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Abstract

Samples of D,Y,BaCuQOs (u=0.61, 1.31), were prepared by a direct reaction of the green phase (Y,BaCuOs)
with D, gas. The crystallographic structure of the three compounds (u=0.00, 0.61, 1.31) were studied using X-
ray and neutron powder diffraction. It was found that as D enters the green phase, a solid solution phase is
formed with no symmetry change. Two sites partially occupied by D were determined. The occupancy of these
sites is consistent with a maximum solubility of u =2. The temperature dependence of the magnetic susceptibility
of the three samples obeyed the Curie-Weiss law with antiferromagnetic interaction. The paramagnetic Curie

temperature decreased with deuteriding, while, the Cu

magnetic moment remained unchanged.

1. Introduction

The oxide Y,BaCuQOs was discovered [1] in 1982.
Five years later it became to be known as the “green
phase”, which appeared [2, 3] as a second phase in
some preparations of the high T, oxide superconductor
YBa,Cu,0,. Its crystallographic structure was studied
by powder X-ray diffraction [1, 4], single crystal X-ray
diffraction [5], and powder neutron diffraction [6]. It
was found to have an orthorhombic structure belonging
to the space-group [7] Pnma (No. 62). It has a large
unit cell, with the dimensions: 12.2X5.65X7.13 A3,
which contains four formula units.

An onset to antiferromagnetic order at T, =13-15
K was discovered in electron paramagnetic resonance
(EPR) [8, 9], magnetic susceptibility [9], muon-spin
rotation (u"SR) {10] and specific heat [11, 12] studies
of this oxide.

The green phase had been found to react directly
with H, gas to form the crystalline addition compound
H,Y,BaCuQOs [13]. It was found that a solid solution
phase was formed without structural change for uptakes
up to u=2. As u was increased a second H-rich phase
emerged and it was possible to increase u to a maximal
value of 3.9 [13]. The lattice expansion due to hydriding
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is small, and the fractional molar volume was found
to be smaller than 1 A> (H atom) . Similar fractional
molar volumes were also reported [14] for the hydriding
of the oxide YBa,Cu;O,. This is small compared to
the fractional molar volumes of approximately 2.9 A
(H atom)~' found [15, 16] in most metals hydrides.
Hence, it is reasonable to expect that large interstices
are the hosts of hydrogen atoms in these oxides.

In the present paper we report the results of the
following studies of D,Y,BaCuQO; with u=0.00, 0.61,
1.31. (Deuterium was used in these samples instead of
hydrogen, in order to avoid the high background re-
sulting from the anomalously high incoherent neutron
scattering amplitude of H.) (i) Site positions of D, using
neutron powder diffraction; (ii) paramagnetic constants,
using a.c. magnetic susceptibility.

2. Experimental details, analysis, and results

The procedure for the preparation of the starting
oxide Y,BaCuO; was reported previously [13]. The
deuterium compounds were prepared by the direct
reaction of the (non-platinized) oxides with D, gas.
The deuteriding procedure for the oxides was as follows:
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a sample of approximately 20 gr (—100 mesh) was
introduced into a stainless steel reactor of a known
volume and out-gassed at 393 K for a period of 30
min. At the end of this period the out-gassed sample
was cooled to room temperature, then, D, gas was
introduced into the reactor to give a pressure of 50-55
atm. The reactor was then heated to 398-473 K, and
the deuteriding began immediately. The colour of the
oxide turned from green to brown-black upon deu-
teriding. The deuteriding took several weeks to a couple
of months to complete, depending on the desired content
of the final deuteride. Heating the starting oxide above
473 K leads to its reduction, and was therefore avoided.
The sample uptake of D, was followed by recording
the gas pressure as a function of time. The deuterium
content of the final deuterides was calculated from the
overall decrease of the D, pressure at room temperature.
Two samples of D,Y,BaCuQOs of approximately 20 gr
were prepared according to this procedure. The final
u values (as determined from the D, pressure decrease)
of the two samples were 0.61 and 1.31.

X-ray (A=1.5418 A) diffraction patterns of powder
samples of D, Y,BaCuQs with u =0.00, 0.61, 1.31, which
were taken from the three preparations, are shown in
Fig. 1. No lines other than those of Y,BaCuQO, are
obscrved in the pattern of the starting material (u = 0.00).
The X-ray patterns of the deuterided samples (Fig. 1,
center and top) show no lines other than those of the
nondeuterided sample (bottom). A definite increase of
line width and background is observed in these patterns
with deuteriding.

Neutron (A=2.403 A) diffraction patterns of the
powder samples of D,Y,BaCuOs with u=0.00, 0.61,
1.31, are shown in Fig. 2. The neutron patterns exhibit
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Fig. 1. X-ray (Cu K,) diffraction of D,Y,BaCuQOs with u=0.00
(bottom), 0.61 (center), 1.31 (top).
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Fig. 2. Neutron (A=2.403 A) diffraction of D,Y,BaCuOs with
u=0.00 (bottom), 0.61 (center), 1.31 (top).

essentially the same features observed in the X-ray
patterns, namely: (i) no lines other than those of the
non-deuterided oxide; (ii) an increase of line width
and background with deuteriding.

Unlike X-rays, the neutron patterns exhibit marked
changes in the relative intensity of some lines (e.g.
26=46, 79). Another apparent difference is the shape
of the background, namely, the X-rays form a “flat”
background, whereas, the neutron background tends
to form a broad hump in the 26=50-90° region. A
neutron diffraction pattern of the sample with u=1.31,
taken (not shown) with the sample at a temperature
of 10 K, is essentially identical to the one taken at
room temperature (Fig. 2, top). This result shows that
the hump in the background is not due to thermal
diffuse scattering.

The Wiles and Young least squares (Rietveld) analysis
[17, 18], modified for neutron diffraction [19], was used
to analyse each one of the three neutron diffraction
patterns. In this analysis the structural parameters of
the sample are refined so that the calculated pattern
will best fit (least squares) the observed pattern. The
orthorhombic symmetry, with space-group [7] Pnma,
was used in the analysis of the three samples. A typical
refinement included 82 reflections and 30-36 variable
parameters. A summary of the results of the refinements
is given in Table 1. The background function in this
analysis is a polynomial of the fifth degree in 26. The
refined coefficients of the polynomials (not listed in
the table) yielded background functions with a broad
hump in the region 26=50-90° for the ¥=0.61 and
1.31 patterns. Due to the low values of sin 6/A (<0.31),
the dependence of the fit on the refined Debye—Waller
factors (B), is very weak. This led to a poor convergence
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TABLE 1. Structural parameters for D,Y,BaCuOs with 2 =0.00,
0.61, 1.31. Rietveld refinements were done in the orthorhombic
space-group: Pnma. The atom positions are: Y(1)(x, 1/4, z), Y(2)(x,
1/4, 2), Ba(x, 1/4, z), Cu(x, 0.25, 2), O()(x, y, 2), OQ)(x, y, 2),
O(3)(x, 1/4, z), D(1){(x, y, z), D(2)(x, y, z). The following isotropic
Debye—Waller factors were used: B(Y)=0.2, B(Ba)=0.15,
B(Cu)=0.25, B(0)=0.45, B(D)=0.7. The weighted agreement
factor, R,, and the expected agreement factor, R.,,, are given
in the last two lines [18]. Numbers in parentheses are statistical
errors of the last significant digits

u
0.00 0.61 1.31
a (A) 12.180 (4) 12.184 (4) 12,192 (7)
b (A) 5.654 (2) 5.655 (2) 5.653 (3)
c (A) 7.135 (3) 7.130 (2) 7.156 (4)
V(A% 491.3 (3) 4912 (3) 4932 (5)
Y(1):  x  0.2886 ( 6) 0.2872 ( 8) 0.2913 (17)
z 01155 (15) 0.1268 (19) 0.1089 (28)
Y(2):  x 00721 (8) 0.0747 (13) 0.0834 (16)
z 0395 (9) 0.3984 (18) 0.3866 (32)
Ba: x 09014 (10) 0.9029 (16) 0.9110 (22)
z 09324 (19) 0.9434 (25) 0.9770 (32)
Cu: x 06583 (9) 0.6714 (15) 0.6298 (16)
z 07132 (12) 0.7060 (15) 0.6965 (24)
O(1): x 04349 ( 7) 0.4294 (10) 0.4224 (18)
y 05071 (14) 0.5364 (17) 0.4855 (24)
z 01645 (7) 0.1698 (10) 0.1940 (26)
0@2): x 02268 (7) 0.2289 ( 8) 0.2071 (11)
y 05067 (19) 0.4807 (26) 0.5603 (31)
z 03518 (13) 0.3543 (17) 0.2983 (31)
03): x  0.0978 (11) 0.0988 (16) 0.0998 (25)
z 00754 (16) 0.0755 (26) 0.0718 (34)
D(1):  x - 0.5037 (50) 0.5241 (34)
y - 0.0698 (87) 0.0285(104)
z - 0.1079 (66) 0.0214 (85)
u - 0.4323(143) 0.8386(102)
D(2):  x - 0.0131 (86) 0.0278 (80)
y - 0.6412(163) 0.4837(122)
z - 0.0929(150) 0.9868(131)
u - 0.1777(143) 0.4714(102)
R, (%) 12.58 14.60 23.36
Ry (%) 7.55 8.36 10.65

of the analysis whenever the B’s were set as variable
parameters. Hence, the B’s were fixed at the values
given in Table 1. Moderate changes in these values
have little effect on the refined values of the other
parameters. Two non-equivalent (general position) sites
for the deuterium, were used in the refinement of the
crystallographic structure. The refined positions of the
two sites pair up near two inversion centers: D(1) at
1/2 0 0, and D(2) at 0 1/2 0. Refinements with a single
(general position) site, converged poorly and haphaz-
ardly near one of the two centers, yielding values of
R,, 3-5% higher than those listed in Table 1.
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Fig. 3. The temperature dependence of the inverse magnetic
susceptibility of D,Y,BaCuOs (u=0.00, 0.61, 1.31). Straight
(dashed) lines correspond to Curie—Weiss law, using the best fit
constants of Table 2.

Magnetic a.c. susceptibilities were measured as a
function of temperature, in the temperature range
T=_80-300 K, for small samples taken from the three
preparations. The measurement apparatus consisted of
a primary (exciting) coil coaxial with a pair of balanced
secondary (detection) coils. The sample was mounted,
in contact with a thermocouple junction, at the end
of a coaxial travelling glass rod, which moved the sample
from the center of one secondary coil to the center of
the other. The sample travelling period between coils
was 7 s, during which the sample was stationary for
0.30 s, 0.15 s at the center of each coil. The off-balance
voltage induced in the secondary coils, and the ther-
mocouple voltage were recorded for the 0.15 s intervals
during which, the sample is stationary at the coil centers.
A sinusoidal exciting current, with a rms value of 10
mA and a frequency of 1105 Hz, was driven through
the primary coil. The corresponding rms value of the
a.c. magnetic field at the sample is (calculated) ap-
proximately 1.2 Oe. The instrument was calibrated using
the paramagnetic oxides Gd,O,;, Dy,0,;, Ho,O;, and
Er,O,, and it was found that the off balance voltage
was proportional to the published magnetic susceptibility
with a factor of 6.18 V emu~'. The measurement was
performed while the sample is warming at an average
rate of approximately 2 K min~'. The temperature
dependence of the magnetic susceptibility, y, exhibited
a Curie~Weiss behaviour for the three samples. A good
fit of the observed susceptibilities to 1/y=(1/C)T~ 6/
C was obtained (Fig. 3). The best fit (least squares)
values of C and 6 obtained for the three samples are
listed in Table 2. The corresponding effective magnetic
moment, p, of the Cu ion was calculated (Table 2)
using p=y8 X C [20].

3. Discussion of results

The X-ray patterns of the deuterided samples (Fig.
1), show no lines other than those of Y,BaCuO,. From
this result we conclude that the deuterium is taken up
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TABLE 2. The magnetic parameters which best fit (least squares)
the observed (Fig. 3) temperature dependence of the magnetic
susceptibilities of the three samples of D,Y,BaCuO; with u = 0.00,
0.61, and 1.31

Deuterium Sample Curie-Weiss

Param. Curie Eff. param.

content weight  constant temperature  moment
u (mg) C [ P
(K emu X) )
gr atom™!)
0.00 150 0.462 —52.7 1.92
0.61 183 0.468 —105.3 1.93
1.31 162 0.420 —-125.7 1.83

Fig. 4. The proposed crystallographic structure of the deuterated
oxide D,Y,BaCuQOs (¥ =0.61, 1.31). The deuterium sites are only
partially occupied. The “green phase” oxide structure remains
essentially unchanged upon deuteration.

by the oxide without phase change, hence, forming a
solid solution phase. Furthermore, changes in the in-
tegrated intensities upon deuteriding are very small,
indicating that no major shifts in the heavy atoms (Cu,
Ba, Y) positions, takes place upon deuteriding.

Our analysis of the neutron diffraction patterns shows
that the deuterium partially occupies two different
general positions sites (Table 1) near the inversion
centers 1/2 0 0 and 0 1/2 0 (Figs. 4 and 5). In this
partial occupancy the D atoms are basically (see below)
distributed at random over the positions of each site.
It is not possible to tell from our data whether this
random occupancy is of single atoms or in pairs with
respect to the inversion centers. The intra-pair D-D
distances are 0.82 and 0.67 A (Fig. 5) for the D(1)
and D(2) sites, respectively. These distances are un-
usually small as compared to 1.7-2.1 A generally found
[16] in ternary metal hydrides. Full occupancy of singles
and pairs will lead to u,,,=2 and 4 respectively. On
the other hand, it was reported [13] that in the process
of hydriding, a second phase appears at u = 2. This fact
strongly supports the single occupancies near the in-
version centers.

The increase in line width with deuteriding is probably
due to breaking up the grains to small crystallites in
the process of deuteriding. This process at its extreme

Centerat01/20
0(3)-0(3)=3.87(8) A

D(2)-D(2)=0.67(46) A

Centerat 1/200 y
0O(1)-0(1)=3.33(9) A

D(1)-D(1)=0.82(37) A

Fig. 5. Blow-ups of the deuterium sites with the neighboring
oxygens. The D(2) and O(3) pairs with inversion at 4a (top),
and the D(1) and O(1) pairs with inversion at 4b (bottom).

will cause some amorphisation which is responsible for
the increase in background upon deuteriding. The hump
in the region of 26=50-90° of the background, is most
likely due to short range order (correlation) on the
partially occupied deuterium sites. Many metal hydrides
exhibit line broadening, increase in background, and
background humps [16}.

The initial fractional molar volume is (Table 1)
practically zero, as compared with 2.9 A (H atom)™*
characteristic of the metal hydrides [16]. Near each
inversion center, there is a single oxygen pair (O(1)
near 4b and O(3) near 4a, see Fig. 5). On the per-
pendicular bisector of the line connecting the oxygens
of the pair, there are sites with spherical hole size in
excess of 0.7 A% available for hydrogen. These holes
are large compared to holes of 0.4-0.5 A® available to
hydrogen in may metal hydrides [21]. We attribute the
difference in the fractional molar volumes between the
green phase hydride and the metal hydrides to the hole
size available for the hydrogen.

The values of the paramagnetic constants C and @
for the green phase, deduced (Table 2) from the
temperature dependence of the magnetic susceptibility
(Fig. 3) are in good agreement with values published
previously {9]. The negative value of @ indicates that
the magnetic interaction is antiferromagnetic. It was
found [9-12] indeed, that the green phase undergoes
a paramagnetic to antiferromagnetic transition at
Ty=13-15 K. The decrease of 6 upon deuteriding
(Table 2) corresponds (within mean field theories) to
an increase in the strength of the magnetic interaction
[20]. Hence, on the basis of this result, it can safely
be predicted that T will increase with deuteriding.
(Unfortunately, due to technical difficulties, we were
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unable to measure the susceptibility at 7<80 K. We
were therefore unable to observe the actual paramag-
netic to antiferromagnetic transitions.) The effective
magnetic moment deduced for the green phase is 1.92
ig, equal to the published [9] value for this compound,
and slightly lower than the value of 1.98 uy published
[22] for the related compound Y,Cu,Os. It corresponds
tothe Cu™ * (d° and S = 1/2) oxidation state withg = 2.22.

The change of colour upon hydriding, was at first
attributed to a change of the oxidation state of the
copper. The room temperature EPR spectra of several
hydrides of the green phase were studied [23]. Since
no changes in the spectra were found between the
nondeuterided and the deuterided compounds, it was
concluded that the oxidation state of the Cu* ™ ion
does not change through the deuteriding process. The
effective magnetic moments deduced from our mea-
surements (Table 2), do not show significant changes
upon deuteriding. This result corroborates the conclu-
sion that the copper oxidation state does not change
throughout the deuteriding.

4. Conclusion

Hydrogen forms with the green phase a compound
with the chemical formula H,Y,BaCuO,. This com-
pound is a solid solution phase in the concentration
range 0<u <2, and its structure belongs to the space-
group Pnma. Our neutron diffraction study of deuterided
samples shows that D occupies two non-equivalent sites
near the inversion centers of the structure. These sites
are randomly occupied with a single D per inversion
center, leading to u=2 at full occupancy (with a single
D per inversion center).

It is found, that hole sizes available for the hydrogen
atoms are large compared to those in the metal hydrides.
This difference explains the small fractional molar
volume of the green phase hydride compared to the
metal hydrides.

The temperature dependence of the magnetic sus-
ceptibility of the green phase and its hydrides, obeys
the Curie—-Weiss law. The magnitude of the effective
magnetic moment (calculated from the Curie constant)
corresponds to the Cu* * oxidation state and does not
vary upon hydriding. The paramagnetic Curie tem-
perature, 6, was found to decreasc with hydriding,
indicating an increase in the Neel temperature (it was
reported that Ty =13-15 K for the green phase) with
hydriding.
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