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Lanthanide transition metal oxide hydride phases, LnSreg@); (Ln = Pr, Nd), with variable H and
O content, have been prepared by topotactic reduction of the parert RuddlesdenPopper phase,
LnSrCoQ, with CahH via a LnSrCoQ@s (Co?") intermediate. The hydride anions occupy the site bridging
the cations along the shorter in-plane direction in the CoOH plane. Substitution of oxide for hydride
anions is incomplete leading to the compositions NdSr{ze£3Ho.796(3)(A), NdSrCoQ 2103H0.580(6)(B),
and PrSrCo@ieouHoss07) (E) as determined by Rietveld refinement using powder neutron diffraction
data. Diffraction, thermal gravimetry, and X-ray absorption spectroscopy show that the Co oxidation
state remains close t&2 despite variation in hydride content. Variable temperature neutron powder
diffraction studies show that the lanthanide size and H content strongly influence gh¢éeNgerature
(410 K (A), 375 K B), and 445 K E)). All the materials are antiferromagnets. Magnetic short-range
order (SRO) has also been observed, in the case of NdSrs$Plo ss06)(B) the SRO is two-dimensional
and persists above 440 K. Correlation lengths-aD0 A indicate strong in-plane exchange interactions
in the CoOH layers.

Introduction an oxide array allow access to transition metal oxide
hydrides® The synthesis of these oxide hydride phases
involves topotactic reduction of the layered Co(lll) oxide
precursor LaSrCogto form an intermediate anion vacancy-

The properties of transition metal oxides are controlled
by the occupancy of the d orbitals and the covalency of the

cation—anion interaction. This is particularly clear in the disordered reduced Co(ll) oxide LaSrCed in which

eleCtron'C and magnetic properties of the colossal magm_a'hydride substitution for oxide then takes place to afford the
toresistive manganates and high-temperature superconductm%Xi de hydride LaSrCogH, The material consists of
NG

cuprate;, where changes n the chargg_ reservorr Iayersrectangular CoOH sheets (with the hydride site ordered
separating the electronically active transition metal layers

tune the d-band filling to permit metalnsulator transitions along the short edge of the rectangle) separated by (LaSnO

with spectacular property changes. Mixed anion transition rock-salt layers (Figure 1).
pectac property changes. anion transtio Metal hydrides with both ionic and covalent contributions
metal solids offer the opportunity to control the properties

, L ; . .~ to bonding are known. The hydride anion in the extended
via substitution on the anion rather than the cation sublattice. L | oxide hvdrid v infl
Oxide nitride! oxide sulfide??and oxide halidés materials 1 anoiion metal oxide hydride LaSrCelb. strongly influ-
' ) . ences the electronic structure of the material as a result of
are all well established, with examples of control of

roperties by variation of the ratio of the two anions. It is covalency in the metaihydride bonding, which is confirmed
fhefefore imy ortant to develop chemistry to allow acéess éo by density functional theory (DFT) calculatiohsThe
new clas,sespof mixed anion é)olids Givgn the similarity in combined metatoxide and metathydride covalency pro-

ize of hvdride (H) and halide. it i. ) nable o ex y ¢ duces a magnetic ordering temperature of 380 K, which is
size ot hy e_( )2 d haiide, 1t 1S reasonable 10 expec high for a two-dimensional material, and would imply the
that oxide hydrides will be structurally stable. However, - ) : . . .

. . . : : possibility of two-dimensional magnetic correlations being

existing classes of mixed anion solid are made by high-

. . . present at higher temperatures as a result of the weakness
temperature reactions which are not suitable for the strongly . . .
. X . " I of the interlayer coupling. The metainetal separation and
reducing hydride anioftunder such conditions, transition

metal-containing systems would be difficult to access becausehydride'to'oxide ratio within the CoOf sheets could

of reduction to ?heymetal by H It has recently been shown clearly play a controlling role in the electronic properties of
y . ently . the resulting materials, but there is as of yet no chemistry to

that low-temperature syntheses in which the cation array

remains unchanaed during the introduction of hvdride into control this ratio. The development of the chemistry of these
9 9 y metastable oxide hydrides has importance beyond magnetism

and correlated electron systefrthe hydride anion has been
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discussed later allowed identification of the synthetic route required
for the isolation of pure samples. Five reactions were carried out
to prepare samples for neutron powder diffraction and to confirm
the reproducibility of the effect of hydrogen pressure during
synthesis on sample composition. The sealed tube sizes used for
the Nd 3 g scale samples were 12 mm diamete24 cm length
(A) and 18 mmx 19 cm @), producing hydrogen pressures of 18
atm (A) and 9.5 atmB). The Nd reactions were repeated on a 1.5
g scale with tube sizes of 12 mm 12 cm C) and 18 mmx 10
cm (D) producing hydrogen pressures of 17 atm and 9 &8 g
Pr sample [E) was prepared using a tube sized 18 man20 cm
(hydrogen pressure 9.5 atm). In each case, after the sealed-tube
reactions, the samples were washed with 0.1 MGIHeOH under
N2 (2 x 100 mL) to remove excess Caldnd the CaO formed in
the reaction and then rinsed with dry MeOH %250 mL).

To prepare the reduced oxide, NdSrGeQ, NdSrCoQ was

heated under flowing 5% #N, at 450°C for 14 h and cooled to
room temperaturé.

Figure 1. Structure of LaSrCogHo 7 CoOy squares (purple) form one- Reaction prodgcts Wt’ere Cha_raCterized with Cf‘l"fadiat?on
dimensional Ce-O—Co chains that are connected into a rectangular layer Using a Panalytical X'Pert diffractometer equipped with an
by the hydride anions (yellow). These layers are separated by rock-salt X'Celerator detector.
(LaSnO layers. The structural evolution of NdSrCa@vhen reacted with CaH
imoli d in th d di f hvd bility i was studied by in situ monitoring with powder X-ray diffraction
|mp|gz?1te in the un erstanding of hydrogen mobility In -, station 9.1 at the Daresbury SRS= 0.8 A). The sample was
transition metal oxide$. o contained in a 0.5 mm diameter capillary 4.2 cm long filled to 1.5
In this paper we show that variation of the rare earth cm with the reaction mixture. The capillary was initially heated to
counterion size and hydrogen pressure during synthesis200 °C. Data were collected while the temperature was ramped
allows the sheet anion compositions to be varied. The from 200 to 550°C at a rate of 0.5C/min. Each scan was between
importance of the metalhydride covalent interaction in  13.3 and 19.7260 with 0.01° steps and a counting time of 1 s/step.
controlling the magnetism is then demonstrated by the This gave a 10 min scan duration, and the temperature, therefore,
resulting effect of the compositional change on both the two- increased~5 °C during each scan.
and three-dimensional magnetic ordering temperatures. Re- Powder Neutron Diffraction. Neutron diffraction data were
solving chemically sensible local structure and global collected on NdSrCo@.Hjs (A) on the GEM instrument at the
composition requires the use of a broad range of character-/SIS spallation source, Rutherford Appleton Laboratory, at 2 K,

ization techniques. As the compositional characterization '°°™ (emperature, and 39363 K in 10 K steps. Room-
involves the interplay of several techniques, the results aretemperature neutron difiraction data were collected on NdSi(:6()

. . . . ) and PrSrCo@.,Hg (B and E) in the cryofurnace on the D2B
discussed in a sequential manner immediately after eachyittactometer at the Institut Laue Langevii & 1.5943 A).

piece of data in what follows. Variable-temperature data were collected on the D20 instrument
(A = 2.415 A). The samples were each heated from 1.6 K to 320
Experimental Section K in a cryostat at a rate of 40C/h. The samples were then heated

in the furnace to 473 K at rates of 0°€/min and 0.6°C/min,

. S)l/nt:etshls. E’a.tljé'on: 'If'hhe dsyntheuc procedgres r(lepdorttet()j h'ere respectively. Absorption was refined for A using a linear absorption
involved the bulldup of hydrogen pressure in sealed Woes, €yer,\inn sujtable for time-of-flight datd. A fixed absorption
protection must be worn, and appropriate safety measures must be

tak correction (R/A) was applied to the constant wavelength data
axen. collected on D2B and D2#:12
Four grams of samples of NdSrCp@nd PrSrCoQ® were

synthesized by nitrate decompositi®rDry Nc;Os (99.99%, Alfa Composition. Thermogravimetric analysis (TGA) data were
Aesar) or PiOy; (99.9%, Aldrich), SrC@ (99.99%, Alfa Aesar) collected using a Seiko SIl TG/DTA 6300 instrument. The samples

and Co metal (99.998%, Alfa Aesar) were dissolved in dilute nitric V'® ?efte;j fr omTﬁS to 80T :Jnder aflow of Q/I;e Wnn%heﬂgg 5
acid. The solution was slowly heated to dryness. The mixture of rate of 5°C/min. The gas outlet was connected to a Hiden 0
nitrates was ground and then heated at 850or 24 h followed RGA mass spectrometer to monitor the evolved gas-phase species

by 14 h at 900°C, 1000°C, and 1100°C with the sample being ~ (H20; Oz COz and MeOH). The bo;ig”ag""as Cf'iprateg with
ground and pelletized between firings. CaGO4H,0. PrSrCoQyqHp (E) was heated at 3C/min under a

To prepare the oxide hydride materials, LnSrGat@s ground flow of 5%H/No.

together with Cakl (90—95%, Aldrich) in a 1:2 molar ratio in a A sample of PrSrCo&),H; (E) was prepared for transmission
He filled glovebox. Pyrex tubes were charged with the mixture and €lectron microscopy (TEM) by crushing the powdemibutanol.
sealed under vacuum. The ampules were heated at@ador 96 The small crystallites in suspension were deposited onto a holey

h (one heating cycle). These conditions were chosen after a seriescarbon film, supported by a copper grid. The TEM study was carried
of initial reactions based on the in situ X-ray diffraction study ©Out with a JEOL 2000FX electron microscope. Energy dispersive
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2002 154, 669. Laboratory, Los Alamos, 1994.
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80000 - present in bulk sample preparation. The product of an initial
1 can 10, a0 test reaction of NdSrCoQwith CaH, (1:2 ratio) at 350°C
50000 ~ "\ for 96 h was a mixture of a tetragonal phase (NdSrgo6)
1 o4 /\\103 013, \ and an orthorhombic phase, as has previously been observed
40000 525°C for the La analogué.
'{:E soo'c All three sets of sealed-tube reactions with calcium hydride
> 300004 456°C at 400°C produced orthorhombic materials with unit cell
£ 403°C parameters consistent with the formation of transition metal
£ 20000 Sy ey 249°C oxide hydrides. The fwhm of the 103 peaks for the Nd
1 5 i i materials A—D) range from 0.09 to 0.T0Q narrower than
10000 J { 26°C the 0.13 found at the end of the in situ experiment, as was
1 g& ct 74 \ gg;:g expected after 96 h at reaction temperature, and broader than
o7 7T 71— the 0.07 NdSrCoQ 103 peak (fwhm values quoted from

° " 15 e " ' 19 % X-ray diffraction data collected on station 9.1 at the

2 () Daresbury SRS with = 0.8 A).

Figure 2. Evolution of the synchrotron X-ray diffraction pattern of an _ . . "
NdSrCoQ/CaH; mixture upon heating. The temperature was increased at All the Nd compoundsA D) contained NgOs impurities

a rate of 0.5°C/min from 200 to 55C°C (the capillary failed at 550C). originating from the starting material. No impurity phases
Temperatures quoted are those at the end of the scan during which thewere found in the Pr phas&).

temperature increased by5 °C. Note the reduction in the intensity of the . -

CaH, reagent reflections, and the increased intensity of the CaO product The influence OT the .hydrc_’gen pressure _W'th'n the t_Ube
peaks as the reaction proceeds. The formation of the oxide hydride is on the orthorhombic splitting in the Nd case is reproducible,
signaled by the observation of the splitting in the most intense reflection. 55 shown by the Comparison between the sampkes (

The N&:O3 impurity i ked with terisk (*). . .
& NaOs impurity is marked with an asterisk () compared withC andB compared withD) made under the

spectroscopy (EDS) analyses were systematically carried outduringSame conditions. Table _1 revgals the very similar 9”“ cgll
the study, the JEOL 2000FX being equipped with an EDAX Parameters, orthorhombic strain, and out-of-plane distortion
analyzer. in the two samples made under each equivalent pressure.
X-ray Absorption Spectroscopy (XAS) Data.XAS data were This suggests that the hydrogen pressure in the tube is the
collected on station 7.1 at the SRS#0.5 eV steps across the Co  key variable in controlling the composition.
K edge. The samples used were the Co oxidation state standards, The TGA oxidation of the materials in QFigure 3a)
PrSrCoQ (+3), NdSrCoQ (+3), NdSrCoQs (+2), and LaCoOy permits an estimate of the hydride concentration by monitor-
(+2), as well as NdSrCofqH; (C and D) and PrSrCo@.Hs ing the quantity of evolved water by mass spectrometry. The
B oxygen content was determined via the total mass gain and
was confirmed by reduction of the sample under hydrogen
(Figure 3b). A weight gain equivalent to a composition of
In situ X-ray diffraction data (Figure 2) on the reaction of PrSrCoQ;sis observed at low temperatures in the reduction.
CaH, with NdSrCoQ indicate that the reaction proceeds via This can be rationalized by exchange of hydride for oxide
the initial formation of a tetragonal reduced oxide between due to residual water in the reactant gas (this is further
250 and 300°C with cell parametersa ~ 3.7 A andc ~ discussed in the Supporting Information). Combination of
13.3 A, indicating that this intermediate phase is similar to these analyses leads to the compositions given in Table 2.
NdSrCoQs-s formed in the H gas reduction of NdSrCaQ The Nd sample prepared at higher pressure clearly has a
(a=3.7027(6) A andc = 13.228(2) A). This is followed  higher H content, and all materials display larger residual O
by the onset of orthorhombic oxide hydride phase formation contents than LaSrCa#l,-. The derived metal oxidation
at 400°C signaled by the splitting of the 1@Peak of the  statesareallsimilarand close toCdatafor NdSrCo@,Hoss
tetragonal reduced oxide into the reflections from the (B) are given in Figure S1 (Supporting Information).
orthorhombic phase (1@3and 013). Above 470°C there This is consistent with the outcome of XAS experiments
is little change in the appearance of the pattern, and even atwhich (Figure 4, Table 3) give all the materials similar edge
525°C the 103 and 013 peaks remain broad. The full width positions to those observed in the'Gtandards NdSrCaQs
at half-maximum (fwhm) of the 103 peak increases from (prepared by reduction undek ind oxygen content verified
0.07, for NdSrCoQ at 200°C, to 0.13, for the orthor- by total reduction to Co metal) and $@00,. The oxide
hombic phase at 528C. The breadth of the peaks may hydride samples are air-sensitive and briefly exposed to air
indicate a range of lattice parameters and compositions. Theon loading onto the thermogravimetric analyzer. Adsorption
total duration of the experiment was 12 h. It is expected, by of H,O during this time explains the low-temperaturel00
comparison with LaSrCoPlo 8 that the fwhm would reduce  °C) H,O signal before the main signal, above 2@ which
after heating for a longer time (i.e., daysT.he capillary coincides with the oxidation (Figure 3a). This feature is
used in the in situ experiment failed when the temperature also present in the Nd samples where thgDHsignal
reached 550C. plateaus betweer100 and 200°C. The mass decreases
Sealed tube reactions on bulk material confirmed that a before the oxidation by 0.8% and 0.2% in the case of
temperature of 400C was necessary for oxide hydride NdSrCoQ ggaaHo.7963)(A) and NdSrCo®@z103Ho.580(6) (B),
formation, demonstrating the relationship between the reac-respectively. NgOs is present in both samples (1.75(9)%
tion conditions probed by the capillary experiments and those (A) and 1.4(1)% B) by mass).

Results and Discussion
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Table 1. Relationship between the Unit Cell Parameters and the Hydrogen Pressure during Synthesis at 490D for LnSrCoO 3+4Hy Phase3

sample label and Hz pressure,
composition a A b, A c, A Vv, A3 (@+hb)y/2 (@+bfc (a—b)(a+h) bar
A, NdSICoQ ossuHo 063y 3.841(3) 35585(22) 12.8518)  175.63(15) 3.69975  0.5758 0.038 18 18
C, NdSrCoQ+qHp 3.8411(18) 3.5576 (14) 12.861 (9) 175.75 (23) 3.699 35 0.5753 0.038 32 17
B, NdSrCoQ.210@Hoss0)  3.8293(13) 3.5718(11) 12.931(4) 176.86 (14) 3.700 55 0.5724 0.034 79 9.5
D, NdSrCoQ+qHp 3.8302(15) 3.5705(22) 12.914(11) 176.6(3) 3.700 35 0.5731 0.03509 9
E, PrSrCoQ.1604HH0.680(7) 3.8451(10) 3.5771(11) 12.904(4) 177.49(12) 3.7111 0.5752 0.036 11 9.5

aThe compositions oA, B, andE as determined by powder neutron diffraction (PND). No PND data were collected on sanate$sD. TGA-MS
experiments confirmed the presence of il all phases. Tube pressure was estimated by assuming that 1 molar equiv.db@asiH, gas and CaO during
the reaction.

Table 2. Compositions Determined by Neutron Diffraction and Table 3. Position of Maximum of First Derivative of the Absorption
TGA-MS for Samples A, B, and B Edges of NdSrCoQ (+3), NdSrCo0Q;s 48 (+2), Higher Pressure
NdSrCoOs+qHp (D), Lower Pressure NdSrCoQqHp (E), PrSrCoO4

sample
(synthesis composition composition (13). PrSrCo0s1dH0.s (C), and La;,CoOs (+2)
pressure) (neutron diffraction) (TGA-MS) position of first derivative

A (18 bar) NdSrCo@oga(afo.796(3) NdSrCoQ 21sHo.51) compound maximum, eV
B (9.5 bar) NdSrCo@z10(sHo.580(6) NdSrCoQ 33Ho.41) NdSrCoQ (+3) 7722.92
E (9.5 bar) PrSrCo@xeoafHo.680(7) PrSrCoQ 25Ho.4¢1) NdSrCoQ 45(+2) 7720.88
aValues quoted for samplésandB from TGA-MS data do not include mgg:gggmnﬁ E:iftaTmD():) ;;ggg;
Nd,Os content (after accounting for the2% NdO3z found by neutron PrsrcoQ (++“3)ﬂ ’ 7722‘91
diffraction the values remain unchanged within error). PrSrCoQ.1éHo ss (E) 7720:88
LaxCoOy (+2) 7720.37

The neutron powder diffraction data collected for sample

A of NdSrCoQ.Hs prepared under 18 atm of;Hvere excess oxygen beyond the; @omposition by permitting

initially analyzed using the model refined for LaSrG#19+.° oxide occupancy of the hydride site. The total anion

Here solely hydride occupies the site bridging the cations occupancy of the site becomes larger than one when the O

along the shorter in-plane direction in tia plane. The  occupancy is fixed at the value obtained from the TGA (0.21)

model was refined to the composition NdSrGbigkes(s) The and the H occupancy is freely refined; it is clear that this is

model was modified in Iight of the TGA observation of required to happen in such a model from the size of the
negative scattering density at the site in the H-only refine-

(@) =21 4 e00 ment. As this larger than 100% occupancy of the site is not
206 4 \ PrSrCcLCE_ 100 physically possible, the difference Fourier map from the
] H-only model was inspected (Figure 5). This revealed
249 -{ 800 positive scattering density within the CoOH plane on either
20 Jooo 8 side of the O2 and H positions.
g | 3 The positive density features around the H site can be ex-
8 20} 1 % plained by considering the need to accommodate the excess
= 1°° 3 oxygen revealed by the TGA together with the large negative
B ‘ Jao © scattering density at the midpoint between the two Co cations
2864 oo alqng the short in-plane axis. The excess oxygen is the result
] of incomplete replacement of O by H during the second step of
284 r y T " - " - o the topotactic reduction reaction fr_om NdSrQ(_g(n) NdSr-
Time (mins) Co0s14H;p. The O3 oxygen occupying the hydride site needs
1 q 1200 v NdSrCoo,
(b) *°7 ‘PrSrCo0ss° ¢ NdSrCoO,,
[ esceoD
226 4 1.2+ ‘ =
32.4- 800 é -
= 4 @ :. 1.0
£ 27 o0 2 <
8 320 s g“-
y 31_3- 400 e g 0.6 -
3164 044
a1 Pr,0z + SrO + Co 200
312 . - - T . 0 "]
4] 200 400 600 0.0 - T . . . . .
Time (mins) 7690 7700 770 7720 7730 7740 7750
Figure 3. TGA of PrSrCoQ 1s0(aHo.ss0(7) (E; @) oxidation in Q/He with Energy (eV)

the signal in the KO channel of the mass spectometer overlaid (dotted Figure 4. XAS data for NdSrCo® (+3), NdSrCoQus (+2), higher
line) and (b) reduction in 5% #No. pressure NdSrCof,H; (C), and lower pressure NdSrCeQH; (D).
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Table 4. Structural Parameters for Samples A, B, and E from Neutron Diffraction Data Collected at Room Temperature (ad 2 K for

NdSrCoOs+qHp (sample A) Onlyy@

NASICoQ.qHg (A)

GEM: 2K

GEM: 298 K

NdSrCoQuqHs (

D2B: 298 K

B)

PrSrCoQs+qHg (E)

D2B: 298 K

space group

a A 3.836 255(97)
b, A 3.552 058(93)
c, A 12.8154(3)

vV, A3 174.631(5)

o

B

Ln/Sr (0,0, z 0.643 86(7)
01(0,0,2 z 0.829 74(11)
020y, Y2)y 0.5393(10)
03 (x, 2, 0)x 0.885(10)
momentug 2.62(3)
weight fraction NdO3

WRp 0.0317

Rp 0.0301

¥2 4.31

Immm

3.84194(12)
3.562 47(11)
12.8598(4)
176.009(6)

0.084(4)
0.796(3)

0.643 67(9)
0.829 69(15)
0.5451(12)
0.865(13)

2.50(4)

1.75(9)%

0.0397
0.0338
2.45

3.825 01(16)
3.569 57(16)
12.916 02(35)
176.351(6)
0.210(3)
0.581(6)

0.644 08(10)
0.830 11(16)

1.58(6)
1.4(1)%

0.0206
0.0161
2.47

3.846 19(19)
3.578 25(21)
12.9139(4)
177.730(9)
0.160(4)
0.680(7)

0.644 32(15)
0.829 76(16)

1.96(5)

0.0271
0.0216

2.02

aThe N&O3 weight fraction,o, and for NdSrCoQ+Hg (sampleA, NdSrCoQ osaafHo.7963) Were refined using data collectetdzaK and fixed for the
refinement using room-temperature data. SantplgrSrCoQ 1s04HHo.680(7) is Single phase. Sampl is refined with a more complex structural model,
involving disordered oxygen positions O2 and O3 as described in the text. In both models Co and H have coordinates (0, 0.13) @hd\dm site labels
are given in Figure 8.

Table 5. Isotropic (Sample A @ 2 K and 298 K) and Anisotropic (Samples B and E at 298 K) Atomic Displacement Factors 100, A2

A, NdSrCoQ o8a(afHo.796(3)

B, NdSrCoQ 2103Ho.581(6)

E, PrSrCoQ.160aHHo.680(7)

Uiso Un U2z Uss Ui Uz Uss
atom 2K 298 K 298 K 298 K 298 K 298 K 298 K 298 K
Ln/Sr 0.062(11) 0.896(22) 1.03(9) 1.16(10) 1.23(8) 1.48(13) 1.00(15) 1.44(13)
Co 0.74(9) 1.78(13) 1.0(4) 0.31(34) 0.74(31) 1.23(42) 0.23(41) 0.66(34)
o1 0.957(35) 1.97(4) 2.51(11) 2.92(15) 1.31(13) 2.27(12) 3.30(17) 0.55(12)
02 0.280(50) 0.82(7) 1.71(19) 4.99(26) 1.93(17) 1.19(19) 4.55(29) 1.33(19)
O3/H 2.25(15) 3.23(21) 0.8(4) 0.8(4) 0.8(4) 1.30(34) 1.30(34) 1.30(34)
Table 6. Bond Lengths for Samples A, B, and E and Angles for Sample A (NdSrCof3sa@afo.796(3) Split Site Model)?
NdSrCoQ oga@afo.796(3) A NdSrCoQ 2103Ho.581(6) B PrSrCoQ.1604Ho.680(7) E
bond lengths (A) 2K RT RT RT
Co-01 2.1819(14) 2.1902(19) 2.1943(20) 2.1984(21)
Co—02 1.923 20(26) 1.9277(4) 1.912 50(8) 1.923 10(9)
Co-03 1.830(10) 1.855(14) 1.784 79(8) 1.789 12(11)
Co—H 1.776 03(5) 1.781 24(6) 1.784 79(8) 1.789 12(11)
Ln/Sr—01 2.3822(17) 2.3922(23) 2.4029(26) 2.3948(31)
2.63589(21) 2.642 04(29) 2.637 09(30) 2.647 88(34)
Ln/Sr—02 2.4651(25) 2.4574(31) 2.5784(9) 2.5835(14)
2.6587(26) 2.6805(32)
Ln/Sr—03 2.363(25) 2.319(31) 2.6684(9) 2.6780(14)
Ln/Sr—H 2.6605(6) 2.6652(8) 2.6684(9) 2.6780(14)
bond angle (deg) 2K RT
Co—02-Co 171.67(21) 170.43(26)
Co—03-Co 152.2(24) 147.5(30)
Co—H-Co 180 180
02-Co—-02 171.67(21) 170.43(26)
03-Co—-03 152.2(24) 147.5(30)
02-Co—H 85.84(11) 85.21(13)
02— Co—-03 108.1(12) 111.0(15)
99.7(12) 101.5(15)

a02—-Co—02, 02-Co—H, and O3-Co—03 angles irB andC are 180 because of the simpler structural model used. The angi€dét+H is 180 for
all three samples.

to be displaced away from the hydride position to produce oxide on the H site, producing local deviation of the-€Co

a Co-0 distance that is longer than the-@d distance and is

O—Co angles from 180 The adjusted model consists of

thus physically acceptable. The O3 site is, therefore, displac-two in-plane O sites, O2 and O3, both of which are displaced

ed perpendicular to the CaCo vector in the refined model.

from high-symmetry positions on mirror planes and are thus

The excess density around the main oxygen site, 02, candisordered. O3 refines to be displaced further from the H
then be accounted for as positional disorder of the O2 site site (0,/,, 0) than O2 is from¥,, 0, 0). This improves the
produced by displacements driven by the presence of defectffit (y falls from 4.66 for the H-only model to 4.31 when a
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Figure 5. Difference Fourier map from the H-only model for the structure
of sampleA NdSrCoQ+.H;s (backscattering bank, Q& 2 K data). The
contours show the remaining negative (dotted) and positive scattering densityFigure 6. Unit cell of PrSrCoQ 1e0@Ho.es07y Grey ellipsoids represent
scaled from—3 x 103to 3 x 1073 (—3 x 10 2 shown in green;-1.5 x Pr/Sr, blue Co, red O, and white H. Atomic displacement ellipsoids are
1073in brown, 0 in purple;+1.5 x 10-3in blue, and+3 x 10~3in black). drawn with probability factor 70%. The O3 site produced by incomplete
On this scale the fully occupied oxide site has a peak scattering density of hydride substitution is not shown.

1. The centers of the blue contours on either side of H and the black contours
on either side of O2 were used as the initial positions for the split O3 and
02 sites.

data for samplé\) was not possible with the split site model.
S . . _ . Instead the disordered O/H occupancy of the anion site bridg-
combination of hydride and displaced oxide occupy the site ing the shorter CeCo distance was modeled by refining

for the data collected at 2 K; Figure S2, Supporting Infor- he occupancy of both species on the site with the Co oxida-
mation). Isotropic atomic displacement parameters were usedion state fixed at-2 as required by the XAS data. Aniso-

as the introduction of anisotropic displacement parametersqnic displacement parameters were introduced to model the
caused the refinement to become unstable. The refined 035, disorder 42 falls from 2.66 and 2.28 to 2.47 and 2.02

occupancy of approximately 0.08 is necessary for t_he O/ tor the Nd @) and Pr E) compounds, respectively). O3/H
site occupancy to be less than 1 and the Co oxidation staté,iomic displacement parameters were kept isotropic and were
to be not greater thaf2. This gives an overall composition  ¢4nstrained to be equal to prevent the refinement from di-
of NASrCoQ os4(sfHo.7065) With a formal Co oxidation state  erging. A correlation is observed between the constrained
of +1.96 and thus agrees with the XAS data, which suggestisqropic displacement parameters and the occupancies of
a Co oxidation state close 2. This composition was then 63 anq H; indicating that the quoted esd’s are significant
fixed for the variable-temperature refinements. The refined ||, qerestimates as the parameters are no longer truly inde-
composition differs by 0.12 oxygen per formula unit from pendent314 This is probably due to the lower resolution of
that measured in the TGA data: detailed analysis of high- {,o D2B data at small values dfand the smaller number
resolution X-ray powder data indicates that a second orthor- ¢ peaks used (D2Bii» = 0.83 compared with GEMiyin
hombic phase is present at the 2.6(1) wt % level. This phase_ 0.45). As shown in Figure 6, the 02 displacement
may contain more oxygen, corresponding to a lower degreeg|jinsoids are elongated perpendicular to the-C2 bond

of hydride substitution from the NdSrCe®starting material  j, the ab plane. The initial analysis in terms of sole H occu-
as it shows a sm_aller.orthorhombic distortioa {{ b)/(a + pancy of the (04, 0) site gave refined compositions of

b) = O._020 for thls minority phase, compared to 0.037 for NASrCoQHo 243 and PrSrCo@Ho s, that is, compositions

the main phase iA and 0.035 for the lower pressure samples  jnicating a lower hydride content than in the higher pressure
B andE). There is also the possibility of oxidation of the synthesis for samplé. Both these systems thus refine to
sample during loading into the thermogravimetric analyzer. pave lower hydrogen contents than the higher-pressure Nd
However, it should be noted that the estimated standard,se consistent with the result of the TGA-MS experiments.
deviations (esd'’s) from Rietveld refineméhare generally  |ncorporation of the extra oxygen indicated by the TGA data
held to be significant underestimates of the uncertainty in ), the compositional constraint discussed for the refine-
refined parameters:'* The difference may, therefore, be ant of the GEM data above gives the compositions
within the true error. It is important to note that inspection PrSrCoQ 1s0uHo.ss0and NASICo@a10aHo se0) Structural

of the varia_mcecovariance matrix indicated that there was parameters and atomic displacement factors determined by
no correlation between the occupancy of the O3 and H sites 5oy der neutron diffraction are reported in Tables 4 and 5.

and the displacement parameters for these sites. EDS analyses were carried out on crystallites of
Reﬂ'nement of the D2B and D20 datz; for sampieand both PrSrCo@ and PrSrCo@usouHossor and led to the
E (which do not extend to as shaitspacings as the GEM  game average cationic composition (33.2:33.7:33.1 average

ratio of Pr(L)/Sr(K)/Co(K) from eight crystallites of
(13) Berar, J. F.; Lelann, B. Appl. Crystallogr.1991, 24, 1.

(14) McCusker, L. B.; Dreele, R. B. V.; Cox, D. E.; Lay®.; Scardi, P. PrSrCoQ soaHo.sso) (E))- NO eVi_dence of inhomegeneity )
J. Appl. Crystallogr.1999 32, 36. or the presence of a nondiffracting phase was observed in
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Figure 7. Co environment in NdSrCofdsaHo.796(3) (SampleA). (a) Theab plane with the size of the anions representing occupancy of the site; (b and
c) the local Co environments corresponding to the refined average structures when the anion site on the short axis within the plane is occugied by hydri
(b) or oxide (c). Co is shown in blue, O is shown in red, and H is shown in yellow.

30- = ANGSICoO, H, . of 2.50(4) us, 1.58(6) us, and 1.96(5)us were obtained
! ® B NdSrCoO,H, . for NdsrCOQ,og4(4Ho,7ge(3) N.dSI'COQ_z;Lo@j‘io,sgo(e) and
257 & & & x4, . A EPrSrCo0, M, PrSrCoQ 1s0aHo.6s0(7y respectively, at room temperature.
I R e T Above room temperature the moment was fixed, and the
20- ey 3 ii fractional occupancy of the Co was refined and used to scale
L] 4 the magnetic moment. This was necessary as Mgdhe

n
1

moment is difficult to refine because of a broad feature
beneath the two most intense magnetic Bragg reflections.

The variable temperature neutron diffraction data shows
a pronounced difference in magnetic ordering behavior
between the Pr and the Nd low-pressure phases (Figure 8).
NdSrCoQ 210@Ho.5806)(B) displays a three-dimensional Neel

0ot T . - L p temperature of 375 5 K, whereas PrSrCofQsoaHo.6s0(7)

Temperature (K) (E) orders three-dimensionally at 4455 K. The higher

Figure 8. Temperature dependence of the staggered magnetic momentpressure Nd phase, NdSrCg$gaHo 7063 (A), has a Neel
refined at the Co site in NdSrCa@sa(afHo.796(3)(A), NdSrCoQ 2103Ho.580(6) temperature of 41& 5 K.

(B), and PrSrCo@ieo@aHo.6807) (E). Moments of samples B and E were

set to 0 when only a broad feature is observed in theahge 25-37°, In both NdsrCOQ2lO(3j'!0-580(6)(B) a_nd PrSrCo@Xeouto.sso)

that is, when the sharp Bragg diffraction peaks due to three-dimensional (E), the neutron diffraction data display broad features well
LRO disappear. above the disappearance of three-dimensional magnetic
ordering. The broad features can be seen in Figure 9 as

residual intensity in the vicinity of the 100 magnetic Bragg

Moment (u,/Co)

0.5+

_.:éiw

the reduced phase, indicating that the material remains

completely crystalline during the successive reactions to form ) 7 . . ;
reduced oxide and oxide hydride. reflections persisting to above the three-dimensional ordering

The Co environments in the higher pressure Nd Sample,gelrgper?tufre.lTogether Witt.h tge disappf)lea?a\nce t?]f. the 101 atnd
NASCOQ aassHorseco (A), refined with spiit 02 and 03 = O % ialailiese d'C. ragg t;;becl'ons v it
positions, are shown in Figure 7. The displacement of O3 at two-dimensiona ordering In plane persists 1o

. -y o temperatures above the three-dimensional ordering transition.
from the hydride site is much greater than O2 from its high- . )
symmetry position. The position of the diffuse peak corresponds to the (10)

The bond lengths do not vary extensively between the threereﬂection of a two-dimensional square lattice and suggests

compounds studied (Table 6). The smalieparameter in that the G-type structure persists within the layer with
the case of the higher-pressure Nd sample is due to theantiferromagnetic correlations with the next nearest neigh-

greater extent of H for O substitution, which also gives the borst. Th((ajs? feat:JIre? v(\j/ere Tﬁt okt:.s?]rved in the erge-of-fllght
material a smaller average unit cell volume. The Pr sample E%Lérgn ata coflec eb on the f:.'?l -pressure | tpbﬁa,sg
has longer bond lengths than the Nd material of equivalent rCOQ os4afHo.796(3 because of the poorer signal-to-noise

composition simply as a result of ionic size and tolerance ratio in thisQ range in time-of-flight experiments. i

factor effects. The temperature dependence of the unit cell For Ndsrcqq?m@HO-%o(@(B)’ the broad feature displays

parameters for NdSrCa@Hoss (B) and PrSrCosouHoseo, the cha_lracterlstlc Warren funcU_%f’npeak shape of two-_

(E) are given in Figure S4 (Supporting Information). dimensionally corre_lated ma_gnetlc systems. T_he correlation
All three samples showed magnetic Bragg diffraction at length was determined by fitting the magnetic scattéfing

room temperature. A separate magnetic phase With

in the region 18 < 20 < 35° to eq 1, which combines a
symmetry (cell parameters given in the caption to Figure 9) Warren-type line shapely{(20); eq 2) and a Lorentzian
was refined for each sample on the basis of the mag-

broadened nuclear reflectioh (20)) with a sloping back-
netic structure of LaSrCosbl, 7.6 Below room temperature

ground @A + B(260)).1® The correlation lengthé appears
the magnitude and orientation of the moment, constrained 15 W B, EPhys. Re. B 1941 59, 693
. - . arren, B. ys. Re. , .
SO that n_elghborlng Co moments are antlpara_llel and equal(l6) Ahn, K.. Kremer, R. K.. Simon, AJ. Phys.: Condens. Matt€004
in magnitude, were refined freely. Magnetic moments 16, S875.
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Figure 9. Evolution of the neutron powder diffraction patterns, collected using the D20 instrument, with temperature for (a) Ngs#@66Xs0()(B) and
(b) PrSrCoQ 1s04Ho.680(7) (E), showing the disappearance of the magnetic Bragg peaks and the residual intens8) 8¢ above the three-dimensional
ordering temperature. The magnetic unit cell is larger than the nuclear unit cellavith b’ = 5.235 A, ¢ = 12.924 A, andy = 93.987 for
NdSrCoQ 210aHossoanda = b' = 5.255 A ¢ = 12.921 A, andy = 94.145 for PrSrCoQ 1s04Ho.6807)°8 The 002 nuclear peak at22° 20 is also

plotted and increases in intensity with temperature.

temperature independent in the 3780 K range (80t 20

Inspection of the data in the three-dimensionally ordered

A; Figure 11) and then decreases. The two-dimensional structure belowly reveals that the broad features due to the
correlations then become sufficiently weak that no diffuse SRO persist when the Bragg scattering from magnetic long-

scattering can be refined above 450 K.

|ad20) = W(20) +1,20) + A+ B20 (1)
1+ cod(20)( £ \t
= lwof(Q) I?
20) = uof (@ SE A) Fa) ()
where
a= Zgﬁ(sin 0 — sin0,,) 3)

andF(a) is described in the original paper by Warrén.
The non-Bragg scattering abo¥g from PrSrCoQ 160y

range order (LRO) is observed (Figure S5; Supporting
Information). The coexistence of broad features representing
short-range correlations and three-dimensional Bragg scat-
tering due to magnetic LRO is unusual. Coexistence of two-
dimensional SRO and three-dimensional LRO has previously
been reported by Knee et al. in their study ofGy0O;Cl.Y7
SrCoGsCl has a Neel temperature of 330(5) K. Above 200
K a broad asymmetric feature, arising from two-dimensional
short-range correlations, was observed. These authors suggest
that stacking faults along the axis or the intergrowth of
closely related phases may disrupt the interlayer order,
hindering the transition from three-dimensional LRO to two-
dimensional SRO in some areas of the sampla.the case

Ho.ss07) (E) showed no obvious asymmetry and was fitted of LnSrCoQ.Hz (Ln = Nd, Pr), unit-cell level inhomo-
with a Lorentzian line shape (eq 4). Although this is geneity of the samples, caused by variation of the fractional
indicative of a three-dimensional component to the correla- occupancies of O and H anions, as indicated by both
tions, it should be noted that the counting statistics in these compositional measurement and structure refinement, may
data in this region were poorer than in the case of have a similar effect on the transition. A fluctuation in
NdSrCoQ »103Hoss06) The apparent difference in line shape hydride content within the sample will give a spread of local
may simply reflect this. A three-dimensional correlation exchange interactions between the Co cations. This is
length of 20+ 10 A, persisting up to 475 K, was determined consistent with the observed increase of the Neel temperature
by fitting to eq 4. The persistence of magnetic short-range of NdSrCoQ,,Hg when the hydride anion concentration is
order (SRO) above the three-dimensional ordering temper-higher Ty increases from 375 K for NdSrC@@iosHo.ss0(6)
ature is Clearly established in both NdSI’QQQ(3H0,580(6) (B) to 410 K for NdSTCOQ034(4H0.796(3) (A)) The three-
and PrSrCo@isowao.680(7) dimensional ordering temperature of the layered transition

A metal oxide hydrides increases as the two-dimensional

(Q — Q)* + (L&)

Q) = lp+ mQ+ (4) (17) Knee, C. S;; Price, D. J.; Lees, M. R.; Weller, M.FAhys. Re. B

2003 68, 174407.
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Figure 10. Variation of the fitted correlation length with temperature for (a) NdSreaQsHo.ssoe) (B) Where a two-dimensional model was used, and (b)

PrSrCoQ 1604H0.680(7) (E), where a three-dimensional model was used. The intensity of the Warren-type peak is also plotted in part a in blue. Examples of

fits to (c) the Warren-type line shape (sampleand (d) the Lorentzian line shape (samB)eare shown. The broad feature persists to a higher temperature

than the maximum measurement temperature for PrSgGga@Ho.eso(7)
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Figure 11. log—log plots of the normalized magnetic moment versus the reduced temperature for (a) Nel&#zptassoe) (B) and (b) PrSrCo@iesouaHo.es0(7)
(E). Arrows indicate the fitting range used to determine the critical expongnts,

correlation length within the planes increases because ofdescribed in eq % Ty was fixed at 375 K and 445 K for

stronger exchange coupling mediated by a higher concentraNdSrCoQ 2103Ho.5806) (B) and PrSrCo@ieoaHo.ss0(7) (E),

tion of hydride anions. respectively. A critical exponeng, of 0.358(9) was deter-
The low-temperature staggered moments of 2.62{3p mined for NdSrCo®.103Hos806)(B), consistent with a three-

K NdSrCoQ oga@Ho.7963), 2.21(4)us (35 K NdSrCoQ 2103y dimensional transition (for X3 = 0.345 and for Heisenberg

H0.580(6), and 246(3)//!3 (2 K PFSTCOQ,160(4H0_630(7) are ﬂ = 0367}8 and similar to the 033(5) found for $£200;-

similar to the 2.76(4ug observed for LaSrCo#blo# and Cl by Knee et al” andfs = 0.36(1) found for LaSrCogM, 7

are consistent with that expected for high-spirtCgiven (Ty fixed and data fit over same rangeB&ndE shown in

the extent of substitutional disorder in the transition metal Figure 11 In all these systems, it appears that the interlayer

layer, the metathydride covalency, and moment reduction coupling plays a significant role in the growth of the LRO.

commonly observed due to spin fluctuations in two- This behavior contrasts with the value of 0.54(3) obtained

dimensional systems. for PrSrCoQ 1s0Ho.6s07) (E) Which suggests a mean field
The transition from LRO was further analyzed by fitting

plots O_f_lOgQ\/I(T)/I\/I(O)) versus |Og_[l— (T/T\)] to eSt_imate_ (18) Collins, M. F. Magnetic Critical Scattering Oxford University
the critical exponentsf3, according to the relationship Press: Oxford, 1989.
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theory model is applicable. Examination of the correlation
length variation neafy for PrSrCoQ 1s0(aHo.6s07)(C; Figure
10b) shows no change, within error, which is consistent with
mean field theory and the value of the observed critical
exponent.

M(T)

— B
M(0) C[1 — (TIT)]

(5)
Previous estimates of the strength of the magnetic ex-
change mediated by both hydride and oxide within the
CoOH,_ layers have indicated large values bf This is
consistent with the significant two-dimensional correlation
lengths found for NdSrCofHoss of =100 A; these
compare with>200 A for LaCuQ,® and 26-40 A for
single-layered cobaltateand manganatésystems, support-
ing the outcome of DFT calculations showing strong-C»
and Co-H interactions within theb plane and the idea that
hydride-mediated-superexchange interactions betweeACo
cations are comparable to the strongest matalde super-
exchange interactions. For NdSrC£fHoss the two-
dimensional correlation length decreases#0 A before
vanishing above 440 K. In PrSrCe@Hoes Which has a
higher three-dimensional ordering temperature, the short-

range correlations persist above the highest measured tem

Chem. Mater., Vol. 18, No. 13, ZlEb

therefore, complete compositional control in this family by
varying the value ok. In the sealed tube systems used here,
the partial pressure of water is kept very low by the presence
of excess Cal] which effectively getters any residual
contamination. It is, therefore, unlikely that oxide hydrides
could be formed in a flow system as the residual water
pressure is probably too high. Mass action in eq 8 then
dictates that a higher hydrogen pressure will produce a larger
hydride content in the product oxide hydride, consistent with
the observations here. It is important to emphasize that the
equilibrium in eq 7 cannot be set up by reaction of gas-
phase hydrogen and the metal oxide. The oxide hydride is
formed by a solie-solid substitution reaction involving CaH
as shown by quantitative analysis of reactant phase fractions
during the formation of the oxide hydrideédnce the hydride
is introduced, it is then in equilibrium with gas-phase
hydrogen, affording the compositional control. The above
model also explains the need for an excess of CaH
syntheses of the oxide hydrides; this is essential to maintain
the water partial pressure at a sufficiently low value to
prevent displacement of hydride by water-derived oxide.
The incomplete hydride-for-oxide substitution produces
local variations in the Co coordination environment which
are identified as displacements of both majority (long in-

plane axis) and minority (short in-plane axis) oxide anions.

perature of 470 K, consistent with even stronger exchange g change in lanthanide size and oxide-to-hydride ratio has

interactions within the layer. In NdSrCg@@Ho 55 (B) the two-
dimensional correlation length increases belbwas three-

a dramatic effect on the magnetic properties, with three-
dimensional antiferromagnetic ordering temperatures ranging

dimensional order is established (Figure 10a). The interlayerfrom 375 K to 445 K: it should be noted that the Co(ll)

exchange can be calculated using eq 6 from the two-
dimensional correlation length afg, as 0.23 K, at least 2

oxide LaSrCo@s has a Nel temperature of 180 K.
Comparison of three-dimensional ordering temperatures for

orders of magnitude weaker than estimates of the in-planey, o nvo Nd phases studied suggests that hydride produces

coupling®

6Ty =528 (6)

Conclusion

The extent of hydride for oxide substitution in neodymium-
and praseodymium-containing cobalt oxide hydrides can be
controlled by the hydrogen pressure, with the Co oxidation
state in the resulting materials remaining close @
irrespective of the O/H ratio. This can be rationalized
assuming the following equilibrium (eq 7):

LnSrCoQ,  + xH, — LnSrCoQ, ¢ _,H, + )—Z(HZO 7)

AG = AG® + RTIn p, 5 = RTInp, * (8)
The reaction will proceed whehG < 0. It can be assumed
that AG® is positive (the low-temperature oxidation of the
oxide hydride materials by adventitious® in the 1 atm,
5% H,/N, stream in the TGA experiment before the onset
of reduction (Figure 3b provides evidence for this assump-

stronger superexchange interactions than oxide. The observa-
tion of SRO, which is clearly two-dimensional in the case
of NdSrCoQ 2103Ho.ss0(6) Persisting to beyond 440 K with
correlation lengths of over 100 A, confirms the strong in-
plane exchange in the €ooxide hydride layers and that
three-dimensional order is driven by the interlayer coupling
which is 2 orders of magnitude weaker than the in-plane
interactions. Higher three-dimensional ordering temperatures
correlate with the SRO features persisting to higher temper-
ature. The importance of the interlayer coupling in establish-
ing LRO is significant despite being 2 orders of magnitude
weaker than estimates of the in-plane exchange. The variation
in hydride content and lanthanide size makes direct com-
parison between the magnetic behavior of the four character-
ized single-layered transition metal oxide hydrides difficult,
but it is clear from comparison of the two neodymium phases
studied here that an increase in hydride concentration
produces an increased three-dimensional magnetic ordering
temperature. This is qualitatively consistent with strong
superexchange interactions mediated by the hydride anion.
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Supporting Information Available: TGA oxidation of sample determination for LaSrCo$blo 7 (PDF). This material is available
B, 2 K Rietveld refinement ofA, room-temperature Rietveld free of charge via the Internet at http:/pubs.acs.org.
refinements of sampleB and E, temperature dependence of the
unit cell parameters for sampl& and C, and critical exponent CMO060201N



