification of the phases

although strong intralayer coupling leads to short-range order jnyolved in the transformation can both shed light on the

characterized by a correlation lengitwithin the plane which
enhancesTy over that expected due solely to the interplane
coupling according to eq 3

KT, = @23'32 3)

mechanism by which the substitution occurs and identify the
characteristic chemical features of the LaSrGse@stem which
allow the formation of the unusual oxide hydride to take ptace
as the process is kinetically controlled, the ability to access the
phases in the pathway tbare critical to the ability to fornil

at all. The limiting mechanisms possible are substitution of

wherea is the separation between magnetic centers in the plane.hydride for oxide directly and removal of oxide followed by
The detailed outcome of the calculations is consistent with the insertion of hydrogen. Clearly diffraction measurements are
cobalt-hydride coupling being at least as strong as the cobalt-unable to precisely identify the microscopic atomic processes
oxide interaction, and thus consistent with the enhanced orderinginvolved in the transformation in detail, but the identification

temperature ofl being associated with stronger in-plane
superexchange interactions. Interestingly, éhenly character
of the frontier orbitals of the hydride anion would be expected

of the phases involved and some details of their structures can
place limits on the atomic motions that can be proposed to occur
during the transformation.

to produce purely antiferromagnetic superexchange between the The reduction products of LaSrCeQ depend critically upon

half-filled ey orbitals of two adjacent cobalt cations with only
weaker direct exchange interactions betweenstrsymmetry
tyg States. The oxide anion-mediateexchange pathway is in
competition with ther-exchange which is formally an interac-
tion between a single hole in each, state. This would be

the reagents and reaction temperatures. At elevated temperatures
(>~350°C) and one atmosphere ok khe limiting composi-

tion formed before complete reduction to cobalt metal is
LaSrCoQs° Lower-temperature reaction (20€) with NaH
stabilized the more reduced phase LaSreg@)° Ex situ

expected to be ferromagnetic and thus compete with the studies have previously shown that LaSrGoé&acts with Cakdl

o- interaction and weaken the overall antiferromagnetic super- at 450°C for 2 periods of 4 days to form LaSrCe& 7o(2)'°

exchange. The frontier orbital symmetry of the hydride anion In this work, every in situ study leading to the formationlof

is thus consistent with the higher observed antiferromagnetic involved formation of a tetragonal reduced oxide (hereinafter

ordering temperature compared with that of the oxide anions. referred to ag to reflect the possibility that the material formed
The expected staggered moment for contributions from a fully in situ is not identical to the phases previously isolated and

ordered 70% high spin (HS) Co(I)S(= %) and 30% HS
Co(l) (5= 1), based upon the composition LaSrGbid7o)
obtained from combined X-ray and neutron diffraction refine-
ments in the earlier study, is 2. The refined moment

studied at room temperature) and this phase may therefore be
considered a necessary intermediate phase in the formation of
the oxide hydride. There is no evidence for formationlof
without prior formation of2. In the study of capillary 1,

corresponds to a mixture of 76% HS Co(ll) and 24% HS Co formation of tetragona® is then followed by transformation

(1), for an average oxidation state of £6". The refined hydride

into orthorhombic oxide hydridé& which occurs slowly (and

content for all data presented in this report, obtained on both with poorly crystalline 1) at 400 °C and more rapidly at

D20 and D2B, agree within error to a value of 0.57{Myith

an expected moment of 2.&¢. The discrepancy may reflect
the difficulty in obtaining a precise value for the hydride content
by powder neutron diffraction. It is important to note that the

450 °C. The detailed Rietveld analyses of this transformation
reveal that this apparently simple reaction is actually complicated
because during formation of the oxide hydride the structures of
both 1 and 2 are evolving, both in terms of the mean crystal

neutron data define only the mean scattering length on the structures over a distance scale of several hundred angstroms
hydride site (which is negative due to the sign of the H scattering (judged by the cell parameters) and the distribution of these
length), so a higher H content together with O occupancy can structures about the mean over shorter distances as judged by

equally fit the data. Assuming full occupancy by combined
hydride and oxide gives LaSrC@®1afHo.s29¢4y Which corre-
sponds to CB7* (82.9% Co(ll) and 17.1% Co(lll)), and an
expected moment of 2.48. This possibility is rejected as it
would require the LaSrCof3 intermediate (vide infra) in the
pathway leading td to be oxidized by Cakto form 1. However
the composition LaSrCofdse7Hoes fits both the refined

the anisotropic broadening of the Bragg reflections.

The smooth increase in orthorhombic distortionIofvith
reaction time in the in situ runs is evidence for increasing
hydride concentration and/or oxide/hydride site ordet,iand
suggests that intermediate oxide hydride phases (differing either
in composition or oxide/hydride site order) exist between the
compositions LaSrCo$} and LaSrCoGHo 7. The difference in

staggered moment and the observed negative scattering densitys ihorhombic strain of between 400 and 45 is particularly

(44) This value of hydride content was obtained from a fit te 6hK neutron
diffraction data obtained on D20.
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Scheme 1 . Formation Pathway for 1 solid and then subsequent rearrangement from orthorhombic to
LaSrCo0, + CaHz <5 LaSrCo0s 35.x (2)+ (0.38-x)CaH, + (0.62+x)Ca0 + (0.62+x)H, tetragonala can be directly related to the initial rapid variation

b ) in CaH,- and CaO-phase fractions where the pure reduction to
— LaSrCoO; 33.<Hy (2 tetragonal) + LaSrCoO3H, (1 orthorhombic) + (0.38-x)CaH; + LanCOQ_ga followed by substitution to form LanCQeoj
(0.62+x)Ca0 + (0.62-+x-y/2-2/2)H; ~> LaStCoOsHy 7 (orthorhombic) + CaO + 0.65 requires 62% of CaO to be formed in the initial stegiven

H, the absolute errors due to absorption giving an overestimate of

] o ) the refined CaO fraction, this is consistent with the observation
increased strain il on heating from 400 to 450C and on ¢ 8o, CaO formation in the first 43 min. The second step
continued reaction at 45 is a kinetic effect reflecting the s gjower as both oxide and hydride diffusion and the local
details of the formation cf. This must be accounted for together  o5rganization indicated by the anisotropic microstrain are
with other defining observations which include the initially rapid ;.\ olved. The incorporation of a critical H concentration it

then finally slow evolution of Cabland CaO phase fractions,  yjgqers the formation of orthorhombicin which the hydrogen
the TG-MS demonstration that hydride incorporation into the  .qtent is sufficient to force a distinction between thandy

reaction mixture increases with increasing conversion from gicections. with residual O/H disorder from the tetragonal
tetragonal to orthorhombic, the differing unit cell volumeslof o0 rsor (as H is initially introduced with equally probability
and?2 which indicate these phases have different compositions, alongx andy in the plane) removed as the reaction proceeds

and the roles of mixing and gaseous hydrogen. . . . .
Direct hydride substitution for oxide coupled with reduction The.SO“d hyglrlde Cgljreaggnt Is clearly essen.tlal for the
: . . formation of oxide hydridel which does not form with klgas
to form 1 directly from LaSrCoQis excluded by the observation . T . .
. . . alone. The importance of mixing is also consistent with the
of the intermediate phasz The evolution of both tetragonal . . - .
and orthorhombid with time indicates a range of intervening predominantly soliét solid natur(_a of both steps. The mechan_|sm
structures for both phases. We can identify two limiting cases allows gas-phase 4o play an important role, consistent with .
the observation that the removal of hydrogen under dynamic

which require an intermediate phase. vacuum drastically slows even the formation of reduced oxide
(i) Over-reduction to form a heavily reduced oxide with a H, mav be involv{ed catalytically (e.g. in forming Co nano ’
lower formal Co oxidation state thahe.g. the putative Co(l) 2 may ataly y (€.9. In ng -
particles that then activate gas-phasgtélinsertion into the

phase LaSrCogirom which all oxygen required for the final solid or in maintaining a clean surface for the selgblid

transformation from LaSrCofto 1 is removed but no H is " dbt q th | id ticl

inserted: this gives the final phase fractions of GaHd CaO rea(\jc '?nstﬁ an 0 procee otnd e compleﬁ oxi te partic ebs)

early in the reaction and “stores” the required hydrogen as and aiso the HF’TeS_S“re generated in a sealed system may be
vital for the equilibrium stability oflL with respect to hydrogen

gaseous Kl 1 is then formed by oxidation of LaSrCa(y I nder reaction conditions. Cald required to red c
H2(g) in a second slower step. This mechanism can be ruled 0SS under reaction conditions. -21s required fo reduce +o
within the KoNiF4 oxide structure to a lower oxidation state

tb the f ti f heavily reduced LaSr@we6uld ) . ! . .
out because the formation of heavily reduced LaSroa than possible with KHlalone—this tetragonal intermediatcan

give a much smaller volume f& than is observed (LaSrNiO h ire hvdrid . by both oxidation b H
has a unit cell volume of 176.83%and is also orthorhombic en acquire hydride anions by both oxicalion by gaseops
or by substitution by hydride for oxide (step b).

due to vacancy ordering). Both in situ and ex situ data require

the composition of2 to be closer to LaSrCofg than this The macroscopic evolution of the structure as tetragonal
mechanism requires. reduced oxide is transformed into orthorhombic oxide hydride
(ii) Initial fast formation of a reduced oxid@ with a Co is also reflected in the evolution of the microstrain broadening

oxidation state similar to that it followed by a slow step in ~ Of the Bragg reflections irl as the reaction proceeds. The
which two hydride anions from Catsubstitute for one oxide individual Syx. terms provide a basis for examining the variation
anion and the structure relaxes from tetragonal to orthorhombic. in broadening as the reaction proceeds. The relationship between
This allows the structure dfto evolve during the formation of ~ these terms and the broadening of individual reflections is
1, as it can incorporate a small amount of hydride or change described in (2). The anisotropic broadening was particularly
further in oxygen content as the reaction proceesls can write  Pronounced during the initial formation of the oxide hydrie

2 as LaSrCo@:.Hy where 0= x < 0.38, reflecting both the decreasing as the reaction proceeded. In all diffraction patterns
cell volumes of2 in in situ and quenched ex situ reactions and the magnitude of the g andSyo parameters for LaSrCalo.s

the likelihood that the more forcing temperature conditions will for this phase were strongly positive, theoSparameter was
produce a higher anion vacancy content than found for material Negligible (indicating insignificant anisotropic strain broadening
formed at 200°C with NaH. The hydrogen contegtin 2 is along the interlayer direction, consistent with the chemistry
lower than a limiting valug/may, reflecting the likelihood that ~ requiring oxide/hydride substitution in the plane), the; and

high hydride concentrations can only be accommodated in S22 parameters were weakly negative or positive, and3he

orthorhombic oxide/hydride ordered structures. Bo#mdy in parameter was strongly negative. In the case of the) (11
2 vary with time. 1 is written as LaSrCOQHZ’ where Vmax refleCtionS, the calculated full-width half-maximum (fVth) is

< z< 0.7 and evolves in structure with time asmcreases (as ~ determined by contributions from th&oo Soao and Spo
directly demonstrated by the TGJS data on J) and the O/H  Pparameters. The negati;o compensates for the contribution
order evolves within thety plane. This can be directly inferred ~ Of the positiveSyoo andSysoto produce a relatively narrow peak
from the refined macro- and microstrains as hydrogen is initially for the (110) reflection. Overall, these results expose the fact
delivered equivalently along theandy axes of2. This pathway  that the (11) and (00) classes of reflections are much sharper
is outlined in Scheme 1. than the (0l) and () reflections.

The reduction step is thus faster than the substitution step The use of the Stephens model toZiand1 presumes that
b which involves both oxide and hydride diffusion through the the main contribution to anisotropic peak broadening stems from
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X exponent is thus consistent with either one- or two-dimensional
growth. This result is supported by the analysis of the anisotropic

4100: 110 peak broadening, which shows that broadening is mainly
$100; et TT observed in thecy CoOH plane.
The formation of the oxide hydride phadeis extremely
<t‘ 010, y sensitive to the hydrogen pressure in the reaction vessel. As
010 4010 hydrogen is present ih, it is not unreasonable that this should

Figure 10. Real-space lattices for ordered and disordered CoOH layers: be the case, and detailed investigation may reveal dependence
(‘vll) 103 11d0b anc(i) 030 Cé Spéllcmgs( mlt'ze ordered matenatl ;’r\]"ﬂ“(:cbonqs of hydrogen content in the oxide hydrides on hydrogen pressure
alongb an (C onas along (solid arrows represen e d spacings, . . . .

and filled circles, the lattice points). The dalash line represents the in the synthetic enwronment_. However, even reduction to form
magnitude of gho from case (b) (slightly displaced from the origin to  the tetragonal phasg for which analogues have been formed
demonstrate that it is identical to the magnitude in case (a)) where by NaH at lower temperature, is extremely sensitive to hydrogen
interchange of O and H produces a large change in the local repeats alongpressure proceeding much more slowly under vacuum than in
the x andy directions but none in that along the 110 direction. There is | d, t Th id reducti . led t
thus a large distribution in d spacings (microstrain) produced by the O/H f’j‘ sea”e system. e. more rapl re. HC Ionin a S.ea e : system
disorder alongn00 and ®0 but is considerably reduced alohip, explaining is facilitated by reduction of the transition metal oxide with H

the anisotropic microstrain observed. to form water, which would then be removed from the system
distributi f latt ; Th ked ch in th by reaction with Cakto form CaO and K This would maintain

a distribution otfatlice parameters. The marked changes in they, pressure in the vessel, while facilitating the reaction of CaH

|tn;plane Ilattlgs Egptararr:ﬁtetzs dg.r N9 _tcjhehtrgqu)rmat!gn from to form CaO. From these results it is clear that the gas phase
tetragonal oxide= o orthornombic oxide hydride provide a plays a significant role in the reduction of LaSrCpQOsing
justification for this phenomenological description of microstrain Cahb

anisotropy. Qualitatively, this anisotropic broadening may be
further understood as a distribution of distances in the CoOH Conclusions
plane due to the transition from a tetragonal oxide to an
orthorhombic oxide hydride, the distortion being driven by ~ Neutron diffraction data have shown that the magnetic
ordering of oxide and hydride in different orthogonal directions ©rdering temperature of LaSrCe@ Hy is 380 K. Comparison
in thexy plane. This is a significant observation as it correlates ©Of this Neel temperature with that of isostructural oxides with
with the evolution of the orthorhombic strain during reaction then =1 RP structure indicates that the exchange interactions
to demonstrate that the oxide/hydride order along the two Mediated by the hydride anion are at least as strong as those
orthogonal in-plane directions thevolves during the formation mediated by oxide. Consideration of the electronic structure of
of 1. Incomplete O/H ordering will produce locally a shortened the hydride and oxide ions indicates that #r@nly frontier
a parameter corresponding to a-Gid rather than a CeO bond orbitals of the hydride anion a should produce purely anti-
correlated with a lengthened parameter corresponding to a  ferromagnetic 180 superexchange between Locenters,
Co—O rather than a GeH bond. The effect of this is to produce whereas ther and o contributions from oxide may frustrate
a broad distribution of values ft00 andOk0 d-spacings when each other. The three-dimensional ordering temperature in a
the faulting is extensive; as reflections such as 110 are vectorl@yered material is given by the interlayer coupling enhanced
sums of 100 and 010, local disorder of O and H has only a Py the in-plane correlation length, and so the difference in
second-order effect on d110, thus producing a considerably Parameter compared to the oxides is also significant in producing
reduced distribution of 110 d-spacings compared to those for the enhanced antiferromagnetic ordering temperature.
100 and 010 (Figure 10) because the lengtheningo a§ FPLAPW calculations indicate that the electronic structure
correlated locally with the shortening afby the O/H disorder. ~ of LaSrCoQH is surprisingly similar to that of LaSrCa®nce
The enhanced homogeneity of O/H ordering within each ordered the shift in Fermi energy and lowering in energy of the Co 3d
domain as the formation df proceeds thus naturally results in ~ orbitals is taken into account. The 1s orbital of the hydride anion
a decrease in the anisotropic strain broadening. As this strainplays a similar role in the electronic structureldb that of the
mechanism is restricted to they plane, the microstrain  2py orbital of the O4 anion in LaSrCoQhat it replaces in the
parameters controlling the D@eflections are not significant, ~ reaction to form the oxide hydride. A significant amount of
consistent with the observations. mixing occurs between the H 1s orbital, the in-plane O 2p
Annealing1 produces a large decrease in the strain imposed orbital and the Co 3d (orbitals. The comparison with
by misfit due to defects in th&y CoOH plane-this can be LaSrCoQ and both covalent and ionic hydrides shows that the
attributed to improved O/H ordering in this plane. Even the hydride 1s states do not remain ionic in character at low energy
annealed widths reveal significant anisotropy with the reflections but spread in energy due to covalent mixing to form a complex
with significantk content being broadened over equivaledit set of in-plane bonding states involving both the Cox3edly?,
ones. This is consistent with the incomplete occupancy of H 1s and O 2 orbitals. Direct comparison with the bandwidths
hydride sites alongy and complete occupancy of the oxide sites in DFT calculations with both ionic and covalent hydrides shows

alonga implied by the final composition. the covalency of the H 1s orbitals in the oxide hydride dealt

The kinetics of the evolution of the phase fractionlo&t with here. This relates directly to the strength of the super-
450 °C are fitted to the AvramiErofe’ev form. In phase- exchange interactions within the CoOH plane and their role in
boundary controlled reactions, the exponent v + « where enhancing the Neel temperature of this material in comparison
v is the dimensionality of the growth process amds the with isostructural oxides.

contribution of nucleation and varies between 0 (where nucle- In situ XRD reveals that a tetragonal pha3estructurally
ation is instantaneous) and 1 (where it is slow). The observedrelated to the reduced oxides LaSrGa@y is a necessary
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