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The saturation hyperfine magnetic field at the ''Dy nucleus measured with the 26 keV
Maéssbauer resonance in DyH, o identifies a I'; crystal-field ground state for the Dy3* atom.

This state originates from a cubal surrounding of the Dy3* atom by H™ atoms, in agreement
with the hydridic model for rare-earth hydrides. An analysis of the hyperfine parameters and of
the Schottky anomaly permits one to obtain the crystal-field parameters W =0.83 +0.03 K and
x =0.24 £0.02, and the exchange field H,, =26 £5 kOe. DyH, exhibits a long-range magnetic
order at 3.3 K while between 3.3 and 6 K fairly complex short-range order is observed. A possi-
ble explanation for this behavior is provided. DyH; remains paramagnetic down to 1.6 K.

I. INTRODUCTION

The electronic and the magnetic properties of the
rare-earth hydrides have been evaluated primarily
from bulk measurements.! Recently, inelastic neu-

tron scattering?™* and Mossbauer spectroscopy™® have

been used to probe the crystal field and the magnetic
behavior of the rare-earth atoms in their hydrides.
The present paper reports a Mossbauer investigation
of stoichiometric dysprosium dihydride and trihydride
using the 26 keV resonance in ''Dy. A preliminary
report on some of these results has already ap-
peared.’

The rare-earth dihydrides are good electrical con-
ductors. They crystallize in the cubic fluorite struc-
ture® with octahedral and tetrahedral sites that are oc-
cupied by rare-earth (RE) and hydrogen (H) atoms,
respectively, as shown in Fig. 1. The additional oc-
tahedral sites which are available for the hydrogen
atoms [H (Oy) in Fig. 1] are nominally vacant in
dihydrides, although there are reports to the con-
trary."® In the case of DyH,, this point is discussed
later in this paper.

Most of the rare-earth dihydrides show magnetic
ordering at low temperatures. Magnetic susceptibility
measurements!® on DyH, indicate an antiferromag-
netic ordering near 8 K. Our own susceptibility
measurements show a broad deviation from the
Curie-Weiss behavior below 6 K and no other ano-
maly down to 2 K. The specific-heat data!! reveal a
sharp A anomaly at 3.3 K and a broad hump extend-
ing from 3.5 to 6 K (Fig. 2). A crystal-field level
scheme in DyH,; has been proposed from an analysis
of the Schottky anomaly in the high-temperature
specific-heat data.'? Early Mdssbauer measure-
ments'? on DyH, were restricted to room tempera-
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ture, while a low-temperature study'* showed fairly
complex Dy** hyperfine spectra, perhaps due to un-
certain stoichiometry of the sample.

In this paper we report Mossbauer measurements
from 1.6 to 300 K on a carefully prepared sample of
dysprosium dihydride with an atom ratio
H/Dy =2.00 £0.02 and on a dysprosium trihydride
sample with H/Dy =3.0 £0.1. We find the details of
magnetic ordering at low temperatures and identify
the crystalline electric-field (CEF) ground state in
DyH, 4. An estimate of the exchange field is also
made. In DyHj3, the spectra are characteristic of
paramagnetic relaxation phenomena down to 1.6 K.

One other aspect of considerable interest in rare-
earth hydrides is in regard to the charge on the hy-
drogen ions. It has been shown earlier’ that if the
CEF ground state can be identified (from Mdssbauer
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FIG. 1. Crystal structure of the rare-earth dihydrides
showing the nominally filled tetrahedral and empty oc-
tahedral hydrogen sites.
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studies), this will permit one to decide between the
hydridic (H™) and the protonic (H*) description for
hydrogen atoms in the lattice. This question will be
considered in regard to DyH, in this paper.

II. EXPERIMENTAL

The "Dy Méssbauer spectra were measured with a
source material which consisted of Gd-Dy F; with
19Gd and %Dy enriched isotopes. The material was
irradiated in a neutron flux of 6x10'* cm™%s~! for a
period of a week and was kept at room temperature
during the measurements.

Dysprosium dihydride with an atom ratio
H/Dy =2.00 £0.02 was produced by reaction of
99.9% pure Dy metal with purified hydrogen. The
composition was determined from both volumetric
and gravimetric analysis. The Debye-Scherrer dif-
fraction patterns were in agreement with the litera-
ture data. Dysprosium trihydride with
H/Dy=3.0 +£0.1 was prepared in the same way and
showed a characteristic hexagonal structure.!

The 26 keV y rays were detected with a Kr-CO,
proportional counter.!®> The counting gate was set
over both the 26 keV y-ray peak and the escape peak
around 12 keV. The source was mounted on a elec-
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FIG. 2. Specific heat of DyH, in the vicinity of the mag-
netic ordering temperature (from Ref. 12).

tromechanical transducer to impart the needed
Doppler shift in the resonance y-ray energy and the
spectrum was collected in a 1024 channel multiscaler
operating in the time mode.

Typically the absorber thickness was 35 mg/cm? of
natural Dy. The DyH, absorber at 300 K gave a
resonance width of 6.5 mm/s against the above
described source.

1I1. RESULTS

Dysprosium dihydride yielded a single line reso-
nance spectrum between 300 and 6.5 K (Fig. 3). The
linewidth varied from 6.5 mm/s at 300 K to 9.8
mm/s at 7.K. The broadening observed between
these temperatures is primarily attributed to the ab-
sorber thickness effect. The isomer shift at 300 K is
0.70 +£0.02 mrm/s with respect to the source.

Below 7 K, the spectrum broadens sharply. In Fig.
4 we present the linewidth as a function of tempera-
ture down to S K. Between 5 and 3.3 K, the spectra
reveal unresolved magnetic hyperfine patterns indi-
cating the presence of a distribution of the magnetic
hyperfine field (Fig. 3). The average hyperfine mag-
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FIG. 3. '!Dy Méssbauer spectra in DyH, o at several
temperatures.
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FIG. 4. Temperature dependence of the '®'Dy resonance
linewidth obtained from single-line fits to the experimental
data.

netic field increases gradually on lowering the tem-
perature; typically the values are 1100 kOe at 4.3 K,
1500 kOe at 4.0 K, and 1800 kOe at 3.7 K. The dis-
tribution in the hyperfine magnetic field vanishes
below 3.3 K and a sharp magnetic pattern characteris-
tic of a single magnetic field is observed (Fig. 3).
The hyperfine magnetic field at 1.6 K is

H o= (2400 £ 50) kOe and the quadrupole interaction
is e2g,0 = (185 +20) MHz.

The resonance spectrum of DyHj; at 300 K consists
of a single resonance line with an isomer shift of
(0.67 £0.05) mm/s relative to the source. The line
broadens considerably at helium temperatures due to
paramagnetic relaxation effects. There is no evidence
for any magnetic ordering down to 1.6 K.

1V. DISCUSSION

A. Crystalline electric field and
exchange field in DyH,

The crystalline electric-field (CEF) Hamiltonian for
a rare-earth atom occupying a cubic site has been
treated in detail by Lea, Leask, and Wolf (LLW).!
In the notation of LLW, the Hamiltonian is

_Wx(©0§+508) = W -|x[)(0§-210¢)
Her=""F@ F6) )

The parameters W and x are defined by
Wx =A,(r'YBF4) ,

(2)
W —|x]) =Ag(ryF(6) ,

where A4 and A4 are the fourth- and sixth-order CEF
parameters, (r*) and (r®) are 4f electron radial mo-
ments, B and y are Steven’s multiplicative factors,
and F(4) and F(6) are 60 and 13 860, respectively,
for the Dy** atom. The factors O in Eq. (1) are
Steven’s operators acting on J angular momentum
states. »

The cubic CEF will lift the sixteenfold degeneracy
of the 6H15/2 state of the Dy** atom, resulting in two
doublets (I's and I';) and three quartets (I'f, I'?, and
I'§). One can attempt to predict the ground state
from a simple point-charge model to calculate the
CEF Parameters.16 Assuming® hydrogen to be H™ in
DyH,;, we obtain x =0.80 and W =0.51 K. These
parameters in Eq. (1) predict I'§ to be the ground
state which is contrary to the experimental observa-
tion!” of a I'; ground state for the Dy>* ion diluted in
an YH; lattice. Indeed, for values of x less than 0.6,
I'; will be the ground state. On the other hand, if the
hydrogens are protonic (H*), the point-charge model
predicts I'g to be the ground state for values of x
from 0-to 0.8. The significance of point-charge
model is known to be limited to the prediction of the
sign of x and W, which in DyH; depend on the sign
of the charges on hydrogen atoms, whereas the abso-
lute values are usually inaccurate. .

In the magnetic state of the dihydride an exchange
field H,,, will act on the rare-earth atom. - The energy
of this interaction is obtained from

me=—2ps(gj_1)j'ﬁex . 3)

Depending on the direction of H,,, the magnetic in-
teraction ¥, will have to be properly projected onto
Hcr prior to diagonalizing the combined Hamiltonian.
The influence of the exchange field will be mainly -to
mix the cubic CEF levels. The extent of this mixing
will be determined by the relative strengths of the ex-
change and the crystal fields.

In the case of rare earths, the hyperfine interac-
tions measured in the Mdssbauer experiments are
primarily determined by the nature of the CEF levels
occupied at a given temperature. Given the energy
eigenvalues, E; (in K), and the CEF wave functions
I';, the hyperfine magnetic field produced by 4/ elec-
trons H,‘l‘ff, and the quadrupole interaction e?q,Q, at
any given temperature T are given by

2 (Fil-,z'Fi)E’MEi/T
Huf = Hp— 5T ) 4)

S Je



254 FRIEDT, SHENOY, DUNLAP, WESTLAKE, AND ALDRED 20

and E (F;szz _J"llri>e"Ei/T

ezqu =(ezqu)FI J

J7QJ -1y 5"
; (5)

The value of free-ion hyperfine magnetic field H7,
for the Dy** ion is 6316 kOe and the quadrupole in-
teraction (e2q,Q) g for the free-ion is 3080 MHz
(assuming Q =2.356 for the ground state of *'Dy
and an inner shielding factor R, of 0.124).'® In the
absence of any exchange field, the above equations
give for the T'; ground state H,/ (I';) =2390 kOe and
e’q,0 (') =0. For a I'y ground state one predicts an
anisotropic field distribution of value higher than that
of the I'; doublet and a nonzero quadrupole interac-
tion. The experimental value of 2400 + 50 kOe at 1.6
K is very close to the value characteristic of a I';
ground state. The small quadrupole interaction of
185 +20 MHz observed experimentally can.arise by
mixing of the higher CEF levels into the ground I';
level by the exchange field.

We have searched for the best values of the
parameters W, x, and H,, in the Hamiltonian [Eqs.
(1) and (3)] to account for both the hyperfine in-
teraction parameters and the Schottky contribution to
the specific heat. The wave function mixing by the
exchange field, which is required to account for the
finite quadrupole interaction measured in DyH,, will
necessarily increase the hyperfine field in comparison
to the I'; value. However, in a conductor like DyH,
one predicts a conduction-electron contribution to
add to the ion’s own hyperfine field [Eq. (4)]. This
has indeed been observed® in ErH,; in this material, -
the conduction-electron contribution AG® to the hy-
perfine field at the Er** nucleus was concluded to be
—200 kOe. HSE is proportional to the spin moment
S, of the rare-earth ion and is negative for the second
half-shell of the rare-earth ions

HSE ~(S)=(g,—D () . (6)

(J,) is the effective angular momentum appropriate
for the CEF configuration. Assuming identical band
structures for ErH, and DyH,, H&E for Dy** in DyH,
can be scaled from the experimental value in ErH,
using Eq. (6) to provide HSE (Dy) =—450 kOe. In
Fig. 5 we present the calculated dependence of H
and e2q,Q as a function of x for selected values of

W and H,, at 1.8 K. Correcting the experimental hy-
perfine field for the conduction-electron contribution,
one observes good agreement between the calculated
and the experimental hyperfine interactions for the
following parameters in the Hamiltonian: x =0.24
+0.02, W=0.83 +0.03 K and H,, =26 £5 kOe. The
value of the exchange field deduced here is based on
the assumption that it is parallel to the [100] axis.
The parameters deduced remain nearly the same if

H,, is along the [110] direction. However, a field
along the [111] axis produces inconsistent hyperfine
interaction parameters. The value of H,, can be es-
timated within the framework of molecular-field
theory.!® In such an approximation

_3kT. s
& n S+1

)]

where T, is the transition temperature, w is the mag-
netic moment, and S =% for a I'; ground state. Us-

ing the value u =3.8up obtained from the measured
hyperfine magnetic field, we find H,, =24 kOe. The
CEF scheme resulting from the above analysis is
shown in Fig. 6.

The Schottky anomaly in the specific heat can be
calculated using the expression

1

[E e_Ei/T] [2 EieEi{T _
R i i

Con="7 2

———

s
(8)

where E; represents the energy of the CEF level I';,
and R is the gas constant. In Fig. 7, experimental
values!? of Cg, are plotted. Equation (8) has been
used to calculate Cg, for the crystal-field level
scheme (of Fig. 6) and is shown as a solid line in Fig.
7, this describes the experimental result quite well.
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FIG. 5. Calculated hyperfine field (H;{) and quadrupole
interaction as a function of the crystal-field parameters
W and x, and of the exchange field H,,. The experimental
H:ff (obtained after correcting for the conduction-electron
contribution) and e2q2Q are indicated by the arrows.
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FIG. 7. Schottky contribution to the specific heat (Ref.
11) and calculated curve (solid line) from Eq. 8 with the
CEF ordering as discussed in the text. k

Although there may be some uncertainty in the ex-
perimental data points due to the necessity of correct-
ing for the lattice and the magnetic contributions to
the specific heat, the good agreement observed in the
whole temperature range is a strong verification of
the CEF level scheme deduced above.

When compared with predictions of the point-
charge model, the deduction of a I'; ground state in
DyH, is in support of the hydridic model in which
some of the electronic charge is transferred from the
rare-earth atom to the hydrogen site. The negatively
charged environment will then produce the CEF level
scheme for the Dy** ion as shown in Fig. 6.

B. Details of the magnetic ordering in DyH,

The observation of a well-defined magnetic hyper-
fine pattern below 3.3 K, together with a A-type ano-
maly in the specific-heat curve'! at this temperature,
clearly shows the presence of long-range magnetic
order in DyH,. The absence of a pronounced anoma-
ly in our powder susceptibility data at this tempera-
ture indicates this to be an antiferromagnetic order-
ing.

The behavior of DyH, between 3.3 and 6 K is rath-
er curious. The specific-heat measurements (Fig. 2)
show a broad bump with a maximum around 4.5 K.
The possibility of this being a Schottky anomaly is
ruled out by the results discussed in the last section.
The sharp increase in the linewidth (Fig. 4) and a
distribution in the hyperfine magnetic fields observed
in the Mossbauer measurements definitely show this
anomaly to be magnetic in origin. The average value
of hyperfine magnetic field in this temperature range
gradually increases on approaching 3.3 K; however,
the value itself remains always less than that charac-
teristic of a I'; ground state. The details of the tem-
perature dependence of the Mdssbauer spectra rule
out a strong distribution of ordering temperatures or
paramagnetic relaxation effects: Also, this phase can-
not originate from a one-dimensional or planar order-
ing in view of the isotropic nature of the I'; ground
state. Hence, it is suggested that this arises from
magnetic, short-range order. Other rare-earth dihy-
drides exhibit a long tail in the specific-heat curve
above Ty, characteristic of a’short-range order.?
However, the large anomaly observed in the specific
heat of DyH, is unique.

This behavior can be qualitatively understood as
follows: A small amount of disorder in hydrogen oc-
cupation between the tetrahedral and octahedral sites
is probable, even in the most nearly stoichiometric
compounds. This disorder will cause local distortions
in the cubic CEF, and a commensurate deviation in
the wave functions from the pure I'; state for those
Dy ions (relatively few in number for stoichiometric
compounds) which are in the vicinity of the disor-
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dered H atoms. Those ions having distorted ground
states will always have a larger moment than those in
the purely cubic sites. Because of the random distri-
bution of the noncubic sites, there will be a distribu-
tion of local exchange fields acting on the other (cub-
ically coordinated) Dy sites.

We consider the transition at 6 K to arise from an
onset of short-range order nucleated by the larger
moments on the noncubic sites. As a result the cubic
sites are partially polarized by the local exchange
fields. However, since there is a distribution in these
exchange fields, there is a corresponding distribution
in the degree of polarization and hence in the ob-
served hyperfine fields. When the temperature is
lowered to 3.3 K, normal long-range ordering occurs
between the bulk of the ions (those in cubic sites)
and the magnetic moments become fully polarized
with the I'; value. Since relatively few rare-earth
atoms have distorted symmetry, their contribution to
the Mossbauer spectrum is overwhelmed by that of
the bulk of the material, and experimentally one sees
a hyperfine splitting of the I'; state only.

The sensitivity of exchange fields to slight hydro-
gen disorder implied above should strongly influence
the magnetic properties of nonstoichiometric rare-
earth hydrides. Indeed, our preliminary measure-
ments confirm this expectation.

C. Paramagnetic relaxation in DyH;3

Although DyH; has a hexagonal structure when
only the rare earths are considered, the location of

the hydrogen atoms reduces the point symmetry of
Dy?* atoms to C,. Thus one needs 15 CEF parame-
ters to describe the detailed magnetic behavior. Ob-
servation of a single line at room temperature implies
a fast spin relaxation with characteristic times shorter
than 10719 sec. Since DyH; is an insulator, the relax-
ation rate is expected to be slower at helium tempera-
ture. However, down to 1.6 K we have not observed
a static hyperfine structure, precluding detailed
analysis of the CEF in this case.

V. CONCLUSIONS

DyH, exhibits a long-range magnetic order below
3.3 K. The value of the hyperfine magnetic field and
of the quadrupole interaction permits us to evaluate
the CEF parameters and the exchange field. The
results demonstrate that the hydrogen atoms carry a
negative charge confirming the hydridic picture. The
short-range order observed between 3.3 and 6 K is a
manifestation of hydrogen disorder between the
tetrahedral and the octahedral lattice sites and of the
consequent distribution in the exchange fields. DyH;
on the other hand shows only a paramagnetic
behavior down to 1.6 K. )
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