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Mossbauer study of the Ising antiferromagnet Dyp04. HyperSne parameters, g-factor
anisotropy and spin-lattice relaxation
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Mossbauer spectroscopy of the 26-keV y-ray transition in @Dy was employed to study nuclear
hyperfine interactions in Ising-like DyPO4. Single-crystal and polycrystalline samples were stud-
ied over the temperature range1. 8 ~ T &300 K, which included the Neel temperature T&=3.39 K.
For 0 (T&10 K the spectra could be &~&yzed in terms of a "static" S=& spin Hamilton-
ian X=A, I,S, +(A~/2)(I+S + I S+) +P[3I, -I(I +1)l. The measured components of the magnet-
ic hyperfine tensor parallel and perpendicular to the tetragonal c axis are, respectively, A, /2
=-831+4 MHz and A~ =-14+5 MHz. This is the first reported measurement of an Ai term in
Mossbauer studies of dysprosium compounds. Using the known ionic g-factor component, g,
=19.32 +0.01, we calculate @=A,/2', =43.0 +0.2 and hence g& =0.3 +0.1. The ratio of quadru-
pole parameters for the excited and ground nuclear states of '@Dy is P, /I'~ =0.986+0.003 with
P~/h =60.3 +0.6 MHz. For T) 10 K the spectra are relaxation broadened and can be described
well using the time-dependent Hamiltonian X(t) =f(t)A~l~Sg +Pt3I~~ —I(I +1)l, where f(t) =+1.
These spectra were analyzed using a random-fluctuation stochastic model for f(t) and incorpor-
ating the exchange splittings obtained from previous optical work on the ground Kramers doub-
let. The ~@~&ysis then depends on a single relaxation parameter Q(T) Between T =16 and 36 K
the relaxation is dominated by an Orbach spin-lattice process of the form 0 = Ooe ~+, where
&~=70 cm '.

I. INTRODUCTION

The nuclear hyperfine structure (hfs) spectra
f i6iDy were studied in both single crystall' and

polycrystalline samples of DyPO, . Measurements
were made over the temperature range 1.8& T
& 300 K which includes the Noel temperature
T„=3.39 K.'

DyPO, has the tetragonal zircon (ZrsiO, ) type
crystal structure' as do most of the rare-earth
ortho-phosphates, -vanadates, and -arsenates.
The space group is D4', , while the point symmetry
about a Dy" ion is D~. The crystallographic
structure is shown in Fig. 1 and the unit-cell di-
mensions are a, =6.91V A and c,=6.053 A. ' Below
T~ the magnetic structure' can be considered in
terms of two interpenetrating body-centered-te-
tragonal sublattices. Each Dy" on one sublattice
has four nearest neighbors which lie on the other
sublattice. No evidence has been found which
would indicate a spontaneous low-temperature
lattice distortion such as that observed in DyVO4. '

Much of the interest in DyPO, has centered on
its nearly Ising magnetic behavior. The results
of a variety of experiments including magnetoelec-
tric effect, ' optical', "magnetic susceptibility, '"
and heat-capacity" measurements are in excellent
agreement with exact theoretical calculations"
based on a low-temperature series expansion and
near-neighbor-only Ising interactions. Optical"
and far-infrared EPR"'" studies have shown the

lowest Dy" state to be an exchange plus dipole-
split Kramers doublet of almost pure ~Z, =+~5)
character. The first excited crystal-field state
is about 70 cm ' (108 K) above this. "'" The crys-
talline electric field (CEF) produces a highly aniso-
tropic g tensor in the ground doublet which is re-
sponsible for the observed Ising behavior. A
value of" g, = 19.32~ 0.01 is measured parallel to
the tetragonal c axis whereas g~ is quite small.
Wright et al. ' first reported a value of g~ = 0.5
+ 0.5 with the error due primarily to the extreme
sensitivity to misalignment of the crystal in a
magnetic field. More recently, a value of" g~
= O. V ~ 0.1 was deduced by integrating the intensity
of the ground-state magnetic resonance spectrum
obtained in an external field large enough to satu-
rate the spin system.

There were a number of reasons for undertaking
the present study of DyPO, . The local D~ sym-
metry of Dy", the large separation of the first
excited CEF state from the ground Kramers doub-
let, and the Ising behavior of the spin system all
provide simplification for the extraction of static
hyperfine interaction parameters and dynamic spin-
relaxation parameters from the Mossbauer spectra.
A spin Hamiltonian can be used which involves
only the nuclear magnetic hyperfine tensor corn-
ponents A, and A~ parallel and perpendicular to
the tetragonal c axis and an axial quadrupole par-
ameter P also along the c axis. Because of the
Ising nature, relaxation is expected to be domin-
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FIG. i. Unit cell of DyPO4. The Dy site symmetry
is D2~. The arrows at each Dy site indicate the mo-
ment directions below T~= 3.39 K.

ated by spin-lattice relmmtion. Likewise, the
time evolution of the spectra can be calculated
assuming modulation of the y-ray energy produced
by random flipping of the ion spin between the two
states of the spin S= —,

' Hamiltonian. For the first
time, one has available the measured exchange
splittings of the ground state as a function of tem-
perature. " These can be folded into the relax-
ation analysis so that only one independent param-
eter, the relaxation frequency Q(T), remains.
The lack of precise knowledge of the magnitude
and temperature dependence of exchange splittings
has frequently complicated analyses aimed at ob-
taining the relaxation frequency. A further reason
for the present study was to determine a more
accurate value of the constant k=A, /2hg, utilizing
the accurately known g, value and a precise mea-
surement of A, obtained with improved Mossbauer
resolution available to us. This determination
should be possible since the relationship g= const
xA holds" for an isolated Kramers state spanned
by a single 3 such as the ground state of Dy" in
DyPO, . Further, we wished to use the MOssbauer
technique as an independent method for measuring
g~ without the possible complications introduced
by applying external magnetic fields. Once the
constant k is known then g~ =A, /2hk.

There have been no previous MOssbauer studies
of hyperfine parameters in DyPO4. A value of
)

—,'A, ("'Dy) ~= 2, 565x10 ' cm ' (769 MHz) was de-
duced in the far-infrared (ir) work. " However,
since the ground state of Dy'+ in DyPO4 is almost
pure (8, = s —",) we would expect a larger A, pa-
rameter. Values as high as 800 MHz have been
obtained in Mossbauer studies" of other dyspro-
sium insulators. [The commonly used MOssbauer
notation is -', A, = g„p,„H,«= (p~/f)H„—where H,s is
the "effective" magnetic field at the nucleus and

p, is the ground-state nuclear magnetic moment. ]
Since the Mossbauer spectral resolution for the
present study is a factor of 10 better than was the
ir-laser resolution, "more accurate parameters
can be determined. The nature of the ir study does
not allow quadrupole I' parameters to be determined.
Prior to this work there had been no reported ex-
perimental observation, including MOssbauer, of
A~ contributions in spectra of dysprosium com-
pound s.

With the resolution achieved in this study we
could obtain the parameters A, and A~ as well as
much of the information about the relaxation pa-
rameter Q(T) by using scans of only the two com-
ponents nearest zero Doppler velocity in the "'Dy
16-line spectrum. There are obvious time-saving
advantages to taking data in this manner. Also,
independent calibrations using "Fe in standard
absorbers can be made in this low-velocity range
with high precision.

In Sec. II we discuss the crystalline electric
field with emphasis on the Hamiltonian and wave
functions appropriate to the D~ point symmetry
in DyPO, . Relevant contributions to the magnetic
and quadrupole hfs parameters for an isolated
Kramers state are reviewed in Sec. III. A detailed
analysis is given of the effects produced by A~ on
the eigenfunctions, eigenvalues, and transition
probabilities for a combined nuclear and Kramers
degenerate ionic state. The relationship g= KA
is developed and the relationship between the quad-
rupole interaction, various electronic shielding
parameters, and the CEF Hamiltonian parameters
are reviewed. Also, the relevant relaxation theory
used in analyzing our spectra is developed in this
section. A discussion of apparatus and procedure
is given in Sec. IV. The experimental results are
presented in Sec. V along with a calculation of the
nuclear specific heat using our measured param-
eters for comparison with earlier anomalous re-
sults. A preliminary report of this work was pre-
sented by Forester and Ferrando. "

II. CRYSTALLINE ELECTRIC FIELD (CEF)

The free ion and crystal-field-split states" of
Dy" are shown schematically in Fig. 2. The low-
est multiplet, '0»~„ is separated by about 3000
cm ' from the next multiplet. Within a good ap-
proximation, J of the ground manifold is a good
quantum number although intermediate coupling
corrections'7 will be used where appropriate
throughout the text. The CEF strongly influences
the ionic magnetic behavior, nuclear magnetic
and nuclear quadrupolar hyperfine structure.
Looking first at the ionic magnetic behavior and
neglecting effects of nuclear hyperfine structure
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on estimates"'" of the crystal-field parameters
in DyPO4. These parameters are not expected to
change appreciably for different rare-earth ions
within the same local environment. A comparison
between experimental parameters for" YPO4. Er
and estimates for DyPO„" based on limited in-
formation from low-lying CEF states, is given in
Table I. In D~ symmetry only eigenvectors which
differ by 4m~=+4 enter. Thus, the ground Kra-
mers state of DyPO, which is almost pure IJ, = —",)
1s

II','& = a ls&& +5 la~&+ c lv-,'&+ dlv-,'&. (5)

7Cm-I

Coulomb Spin- orbit

Free-Ion Exchange

FIG. 2. Energy-level diagram for the Dya ion in
DyPO4. The 7-cm ' exchange splitting of the ground
Kramers doublet represents the maximum splitting at
T=O K.

Crystal Field

3C- =P A. &r"& &Jlle. IIJ&O„, (2)

and (Jll e. IIJ& are the (Jllo'IIJ& &JllpllJ), and

(JllrllJ) coefficients of Elliott and Stevens" for
n=2, 4, and 6. Tables of matrix elements of 0„
are given by Hutchings. " The products A„(r "&s
are usually considered as parameters to be deter-
mined experimentally. " However, in order to
compare these with the parameters B„deduced
from optical experiments, a correction factor
O„must be included to account for shielding of the
4f electrons by the 5s'5P' electrons. This correc-
tion is usually written"

we write the ionic Hamiltonian

3C ion =3Cc (free ion) +3Ccrya + 3Caxch+3C zaamaa

Within a single J manifold, 3C«ya of Eq. (1) may be
expressed in terms of equivalent angular opera-
tors" O„(J,,J'„,J, ):

I I', ) and I
1',) are degenerate in the absence of

magnetic exchange or external magnetic field.
Diagonalization of X„y, using the DyPO, param-
eters in Table I yields values of a=0.986, b
= —0.143, c=O.OV5, and d=0.044.

The ground-state Kramers doublet in Fig. 2 has
a maximum magnetic exchange splitting of about
7 cm ' at T= 0 K corresponding to a configuration
with all four near-neighbor spins antialigned to
the central ion spin. (See Fig. 1.) If one of the
nearest-neighbor spins is reversed the exchange
splitting is 3.5 cm ' and if two are reversed the
exchange splitting is zero." This neglects the
effects of spins other than first near neighbors,
but such effects were not detected in the optical
experiments. "

III. IONIC g TENSOR AND NUCLEAR HYPERFINE

INTERACTIONS FOR A KRAMERS DOUBLET

A. g tensor

The Hamiltonian representing the interaction
between an external field H, ,t and the ionic mag-
netic moment g, = peg& J is

3Czccman = psggHcxl (6)

where p~ is the atomic Bohr magneton and g~ is
the Landd factor. (With pure Russell-Saunders
coupling g~ = T for 'H»~„and with intermediate
coupling corrections gz = 1.313.") For an isolated
Kramers doublet, Eq. (6) may be written in the
effective spin S= —,

' formalism,

+ Zeeman f &He«g

For a given configuration of Dy" in the D,„sym-
metry of DyPO„Eq. (2) becomes

3c-ya=a2c&JII&IIJ&0,'+a:&Jll pllJ&o:+ah& JllrllJ&o:

+a:&JflpllJ) 0,'+al&JllrllJ&0: (4)

For all symmetry lower than cubic, Xcrys splits
the ground H»~, state of Fig. 2 into eight twofold
degenerate Kramers states. " The over-all CEF
splitting is computed to be about 400 cm ' based

B20 B0 Bo
6

B4
4

B4
6

DyPO4 ' 151.7 19.9 -44.2 -921 -97
YPO4.Er 141.4 18.1 -40.4 + 837 + 88.5

' Reference 23.
Reference 24.

TABLE I. Comparison between experimental para-
meters for YPO4.Er and estimates for DyPO4. All en-
tries are in units of cm ~.
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The magnetic properties of the ion, including

anisotropy, are contained in the g tensor which

has components in a principal-axis system

applies. For extreme anisotropy (A, =A„=0), Eq.
(10}is usually discussed in terms of an "effective
magnetic field"

(8)
Heg = (Ag /g»p»)S

acting on the nuclear magnetic moment.

(16)

where Ir', ) and ll, ) are the eigenfunctions of a
Kramers state such as Eq. (6). The basis states
of the spin S= —,

' Hamiltonian are
I
+ —,') . For a

pure IJ, = ~~ & ground state the largest possible g,
from Eq. (8) is g, =19.68.

B. Magnetic nuclear hyperfme interactions

(9)3C =(-)(N,+N,+N, ) g»p»I,

where I is the nuclear spin, and the nuclear g
factor g„ is defined by g»p»= p~/I, w—here p» is
the experimental nuclear moment and p, ~= 3.15
x10 "eV/G.

The orbital contribution to the field, N, is about
10'-10 6 for Dy". N, is the Fermi contact field
equal to about -225 kG for Dy'+ in DyPO4. '

N3

represents all other contributions including direct
interaction of 8;.,1 with I, dipolar, and exchange
magnetic fields. In the present study H, ,i = 0 and

other terms in N, are negligible compared with

N, and N, . Since both N, and N, are proportional
to"'" S we follow analogous steps used to obtain
Eqs. (7}and (8}to rewrite Eq. (9) in the spin S= —,

'

formalism for an isolated Kramers doublet:

3C~= I A 5. (10)

A is the nuclear magnetic hyperfine tensor with
principal-axis components of

A. =2s&r;l~. Ir,'),
A, „=2s&r', Iz, „lr-, &,

where

s= 2vsv»g»&4f l~ -'I4f &&~IINII&&

+ 90(gg —1)g»p». (12)

Comparing components of A in Eq. (11)with com-
ponents of g in Eq. (8) for the same manifold then"

A=Kg. (13)

K may be evaluated experimentally using indepen-
dently measured g and A tensor components. The
most commonly tabulated ratio is

The nuclear magnetic hyperfine interaction Ham-
iltonian can be written

P= '
(I-Ro)&I/~'&(&llnll&&

x(r,'Iso', -z(z+()lr,'&(,0
2

(18)
The first term in P is the ionic contribution and
the second term represents the lattice contribu-
tion" written in terms of B2 [Eq. (4)], o, [Eq.
(3)], and Rz and y„which are the ionic" and lat-
tice" Sternheimer parameters.

D. Combined magnetic and quadrupole Hamiltonian

For the tetragonal symmetry of DyPO„A, =A„
=A~. Combining Eqs. (10) and (1V) the hfs Hamil-
tonian is

K(f, =AgIg Sg + gA~(I+S +I S+)

+ P[3I,' -I (I + 1)]. (19)

The eigenfunctions of 3C],g, are linear combinations
of product states involving both the nuclear and

ionic basis functions. Thus, MOssbauer absorp-
tion takes place between the states

s
sQf. ,~, )ll, ~ & II„~,&

C. Nuclear quadrupole interaction

In principal-axis coordinates the nuclear quad-
rupole Hamiltonian is"

Xo ——[e Q/(4I —1)]

x(q„[3I', I(I+ 1-)]+q„q/2(E '+I' )j, (16)

where Q is the nuclear quadrupole moment, q„
is the axial electri". field gradient at the nucleus,
and q=(q q )/q„ is the asymmetry parameter.
For tetragonal symmetry g = 0.

The electric field gradient has a contribution
from both the lattice CEF gradient and the non-
spherical 4f-electron charge distribution in a
given ion. Equation (16) may be written

Ro = P[3I,' -I (I + 1)],
with

h K/2h Ag /2hgg A~ /2hg A /2hgy (14)

Evaluation of K is important since it should allow
determination of g, with a measurement of A, or
vice versa for Dy" in any material when Eq. (13)

and

h(I(f.', ~,, ) I k, ~.' & II„~,),
(20)
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where M„M,' =a —,', I =I, =-, for "'Dy, and mr = ~&5

~ &, ~ ~. The intensity of a particular transition
is given by"

I ~ (R) = P, g b (M,', mr )a (M„mr )
2

x(M. , m, lx...(t)iM„m, )

(21)

where Q indicates a summation over M,', mz,
M„and m . 3C&.d (R) represents the multipole
operator characteristic of the y radiation involved
and P, is the probability of occupancy in the in-
itial state. The dipole selection rules are r&f, =0,

1=0 ~1.
Eigenvalues and eigenvectors of Eq. (19) were

derived and the allowed transition intensities were
determined using Eq. (21) assuming a static elec-
tronic spin system, i.e. , bled, = 0, during the nu-
clear transitions. The eigenvalues and allowed
transitions are shown schematically in Fig. 3.
With A~ = 0 there are 16 allowed transitions shown
numbered on the left-hand side of Fig. 3 for S, =- —,

'
and an identical set of 16 transitions, not shown,
corresponding to S, =+-,'. Inclusiono A~,fA however
produces admixtures of the lM„m ) basis states,
modifies the energy diagrams, and allows some

P=60 MHz

Az= l660 MHz
4~/Az = .006

prevreviously forbidden transitions. Altogether there
are 31 allowed transitions but many of these are
too weak to be detected. Only one example is
given in the center of Fig. 3; removal of' the de-
generacy of ~-,', --,') with ~--,', —,') leads to a doublet
s litting of both lines 8 and 9 as shown schemati-
cally. Since l p, l

&
( p~ [ in "'Dy, line 8 will be

split more than line 9 if A, & 0. Thus, the magni-
tude of the doublet splittings is a measure of A~
while the relative splitting of lines 8 and 9 pro-
vides the sign of A, .

In Fig. 4 we show several computer-generated
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Sz= -I/2 Sz=+ i/2

-3/2

-I/2

—I/2
3/2

5/2

AzIzSz + P( Iz I{I+i))+ A~/2II'S+ I S'}

FIG. 3. Ground-state and excited-state nuclear energy
levels and allowed transitions for Dy in DyPO4 assum-
ing a Kramers degenerate ionic state. With A~ = 0 there
are 16 allowed transitions for S, =-

& as well as for
S, =+ T (these are not shown). With A~ ~ 0 there are 31
allowed transitions. Four of these are shown in the
center of the diagram.

Ai/Az = O. l

-20
I

0
VELOCIT Y (cm/sec)

20

FIG. 4. Computer-generated Dy spectra based on
the diagram in Fig. 3. Kramers degeneracy is assumed.
The parameters A and P are measured values for
D PO . Several small values of A~/A, were chosen toy 4.

&0.show the dramatic effects on the spectra when A~ ~
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absorption spectra for a powdered sample of
DyPO, and assuming Kramers degenerate states.
Values of A~/A, = 0.006, 0.015, 0.04, and 0.1 were
chosen along with A, /h=-1660 MHz and P/h=60
MHz appropriate to DyPO4 as discussed in Sec. V.
The spectral resolution is that obtained in the
present study. The dramatic splitting of lines 8
and 9 near zero velocity is evident. Although
previous calculations of the type discussed above
have been performed and computer-generated
spectra have been illustrated, '4 these have concen-
trated on the region A~/A, & 0.04 since earlier
experimental resolution did not allow smaller
ratios to be observed.

E. Relaxation effects

There are a number of excellent papers and
review articles" "on the effects of electronic
relaxation in MOssbauer spectra. Most of these
treat the case in which K„(, in Eq. (19) is diagonal
in IM„mz ) . This is a good approximation for
relaxation within a Kramers state for g, » g„
g„=—0, or A~/A, —= 0. The fluctuations may then
be described by a time-dependent Hamiltonian"

XR„(t)=f (t)A, I, S, + P [3I, —I (I+ 1)], (22)

Qi -=Ig~~NII. ff I/& = IA. I /~~ . (23)

When v, -1/Q„ the spectra are no longer resolved
and are quite broad and complex. For v, « 1/Q„
the magnetic hfs of a paramagnet collapses.

In DyPO4, low-temperature relaxation is pre-
dominantly within the ground Kramers state.

where f (t) =+1. As in Eq. (19), the magnetic and
quadrupolar terms are taken to have the same
principal axes. A treatment of the more complex
problem including A.~I'S terms has been given in
the stochastic model by Clauser and Blume. " Al-
though a more complete theoretical discussion of
our data could be given using the latter treatment,
the more complex analysis is not justified because
of the smallness of A.~ in DyPO4.

Relaxation information can be obtained from
MOssbauer spectra only in the temperature interval
between the fully collapsed high-temperature limit
and the fully split static low-temperature limit.
As for many dysprosium compounds this tempera-
ture interval for DyPO4 extends well above T„ into
the paramagnetic region. The necessary conditions
for observation of resolved hfs in the paramagnetic
region are" that (a) I'„/Q„& 1 and (b) 7, & 1/Q„,
where ~, is the relaxation-time parameter or cor-
relation time (v, =1/Q) and Q„ is a frequency
characteristic of the hyperfine interactjon; QN
-A, /}I for any i. Inthe case of extreme anisotropy
0„=QL, the Larmor precession frequency

I( ) Re f =G(t)e ' dt, ' (24)

where G(t) is the "relaxation function" character-
izing I ((d). The operator of interest for M5ss-
bauer spectra is

G(t)=exp(-t f „„,(t )dt'), ' (25)

where (d ~ (t) = ~ .(t) —~ (I) is obtained from
the time-dependent portion of X„„,in Eq. (22}.

The central problem is the evaluation of Eq. (25)~

Our approach is the Anderson" stochastic model
as developed for MOssbauer use by Blume. " Two
summaries of the determination of G(t) assuming
stationary Markoffian processes are given by
Abragam" and by van der Woude and Dekker. "
The final result for I ((d } is

I (&u) = -Re (W ~ 8 ' T) C(K), K= 1,m (26)

where m is the number of MOssbauer spectral
lines. The relative intensities C(K) are obtained
from the Clebsch-Gordan coefficients. T is a
column vector with all entries equal to unity, W
is the probability vector for the ionic states and
is independent of time. 'The matrix 8 is given by

8 =i ((d —(dE)+ w, (27)

where n is the matrix of probabilities for Markof-
fian transitions between ionic states, ~ is the
frequency, ~ is the diagonal energy matrix of
Xh f and E is the unit matrix.

For a Kramers doublet I I', ) we must consider
two cases. The first case is a single degenerate
state corresponding to zero exchange splitting
(As=0). The probability of occupancy at any tem-
perature 7 is the same for II", ) and II', }, i.e. ,
W l W2 1 The second case is a nonde generate
doublet with 4~ 10. In this case

W, —=P(-) = [1+exp (-b s/kT)] (28)

and

Since g, -=0, spin-lattice relaxation is expected
to be the dominant source of relaxation broadening.
The relaxation treatment used in this paper as-
sumes random spin reversals which produce ran-
dom modulations of each allowed transition. This
is equivalent to taking random fluctuations of f(t)
between +I in Eq. (22).

Random modulation of a system of nuclear oscil-
lators has been treated by various authors using
different models. "'"'" Ultimately, the problem
is to evaluate the "relaxation function" for the
line shape. For a given frequency spectrum I (&u),

a Fourier expansion may be written
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tt(l)tt

p e-h/KT

lt(l)tt ll(l) ti

Pe-b /2KT
I

FIG. 5. Schematic representation of exchange split-
tings and their relative probabilities for the ground
Kramers state of Dys in DyPO4. The parameter 4 is
the maximum exchange splitting (7 cm '). The proba-
bilities that a given ion will have four (Po), three (P&)
or two (P2) near-neighbors antialigned have been deter-
mined experimentally in Refs. 8 and 16.

IV. APPARATUS AND PROCEDURE

Mossbauer spectra were taken in transmission
geometry using a constant-acceleration trans-
ducer driven in the triangular mode. Several
different photon counters were used to detect the
26-keV "'Dy y rays. For this particular applica-
tion, a krypton-filled proportional counter was
found to out perform other gas and NaI scintillation
counters. This provided an effective and inexpen-
sive alternative" to solid-state detectors such as
Li-drifted silicon. With a krypton-filled counter,
the 26-keV peak is much better resolved from
background x-ray escape peaks than for xenon-
filled or NaI counters and the 13-keV escape peak
of the Mossbauer y ray is almost completely re-
solved. Data could then be taken with either the
26-keV or 13-keV peaks or both. Most of our data
were taken with a single-channel analyzer setting
which included both peaks. Counting rates were
typically 10000-20000 counts/sec in the window.

The radioactive source was always maintained

W, —=P(+) = [I+exp(-bs/kT)] 'exp (-as/kT).

(29)

In Eqs. (28) and (29), ns = 7, 3.5, or 0 cm ' de-
pending on whether four, three, or two nearest-
neighbor magnetic moments are aligned anti-
parallel to the central Dy" moment. '" These
exchange splittings and their relative probabilities
are shown schematically in Fig. 5. The tempera-
ture dependences of Pp P and P2 are also known

from earlier optical work. '" We note that if the
temperature at which relmration first appears is
such that kT» 4s then W, = W, in Eqs. (28) and

(29), and one is justified in neglecting these ex-
change splittings.

at room temperature. Calibrated platinum and

germanium resistance thermometers were em-
ployed to measure and control the temperature.
Temperature regulation was better than +0.1 K,
but temperature gradients across the sample pro-
duced an uncertainty at the absorber of about +0.5

K. Runs at 1.8 K were made with the sample im-
mersed in pumped liquid helium.

An isotopically enriched ("'Gd, , "'Dy, ,)F,
source matrix was fabricated following the pro-
cedure of Cohen and Guggenheim. " '"Dy enrich-
ment was used to minimize the large neutron ab-
sorption cross sections from other Dy isotopes.
No postirradiation annealing procedure was nec-
essary and there was no indication of valence
states other than Dy" in the source. The min-
imum room-temperature full-width-at-half -maxi-
mum (FWHM) linewidth observed, using the hyper-
fine-split absorption lines of DyPO4 at 1.8 K was
I'=3.75 mm/sec (77.5 MHz) or 0.0026 cm '. This
is considerably larger than the natural linewidth
(2I'„=0.38 mm/sec) because of self-absorption
within the source and residual unresolved quadru-
pole splitting in the source at room temperature.
The linewidth is considerably less than those of
Gd, O, and GdF, ( nH, O} sources (FWHM -10-20
mm/sec} which have been used for most "'Dy
Mossbauer studies to date although several recent
experiments using dehydrated GdF, give compara-
ble linewidths.

DyPO, single crystals were grown using the pro-
cedure of dissolution and reaction of rare-earth
oxides in molten-lead pyrophosphates (Pb,P, O, )
at high temperatures with subsequent recrystal-
lization of the rare-earth phosphate on cooling. ""
Crystals obtained in this growth were thin plate-
lets with tetragonal c axes in the platelet plane.
Several crystals of comparable thickness were
carefully arranged to form a mosaic absorber
approximately 0.5 in. in diameter and with an
average of 'l. 5 mg/cm' of "'Dy. Another absorber
was prepared by grinding several single crystals
into powder and then pressing these into an or-
ganic binder containing about 11.5 mg/cm' of
161Dy

The Mossbauer spectra were least-squares an-
alyzed by computer using various theoretical rou-
tines developed to calculate the absorption cross
sections in the case of off-diagonal hyperfine in-
teraction, relaxation, polarized y-ray spectra,
etc.

Data were taken in three velocity ranges cor-
responding roughly to +2.5, +8.33, and +25 cm/
sec. Calibration in the +2.5-cm/sec range was
made quite precisely using an "Fe-enriched n-
Fe,O, absorber and a "Co-in-copper source, both
at room temperature. Extension of this calibra-



3998 D. W. FORESTER AND W. A. F ERRAND 0 13

tion to higher velocity ranges can produce sizeable
error and considerable care was exercised. In
practice we first took spectra of DyPO4 in the
+2.5-cm/sec range at T= 1.8 K Using the above
Fe,O, calibration, the spacing between lines 8 and

9, A(9 —8) (see Fig. 3), was determined. At 1.8 K
any A~ hyperfine contributions are suppressed
and A(9 —8) is dependent only on A, through the
expression

peratures. This assumption is valid up to about
60 K at which point population of the CEF states
near 108 K begins to contribute. As discussed in
Sec. III, the time-dependent calculation for 10& T
~ 60 K has only one parameter, the relaxation
frequency Q(T), to be determined. The exchange
gaps and probabilities of their occurrence as a
function of temperature are included in the calcu-
lation as fixed parameters (see Sec. III E).

g9-8)=-', (lu, /I, I
—1)A, . (3o) A. Spectral analysis for T 6 3 K

Inserting our measured A(9 —8) into Eq. (30) and

using the precisely measured" ( p, /p (
= 1.241+

0.004, the parameter A, = 2p.,H, ff was determined.
Next, a full 16-line spectrum was taken at low
temperature over the +25-cm/sec velocity range.
The separation between peaks 1 and 16 is

A(16 —1)

= [(IP. /g, (+ I)/(Il ./l, I
—I)]5&(9 —8) (31)

Using b(9 —8) and
( p, /p, , (

from above, the ve-
locity calibration was determined for the +25-cm/
sec range.

V. EXPERIMENTAL RESULTS

Prior to introducing the data, it is useful to
summarize our analysis procedure. This was
carried out in three temperature ranges: (i) For
T& 3K, almost all Dy" ions experience the maxi-
mum near-neighbor exchange field. That is, each
Dy" spin has four oppositely directed near-neigh-
bor spine (Fig. 5). All Kramers degeneracy is
lifted, and off-diagonal A~ contributions in Eq.
(19) are quenched. The resultant 16-line absorp-
tion spectrum is just a superposition of the 16
lines indicated in Fig. 3 for S, =+ —,

' and those for
S, = ——,'. There was no observed relaxation con-
tribution in this region and f (t) in Eq (22) was.

therefore taken to be unity. (ii) For 3 & T & 10 K
there was still no observed relaxation and the
static hyperfine treatment with f(t) = 1 was used.
However, as observed by Wright et al. ,' "above
about 3 K some ions experience zero net exchange
splitting. Appropriate eigenvalues must be calcu-
lated for these ions with Eq. (19) including A~
terms. Therefore, spectra in this region were
computed by superimposing spectra corresponding
to ions with and ions without Kramers degeneracy
and using weighting factors determined by Wright
et al. for the two cases. (iii) Above 10 K, relaxa-
tion effects were clearly observed, and a time de-
pendence f (t) was included in Eq. (22) using the
stationary-Markoffian-process relaxation treat-
ment of Sec. IV. The ground- and excited-state
hyperfine parameters determined for T& 3 K
were assumed to remain the same at higher tem-

Representative spectra for T & 3 K are shown in

Figs. 6-8. In Fig. 6, the entire 16-line spectrum
for a single-crystal sample at T=3 K is plotted.
The direction of y-ray propagation was perpendic-
ular to the tetragonal c axis of the crystal. Spec-
tra in Fig. I were taken in the lower, +2.5-cm/
sec, velocity range using a powdered absorber of
DyPO4. Only lines 8 and 9 of Fig. 3 are observ-
able in this velocity range. The 1.8- and 3.5-K
spectra from Fig. 7 are shown on an expanded
scale in Fig. 8 to display subtle differences in the
observed spectral shapes for the two tempera-
tures.

In Fig. 'l the separation between peaks, A(9 —8),
at 1.8 K is given by Eq. (30). The solid curve
drawn through the data is the result of a Lorentz-
ian least- squares curve-fitting analysis using A„
the spectral centroid, peak widths, and peak
depths as independent parameters. This analysis
yields A(9 —8) =9.69 + 0.03 mm/sec from which we
obtain ~A, /h(=1662+9 MHz or

~ p, H«, /k~ =831+4
MHz for the ' 'Dy ground state in DyPO4. The val-
ue of A, is somewhat larger than those obtained in
other dysprosium insulators, Table II, and is con-
sistent with the almost pure

~ J,= ~) ionic ground
state [see Eq. (13)]. Interestingly, it is almost
identical to A, obtained by NMR for "'Dy in dys-
prosium metal. " It is equivalent to an effective
magnetic field H,« = 5.8 MG. From this we esti-
mate the free Dy" ion field to be H,«(ion)
= [g, (ion)/g, (DyPO, )]H,«(DyPO, ) = (19.68/19. 3)
x 5.8 MG or H, f, (ion) = 5.9 MG (84'l MHz). The
only previous attempt to determine A, for DyPO4
was made using far-infrared EPR." This result
shown in Table II is about 'l% lower than our
Mossbauer result. Using" g, = 19.32 +0.01 for
DyPO, we compute from Eq. (14) the factor k
=A, /2hg, =43.0+0.2 (in MHz). The differences
between the far-infrared EPR values for A, (and k)
and the M5ssbauer values are too great to be at-
tributable to experimental uncertainties. It should
also be noted that the measurements of Prinz
et al."determined both A, and g, by the same
technique and not just their ratio. Since this is
the first time precision measurements of A, have
been made on the same material by independent
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FIG. 6. Mossbauer transmission spectrum of Dy in a DyPO4 single crystal at T=S K. The direction of y-ray
propagation was perpendicular to the tetragonal c axis.

techniques (one measuring hfs on the ionic energy
levels and the other measuring hfs at the nucleus)
the discrepancies were totally unexpected. It is
usually assumed that the magnitudes of the ionic
and nuclear hfs should be the same. To our know-

ledge, however, this has not been proven either
experimentally or theoretically.

In Fig. 6 the over-all spectral splitting was de-
termined to be n(16 —1) =450 +3 mm/sec by sub-
stituting A, obtained above into Eq. (31). The solid
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either P, or P~ separately since the latter compu-
tation depends on the calibration accuracy while
the former does not. Small differences were de-
tected between the measured relative intensities in
Fig. 6 and calculated intensities using the Clebsch-
Gordan coefficients and angular factors. These
differences are attributed to finite-thickness ef-
fects which were not incorporated in the analysis.
Presumably at T =3 K there could also be intensity
changes because of Aj contributions to part of the
spectrum. As discussed below, however, these
effects are too small to be observable within the
statistical fluctuations of the data obtained in the
full-spectrum scans. In the computer analysis the
intensities were allowed to deviate slightly from
their theoretical values but peaks with equal theo-
retical intensities were constrained to have equal
amplitudes.

I I I

-10 0.0 ~.0
V E LOCI T Y (cm/sec)

FIG. 8. Expanded plot of the T =1.8 and 3.5 K spectra
of Fig. 7 showing the subtle differences in line shapes
and peak positions observed in this temperature region.

curve through the data is the result of least-
squares analysis using the quadrupole parameters
P, and Pg, the spectral centroid, and the peak in-
tensities as variable parameters. All linewidths
were assumed equal and it was assumed that 8~=0
for this analysis. Values of P, /P, =0.986 +0.003,
Pg /h = 60.3 + 0.6 MHz and P, /h = 59.5 + 0.6 MHz
were obtained. These are compared with results
on other Dy compounds in Table II. The ratio
P, /P, could be computed more accurately than

B. Spectral analysis for 3S T S 10 K

The 1.8- and 3.5-K spectra in Fig. 8 are repre-
sentative of a number of spectra taken in this tem-
perature range. At the lowest temperature, both
peaks of the doublet spectra have the same widths
and depths. As the temperature was raised, how-
ever, a subtle difference in spectral shape exem-
plified by the 3.5-K spectrum was noted. A care-
ful analysis of the two spectra in Fig. 8 also re-
veals extremely small differences in the mean
centroid of corresponding peaks and the separation
between these mean centroids. Since there is no
experimental evidence to indicate a lattice distor-
tion or anomalous behavior in DyPO4 at these tem-
peratures, ' we interpret the asymmetrical line
shapes in terms of off-diagonal hfs as discussed in

TABLE II. A comparison of experimental Dy hyperfine parameters for several different materials. The para, —

meters —pgH, ff/h, P~/h, and k are all in MHz. All entries except those noted are from Ref. 14. All k values are
calculated ratios of g;/A;. Entries in parentheses are calculated values; e.g. , gg for DyES is computed from avail-
able crystal-field parameters, the ionic parameters are computed for a pure

~J, =f~) state while the other "calculated"
g, 's are deduced using the measured pg 06ff/~ parameters and the k ratios listed.

Material pg 0 ff/8 Pe/Pg P,/a

Dy ' ion
Dy metal
DyPO4
DyPO4
DyPO4 ' 5H20

Dy, (MoO4),
DyES
DyA16

(847 )
831~ 1c
831+4
769'
795
799
446+ 12
769+ 15

-1.241+ 0.004

-1.21+ 0.02 0.98 + 0.03

57.5
50.0
15.8+ 0.5

37

19.32+ 0.01'
(18.8)
(18.9)
(10.75)
(18.2)

0.47+ 0.09 (72.8 ) (19.68)
1.01 + 0.03 64.4+ 0.3 (19.7)
0.986+ 0.003 60.3+ 0.6

43
42+ 2

03+01' 430+0.2d
0.7+0.1' 39.8'

42.3+ 1
42.3+ 1
41.6+ 1
42.2+ 1

Calculated in this study.
Reference 41.

c Reference 42.
4 Mossbauer (this study).' Far-infrared EPR—Ref. 11.
f Reference 40.
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Sec. III. As shown below, the magnitude of A. j de-
duced from this asymmetry is consistent witwith the
small g| expected in DyPO4. Earlier in Fig. 4 we

enerated spectra for various ratios o &/gener
g

' ' learlsuming a degenerate Kramers ionic state. y,
the effects of a quite small A~ should be conspicu-
ous. However, at very low temperatures, Aj
terms are quenched by removal of the Kramers
degeneracy as discussed in Sec. II . ighI. At h' her
temperatures a fraction P„are degenerate and
1- P& are nondegenerate. ' " Thus, the effects of
Ai must be calculated using a superposition of
spectra for As e-'0 (weight P, ) and As =0 (weight

1 —P ). This superposition was calculated for the
entral doublet at temperatures of 3 K, 3.5 K, andcen r

4 K and the generated spectra are shown in Fig.
Two representative ratios As /A, = 0.015 an d 0.02
were chosen. Spectra generated with either higher
or lower ratios were in gross disagreement with

athe data. Values of I'I, deduced from the data o
Wright et al '" are indicated in Fig. 9. From a
comparison of these calculated curves with the
3.5 K spectrum in Fig. 8 we deduce A& A, =0.A =0.01'7

+0.005. Taking the value of" g, = 19.32 +0.01 we
deduce gi =(Aj /A, ) g, =0.3 +0.1. This is certainly
within the range gi =0.5 +0.5 first reported by

tl1Wright et al. ' but is smaller than the more recen
gi =0.7 +0.1 deduced from far-infrared EPR work.
The infrared spectra were complicated by a num-
ber of overlapping spectra from different isotopes
and the experimental spectra had to be theoretical-
1 corrected to remove extensive broadening ef-
fects due to a large nonuniform demagnetizing fie
y corr

ld
within the sample. These difficulties probably ac-
count for the differences in gj obtained by the two
experimental techniques. We note two possible
mechanisms which could make the A~ contribution
in our Mossbauer study appear to be smaller than
it actually is. One of these is possible exchange
splittings due to ions more distant than first near-
est neighbors. There was no evidence for this in
earlier zero-field optical work. " A second pos-
sible mechanism is relaxation broadening at tem-
peratures below 10 K. This would tend to average
out the calculated differences in spectra for
Kramers degenerate and nondegenerate ions. The
observed temperature-dependent line shapes below
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FIG. 11. Mossbauer transmission spectra and calcu-
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T —= 70 K. Note the reduced velocity scan from Fig. 10.
The calculated spectra do not agree with the data above
T = 60 K because of population and relaxation through
excited crystal-field states near 70 cm ' (108 K).

10 K are not consistent with this mechanism at
least within the relaxation model we have assumed.
At this point we feel that g~ inferred from our
M5ssbauer study is certainly a lower limit while
the infrared value represents an upper limit. We
also feel that the M5ssbauer gj is more repre-
sentative of the true zero-field value.

C. Spectral analysis for T& 10 K

Representative spectra for the region T &10 K
are plotted in Figs. 7, 10, and 11. Relaxation
broadening begins abruptly near T=10 K and in-
creases sharply with increasing temperature. The
solid curves shown in Figs. 7, 10, and 11 are the
result of analysis using the Ising relaxation treat-
ment discussed in Sec. III E. The time evolution
of the spectra is described by Eq. (26) and the
low-temperature hyperfine parameters are as-
sumed to be independent of temperature. Ratios
of 0/I' associated with the computer fittings are
shown in Figs. 7, 10, and 11 where F is the mini-
mum observed absorption linewidth; I' = 77.5 MHz.
From Table II the Larmor frequency associated
with A, is QL, =831 MHz. The calculated 0/I' val-
ues indicate that 0 =QI near T =36 K. The mini-
mum detectable frequency was 14 MHz near and
below 10.8 K. Although the relaxation rate cer-
tainly continues to decrease below 10.8 K, it could
not be followed because of the source linewidth.
Note that the hyperfine structure is still well re-
solved for T» T~ = 3.39 K. At T = 60 K the fre-
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FIG. 12. Temperature dependence of spin-lattice
relaxation frequencies determined from our Mossbauer
data on DyPO4 and that of Gorebchenko et al. (Ref. 44)
on DyVO4 ~

quency is 66'70 MHz. Above this temperature our
theoretical analysis based on a single relaxation
frequency within a single Kramers state could not
reproduce the experimental spectra. This is be-
cause other states near 70 cm ' (108 K) are being
populated (see Fig. 2). This alters the relaxation
channels and produces a superposition of more
than one hyperfine spectrum. A comparison of the
experimental and calculated spectra near T =70 K
in Fig. 11 indicates that quadrupole splittings as-
sociated with these states near 70 cm ' are con-
siderably smaller than for the ground Kramers
state. In Fig. 12 the 0/I' values are plotted on a
log scale versus 1/T Below. T = 36 K the data fall
on a straight line. This temperature dependence is
characteristic of spin-lattice relaxation proceeding
by an Orbach process. " The transition between
the

~

I",) and )
I', ) components of the ground, ex-

change-split Kramers state is thus an indirect
scattering process involving an excited electronic
state at 4& above the ground state with Q= Q,e ~
From the slope of the straight line in Fig. 12 we
obtain 6& —110K which is in close agreement with
the calculated position of the first excited crystal-
field state in DyPO, ."'" A value Q, =2&& 10"sec '
is also deduced from Fig. 12.

The dashed curve in Fig. 12 is from data taken
by Gorebchenko et al."on DyVO4. Over the lim-
ited temperature range of 4-11 K they also ob-
serve a linear dependence on 1/T with an associ-
ated 4z =40 K. However, the relaxation processes
in DyVO, are complicated by a crystallographic
transition at T =13 K.

We note here that although the experimental ex-
change gaps were incorporated into our analysis
through Eqs. (28) and (29), they have little influ-
ence on the observed relaxation (compared with
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taking W, = W, ) except at temperatures near 11 K.
This is because the maximum exchange gap is
about 10 K and for kT» nE, Eqs. (28) and (29) re-
duce to W, =W, .

n —= (1 —y„)/(I —o', ) = 190. (33)

This is very close to the theoretical n calculated
by Gupta et al."for Dy". Wickman et aL" deter-
mine n =262 in DyES. However, they used an ear-

D. Quadrupole and shielding parameters

The first term in Eq. (18) is the 4f-orbital con-
tribution to the quadrupole parameter P. The fac-
tor R in this equation is a number much smaller
than one and most estimates yield roughly the
same value for it. We use R~ = 0.124 from the the-
oretical calculations of Gupta et aL" Using ~I', }
from Eq. (5), Q=(2.36+0.04)x10 "cm2,"(r ')
=62.087x10" cm ' "and (J~[o. ~~

J}=-0.066215
we calculate the ionic contribution to P: P;,„/h
(DyPO, ) =70.4 MHz. This is greater than the mea-
sured value of 60.3 MHz because the lattice con-
tribution to P [the second term in Eq. (18}]has
the opposite sign to P;,„. From the calculated P;,„
we estimate the lattice contribution: Ph, = Pm~
—P;,„or P„, /h (DyPO~) = —10 MHz.

Information concerning electric field gradient
shielding parameters is frequently inferred from
P„,. From Eq. (18)

P„, = -(e'QBD/10(r'})[(I —y„)/(I —o,)]. (32)

Taking B, =151.7 from Table I, (r ) =0.203x10 '6

cm', ' and Q and Ph, from above, we calculate

lier, less accurate, value of Q= 2.6x10 "cm'."
If the more recent Q is used instead then their a
is in close agreement with our own. However,
DyES is a much better material in which to study
the ratio n since Pi„ is almost five times larger
than in DyPO4. It will be interesting to remeasure
this parameter in DyES using a higher resolution
fluoride source similar to that used in the present
study.

E. Nuclear specific heat

In an earlier specific-heat measurement, Col-
well et al.' obtained a value for the nuclear
specific-heat contribution of C„T'/R = 0.000 33 K'
based on data between T =0.4 and 0.6 K. They
themselves questioned this result since it is a fac-
tor of 10 smaller than that calculated using the ex-
pansion term

C~ T'/R =- (A', /9)[S(S + 1)][I(I+1)].

From the present Mossbauer results, the nuclear
energy levels E~ of Fig. 3 appropriate to ' 'Dy can
be calculated. With the measured ratios" A, ("'Dy)/
A, ("'Dy) = -1.404 and P('6sDy}/P("'Dy) = 1.04, the
energy-level diagram for '"Dy can also be calcu-
lated. Only "'Dy and "'Dy contribute to the nucle-
ar specific heat. All the other isotopes are even-
even and have degenerate nuclear states. The rel-
ative abundances of these isotopes is known to be
'"Dy: "'Dy: Dy (even-even) = 24.9:18.7: 56.4."
With this information the nuclear specific heat can
be calculated for each isotope and then summed to
get the total using"

(34}

Wright et al. ' ignored the quadrupole contribution
P. The inclusion of the P term in our calculation
has a marked effect on the shape and location of
the Shottky anomaly near T =0.04 K. However,
C„T'/R is reduced by only 10% in the range
0.4 & T &0.6 K which is the range of the measured
specific heats. Therefore, a first-principle cal-
culation of C„using measured nuclear parameters
cannot account for the anomalously low specific
heat observed by Wright et al. ' It seems likely,
as they speculate, that a thermal contact problem
caused spurious results at the lowest temperatures
of their study.

VI. CONCLUSION

Mossbauer spectroscopy of the 26-keV y-ray
transition in "'Dy has been employed to study nu-

clear hyperfine interactions in the Ising-like anti-
ferromagnet DyPO~. The spectral resolution
available allowed accurate determination of the
magnetic hyperfine tensor components and relaxa-
tion-frequency parameter from low-velocity scans
of the central doublet in the 16-line spectra. The
value of A~ determined is about 7% higher than that
obtained in previous far-infrared EPR experi-
ments" and is very close to the calculated A~
for a free Dy" ion. Since this is the first time
precision measurements of this parameter have
been made on the same material by independent
techniques (involving ionic hfs and nuclear hfs)
the discrepancies were totally unexpected and
raise interesting questions regarding the assump-
tions upon which previous hyperfine data analysis
has been based. A new value for k =A,/2hg, was
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determined with greater accuracy than previous
experiments. Likewise, an improved value for the
ratio of excited-state to ground-state quadrupole
moments Q, /Q~ was deduced. The lattice contri-
bution to the quadrupole interaction was deter-
mined after calculating the ionic contribution using
the ground state Dy" wave function obtained in in-
frared and optical studies. "'" From this lattice
contribution a ratio of shielding parameters
(1-y„)/(1- o,) was calculated which is in good
agreement with other theoretical" and experimen-
tal work. " The effect of off-diagonal A~ contribu-
tions to "'Dy spectra was observed for the first
time but only in a temperature window 3 & T &10 K.
At very low temperatures almost all Dy" ions
have their Kramers degeneracy lifted by near-
neighbor exchange coupling and the A~ contribu-
tions are quenched. Between T =3 and 10 K an in-
creasing number of ions see a zero net exchange
field from antialigned near neighbors and are
Kramers degenerate. The fraction of ions with
and without Kramers degeneracy is available from
optical data"" and was included in our analysis.
From the measured A~ a value for g~ =A~/2kk
=0.3 +0.1 was computed. This is somewhat lower
than gj =0.7 +0.1 reported in recent infrared"

work done in high magnetic fields. Since there are
possible reasons for error in either experimental
technique, the true value of g~ is presumed to be
between the lower limit established by Mossbauer
work and the upper limit established by infrared
work. Either number establishes an extremely
high anisotropy of the g tensor. Relaxation con-
tributions to the spectra were analyzed in the An-
derson" stochastic model as developed for M5ss-
bauer use by Blume. " By incorporating exchange
splittings of the ground Kramers doublet deter-
mined from optical studies' "the spectra could be
analyzed using a single relaxation-frequency pa-
rameter A(T). Values of 0 were determined for
11 & T & 60 K. For 16 & T & 36 K the temperature
dependence is 0 = Q,e corresponding to an
Orbach" spin-lattice relaxation process via an ex-
cited electronic state at bt:. The obtained in
this analysis is in close agreement with that de-
duced in far-infrared studies. "'" The nuclear
specific heat for DyPO4 was calculated from first
principles using the measured nuclear parameters
obtained in this study. This calculation showed
that the C„T'/Il deduced in low-temperature
specific-heat measurements' is a factor of 10 too
small.

*Present address: Physics Department, American
University, Washington, D. C.

/Supported by a NRL-NRC Research Postdoctoral fellow-
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'These crystals were taken from the same growth series
as those used for magneto-electric (Ref. 7) and far-
infrared EPR studies (Refs. 10 and 11.).
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