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Terbium dideuteride has been examined by elastic neutron scattering. Crystallographic parameters have
been determined at 300 and 77 K. It was found that TbD, undergoes a para- to antiferromagnetic transition
at Ty = 17.2(3) K. The magnetic structure at 4.6 K was determined and found to belong to the monoclinic
space group C,.2/m’. The magnetic moment per Tb’* ion is 7.6(3) wp at 4.6 K. The reduction from the
free-ion value of 9.0 wp/Tb** is due to crystalline electric field effects that are also apparent in the

temperature dependence of the sublattice magnetization.

I. INTRODUCTION

The rare earths form hydrides that have been the
subject of many studies.’™® Considerable interest
was rejuvenated in these hydrides in the last few
years relative to hydrogen and energy storage
(solar converters) materials. The dihydrides,
MH,, crystallize in the cubic fluorite sturcture’
and have a finite range of stable compositions that
encompasses the H/M ratio of 2. They have
metallic conduction® and most undergo a transition
to magnetic order at low temperature.? The fluo-
rite structure has octahedral and tetrahedral sites
that are occupied by M and H, respectively (Fig. 1).
However, an additional octahedral site is generally
vacant, but as the H/M ratio exceeds 2, the excess
H goes into this vacant site. Some workers have
reported® a few percent of H in this “vacant” site
in CeD, g4, whereas others have reported® that this
octahedral site was vacant in CeD, . This point
will be discussed in characterizing our ThD, sam-
ple.

Dihydrides that exhibit magnetic ordering are
ferromagnetic with Eu or lighter rare earths and
antiferromagnetic with Tb or heavier rare earths.?
According to early reports” based on studies of the
magnetic susceptibility of TbH, (x~2), T, was ~40
K. In a neutron diffraction study that followed,? a
modulated magnetic structure was proposed on the
basis of a 4.2-K pattern with unusually broad mag-
netic reflections and a poor agreement with calcu-
lated intensities. The proposed magnetic structure
was not commensurate with the crystallographic
lattice. In recent specific-heat and magnetic-sus-
ceptibility studies® of TbH,,, it was found that
Ty~ 17 K. In the present work, we find that the
magnetic structure of TbD, is commensurate with
the crystallographic lattice and has 7',~ 17.2 K. -

A different, but somewhat related question of
fundamental interest in the rare-earth hydrides,
concerns the charge of the hydrogen ion, namely,
whether it is negative (hydridic) or positive (pro-

16

tonic). The hydridic model will, in general, lead
to a crystalline electric-field (CEF) ground state
for the Tb®**ion that is different from the CEF
ground state of the protonic model. Because the
saturated sublattice magnetization (henceforth
called magnetic moment) is related to the ground
state of Tb®* in the crystal, it may be possible to
determine which of the two models is valid in
TbD,. We will consider this question in Sec. V.

II. EXPERIMENT

A terbium ingot, purity given as 99.9%, was ob-
tained from Alfa Products, Danvers, Mass. 18 g
of terbium were placed in a tube made of molyb-
denum foil and inserted in a modified Sieverts ap-
paratus. The pressure was reduced to 2.7 X 10~
Pa before the specimen was heated to 1075 K. This
step was taken to remove protium (*H); however,
the specimen was found to contain virtually none.
Deuterium was generated by thermal decomposi-
tion of UD,. A mass spectrometric analysis of the
deuterium gas revealed only 0.4% protium. The
specimen was charged with deuterium in four
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FIG. 1. Crystallographic unit cell (fluorite structure)
of metal dihydrides.
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FIG. 2. Neutron diffraction patterns of polycrystalline
ThD, at (a) 77 K, (b) 19 K, (c) 4.6 K. The nuclear lines
are indexed (bottom) according to a,=5.219 A. The
magnetic lines are indexed according to 4a,.

steps. It was allowed to react at 1075 K with D, at
a pressure of <5x 10® Pa until the atom fraction
D/Tb=0.7. The sample was cooled to room tem-
perature, additional D, was generated, and the
charging step was repeated. At the end of the final
step, the temperature was reduced to 998 K and
an equilibrium pressure of 400 Pa resulted. After
all experiments were completed, 0.1 g of the deu-
teride specimen was analyzed by vacuum extrac-
tion at 1075 K, and the atom fraction was found to
be D/Tb=1,93(2).

The deuterated specimen (15.3 g) was crushed

TABLE I. Lattice constants and thermal parameters
for ThDy. The scattering amplitudes used in the refine-
ments were (Ref. 10) 0.667 and 0.76 (10~'2 cm) for D and
Tb, respectively.

Temperature i B (Ay 2
(°K) a, (8) D Tb R(%) b
300 5.233(2) 1.33(5) 0.47(4) 1.5
id 5.219(2)  0.74(5) 0.11(5) 2.0

2 An absorption correction (Ref. 11) of 0. 03 was added
to the refined values. ‘

b Weighted R factor is {3 [ 2ps—F Zaic)2/01/(F 3bs/0) /2,
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FIG. 3. Temperature dependence of (a) peak count of
{531} and (b) background count. The solid lines are
visual guides.

and loaded under argon atmosphere into a cylindri-
cal vanadium cell (11 mm in diameter and 35 mm
long). A neutron beam (A=0.991 A) was obtained
from a Ge(311) monochromator in transmission.

"Wavelength contamination (31, 3)) was <0.01%.

III. RESULTS

Neutron diffraction patterns were obtained (Fig.
2) at 4.6, 19, 77, and 300K (not shown in figure).
Many new reflections appeared when the specimen
was cooled to 4.6 K. The temperature dependence
of one of these reflections (Fig. 3) indicates a
transition at 17.2(3) K, which is in agreement with
the temperature for the antiferromagnetic transi-
tion in TbD, ,,.° Thus, these new reflections are
magnetic in origin. They cannot be indexed in
terms of the crystallographic lattice constant a,
(Table I). If we consider only magnetic unit cells,
the edges of which are integral multiples of a,,
then the dimensions of the smallest rectangular
unit cell that permits indexing of the magnetic lines
are 4a, X 4a, X 4a,.

The decrease in background (Fig. 3), as the spec-
imen is cooled through T, is due to the disap-
pearance of the paramagnetic scattering. The re-
sults shown in Fig. 3 were derived from the scans
shown in Fig. 4. As the specimen is cooled through
Ty, aline at 260 =17.5° appears (see 17 and 18 K)
that cannot be indexed according to the magnetic
unit cell. The line disappears as the sample is
cooled 3 to 4 K below T,. This phenomenon may
be related to the transition, but, at present, we
have no suitable explanation. The broad “line” at
about 26 ~ 8° in the 77 K pattern is probably due to
magnetic short-range order |Fig. 2(a)]. This
“line,” although significantly diminished, is still
apparent at 300 K.
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FIG. 4. 26 scans of the
- qF A {531} reflection at several
temperatures above and
below T.
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IV. ANALYSIS
A. Crystallography

Neutron reflections up to and including {800} were
obtained and indexed according to the lattice con-
stants given in Table 1. Eighteen distinct lines
were present in each pattern. Least-squares re-
finements of x (in TbD,) and the isotropic tempera-
ture factors of Tb and D, with respect to the in-
tegrated intensities, were performed for the pat-
terns obtained at 77 and 300 K. These refinements
yielded x=1.96(R=1.5%), and 2.01(R = 2.0%) for the
300 and 77 K patterns, respectively. Additional
refinements were attempted for which the deuteri-
um was allowed to occupy the vacant octahedral
site. Although results indicated that 1% and 2% of
the deuterium could occupy the octahedral site at
300 and 77 K, respectively, a larger discrepancy
in x between the two patterns and unusually large
(~8 2&2) temperature factors were obtained. Hence,
x was set at 1,98(4), and a third refinement (with
the deuterium excluded from the octahedral site)
was performed. The results are presented in Ta-
ble I. The temperature factors at 300 K compare
well with 1.44(3) and 0.44(5) A2 that were reported®
for CeD, .

B. Magnetic structure

The search for a magentic structure, consistent
with the pattern observed at 4.6 K, was restricted
to “nonmodulated” collinear structures. This re-
striction is justified a posteriori by our solution
of the structure, but was also reasonable a priori
because ErH, (Ref. 12) and HoD, (Ref. 13) have
nonmodulated structures. We thus use the stan-
dard formula for the integrated intensity!!

15 16 17 18 15 6 17 18

I(G)=j(G)q(G)f(G)?|F (G) |p*LP(G) , 1)

where

iC@r|F©)|*= 2 a@r|F@)]?,
G

E}’:C;’l...(;’_ )

M

and
F@)= 2 s@®e ST, : (3)

We use, for the reciprocal-lattice and position
vectors,

G = (2n/a)(n[100]+£[010]+2[001]) ‘ (4)
and
R=2a@[110]+m[011]+[101]), (5)

respectively. The summations are over all G for
which | GJ =G and over all R in the magnetic unit
cell, |s(R)| =1 and the sign of s (R) is determined
by the direction of the magnetic moment at ﬁ, and
LP(G) is the Lorenz-polarization factor. It has
been established that (i) the observed pattern is
indexed on a lattice defined by [100], a[010],
a[001] where a =4a,, and (ii) the observed reflec-
tions are all odd.

It will be shown that these results are sufficient
to impose some useful constraints on the G depend-
ence of F(G). From Egs. (3)-(5)

F(h,k,l)= Z sm,m,t) exp{ini[(h+ B+ (B+Dm

n,myt

+(h+1)t]}. (6)

Hence,
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TABLE II. Calculation of the observed form factor (last column) from the observed intens-

ities (second column).

{nrt} 2 I(obs) LPP jq? 0.03782 [1/(LPjg?)] 12
111 0(150) N ‘s
131 18 976(250) 161.93 0.1818 0.960(9)
313 53 205(310) 93.96 0.9474 0.925(3)
333, 151 21799(170) 66.27 0.0740 0.903(24)
315 54 056 (320) 51.24 1.9428 0.882(4)
533 0(150) cee cee s
171, 515 17 280(720) 35.33 0.9804 0.846(22)
535, 137 25200(720) 30.61 1.6950 0.834(15)
373 Obscured oo oo oo
555, 751 15 120(480) 24.19 1.3333 0.820(13)
911, 573 8 064 (480) 21.91 0.8192 0.803(24)
931 16 130(720) 20.03 1.8022 0.800(11)
771, 393, 575 4 555(480) 18.46 0.6894 0.717(41)
159, 737 16 130(720) 17.12 2.4479 0.742(17)
395 2400(480) 15.97 0.4174 0.717(76)
757, 111 Obscured “ee
197, 31i, 595 Obscured .o .ee “e
331, 937 8 064(1,200) 13.31 1.8706 0.681(52)
777, 115 7680(1,200) 12.61 1.9864 0.662(53)
153, 759 6 000(1, 200) .11.99 1.6774 0.654(69)
199 0(300) ess coe cee

3 pkf means that 10 should be added to 1, for example 337=1337.
b I,P is the Lorenz-polarization factor, LP= (sinf sin26)~1,

F(h,k,l)=F(h+8,k,1)=F(h,k+8,I)
—E(h,k,1£8) =F(ht4,k+4,1x4). (7)

It follows that, for any odd, odd, odd reflection,
F(h,k,I) is equal to either F(G,) or F(G,), where
G, and G, belong to the forms {111} and {131}, re-
spectively.

We now make two simplifying assumptions (a)
Since I(obs) =0 for {111}, then F(G,)=0 for all G,.
1t follows that F(k,k,l) =0 for all reflections re-
lated to {111} through Eq. (7), e.g., {333}, {117}
Note that {335} is indeed not observed (Fig. 2); and
(b) F(G,)#0 only for a single member of the {131}
form, say (131). This leads to a tremendous sim-
plification, such that the validity of the assump-
tions can be tested without solving for the struc-
ture. Since the nonzero |F(G)|’s are now inde-
pendent of G, we can set I(G) =I(obs) in Eq. (1) and
solve for f(G). Using F(131)+0, we have solved
for f(G) with the antiferromagnetic axis along the
13 symmetrical directions (three (100), four (111),
and six (101)). Only [010] yielded a smooth de-
pendence of f on sind/x (sinf/x=G/4yx). The calcu-
lations for this direction are given in Table II, and
the resultant form factor f is shown in Fig. 5. The
good agreement with other experimental and theo-
retical results demonstrates the good quality of the
data and the validity of the above simplifications.
We conclude that (i) F(G) =0 for all members of

{111}; (ii) F(G) =0 for all members of {131} except
(131); and (iii) the antiferromagnetic axis is along
[010]. '

Our next step is to find an s(R) that will satisfy
conclusion (i). The primitive reduced magnetic
unit cell®® (PRMUC) contains 32 magnetic ions.
The number of possible collinear structures is
immense. If we require that the PRMUC be anti-
ferromagnetic, then we still have $C(32, 16)
~ 3 x 10® structures to investigate. Fortunately,
this is not required. It is reasonable to expect
that a motif smaller than 32 ions exists, which is
repeated through translations and/or antitransla-
tions. In other words, the real PRMUC is smaller
than 2a, X 2a, X 2a,. Writing down the structure
factor, we were able to find a motif of two ions
with

-~ (8)
s(R)=+1; -1.

This motif with a translation a,[$30]’ (the prime
designates an antitranslation) satisfied conclusion
(i). Furthermore, given the translations a,[110),
a,[30%], and the previous translation, conclusion
(ii) is satisfied. The solution is complete. The
structure and the lattice are illustrated in Fig. 6.
The magnitude of the magnetic moment (in Bohr
magnetons) is given by n,=p/0.27, where p (in
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FIG. 5. Magnetic form factor of Th3* as calculated
from I(obs) of ThD,. The solid line represents results
obtained (Ref. 14) with Tb(OH);. The TbD, results were
scaled so that the first two reflections fit the solid line.
Note that the ordinate begins at f=0.55.

units of 107*? ¢m) is calculated from the expression

_jy F% (LP)y 1 I(obs),

T g2 Fi (LP), f3 I(obs)y ° ®)

p2

Magnetic and nuclear quantities are given sub-
scripts M and N, respectively. The structure fac-
tors are given by

F, =4[1- e‘ni(—h+k)/4] [1- eﬂi(h+k)/4]

><[1+ en’i(h+k)/2] [1+e1ri(h+t)/4]
% [1 + e‘n’i(h+1)/2] [1 _ eni(—h+k)/2] (10)
and

Fy=256[b, +2b,cosgn(h+k+1)]. - (11)

Taking {531} and {444} ({111} in the crystallographic
unit cell) for M and N, respectively, we obtain
ny="1.6(3)y

V. DISCUSSION

The magnetic structure has mirror symmetry
about the (101) atomic planes (Fig. 6). The
PRMUC of Fig. 6, although the smallest cell,
is of triclinic symmetry and does not exhibit this
symmetry of the magnetic structure. It is there-
fore convenient to project the structure onto the
(101) plane (Fig. 7). With this projection, it is
apparent that the structure has a twofold axis along

[101]. The standard monoclinic lattice'® [indicated
by the monoclinic cell in Fig. 7(a)] is C,, and the
space group is C,,2/m’. The volume of the base-
center-reduced monoclinic magnetic unit cell
[Fig. 7(b)] is a3 (where a, is the crystallographic
lattice constant). The smallest rectangular re-
duced cell [Fig. 7(a)] has a volume of 2al. The
structure consists of pairs of ferromagnetic (131)
planes coupled antiferromagnetically. It has a
propagation vector along [131] of length v a,, and
the structure is reminiscent of Ja-type ordering in
a fcc lattice. The reduction in symmetry from
Fm3m1’ in the paramagnetic state to C,,2/m’ in
the antiferromagnetic state is 2 X 1—23= 48-fold.
Hence, we have 48 domains.

As the specimen is cooled below T, the sublat-
tice magnetization, which is proportional to the
square root of the peak count (Fig. 3), increases
more rapidly than would be predicted for the free
ion by molecular-field theory (Brillouin curve
with J=6). This is due to the strong CEF, which
is also responsible for the reduction in the mag-
netic moment (at 4.6 K) from 9 (free ion) to 7.6u.

The Tb3* ion has six unpaired 4f electrons and
the Russell-Saunders Hund’s-rule ground state is
"Fs. This state is split primarily by the CEF due
to the eight nearest-neighbor deuterium ions (Fig.
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FIG. 6. Proposed magnetic structure of ThD, at 4.6
K. (a) The magnetic structure. The moments are di-
rected along [010]. (b) The magnetic lattice. I (b),
light and dark arrows represent translations and anti-
translations, respectively. The dashed lines show the
triclinic PRMUC.
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FIG. 7. (a) (101) projection of the magnetic structure.
The squares are in a plane shifted from the plane of the
circles by ay/(2V2)—half a lattice translation along [101].
The standard monoclinic and the smallest rectangular
reduced cells are indicated by dashed lines. The light
and dark twofold symbols designate 2 and 2’ axes,
respectively. (b) The standard monoclinic, base-cen-
tered-reduced unit cell for the C,, lattice.

1). The ground-CEF level can be T, or I, in the
hydridic model, and I'{"Y) or I, in the protonic
model.)” A magnetic ground state was ruled out
by M&ssbauer experiments'®; therefore, we con-
sider the three nonmagnetic states I';, T',, and T,
where the exchange field induces a magnetic mo-
ment analogous to that obtained in Van Vleck para-
magnetism. Assuming that only matrix elements
between the ground state and one-excited state are
important’® (weak magnetic field), the magnetic
moments are bound (see Appendix) by g[J(J + 1) /3]
=5.681p, and glJ(J +1)2/3]1/2="1.9u, in the case of
singlet and doublet ground states, respectively.
Within this approximation, I'; as a ground state
cannot produce the observed magnetic moment of
7.6 5. If the magnetic field, on the other hand,

is sufficiently strong, the approximation breaks
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down and this system can produce 7.6y 5 through
admixing I'{" into I'; via I',. However, in the lat-
ter case it was shown®® that the easy direction of
magnetization is along [111] which is in disagree-
ment with the observed [010] direction of magnetic
moment. Hence, I', as a ground state is inconsis-
tent with either the magnitude (weak field) or di-
rection (strong field) of the observed magnetic
moment. This result is consistent with the hydrid-
ic model found in other rare-earth hydrides.'?

VI. SUMMARY

It was found that TbD, exhibited a para-
to antiferrogmagnetic transition at 7T,=17.2(3)
K. The magnetic structure at 4.6 K was deter-
mined and found to belong to the monoclinic space
group C,.2/m’. The magnetic moment at 4.6 K is
7.6(3)ug. The latter result and the MGssbauer ex-
perimental results require that the CEF ground
state is I';, which corresponds to the hydridic
model. Information about the ground level as well
as excited levels of Tb*® in TbD, may be obtained
from inelastic neutron scattering. It is felt that
such an experiment is warranted.
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APPENDIX
An upper limit of the magnetic moment
n=g[NJ(J +1)/3]2,

where N=1, 2, and 3 for a singlet, doublet and
triplet, respectively, can be obtained using the fol-
lowing property of Hermitian matrices:

J
Y ol = Sm= 2 g,
r,r* -7

3

The sum rule (for intensities) asserts?! that the
sum of intensities of the multiplet components with
a common initial state is proportional to the a pri-
ori probability of the common initial state, which
is the degeneracy, N.. Hence we have

DT, Ty 2= NI T+ 1).
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