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Groundmtate magnetic resonance of DypG, in the far infrared
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Magnetic resonance has been observed in the Ising system DyPO4 utilizing a far-infrared laser

magnetic-resonance spectrometer, in applied fields H
~
~V sufficient to saturate the spin system. The

resonance spectra obtained at 220.23 p,m (45.407 cm ') and 171.67 p,m {58.25 cm ') at 4.2'K were

composed of three superimposed hyperfine patterns. Two of them were six-line patterns, one from
"'Dy'+ (I = 5/2) and one from ' 'Dy'+ (I = 5/2). In addition there was a central line due to even

isotopes (I = 0). All six lines of ' 'Dy'+ were resolved, yielding a value for the spin-Hamiltonian

parameter ' '(A /g~) = 37.2 X 10 ' cm ', while for "'Dy'+ we obtained ' '(Big~)=26 6 X 10 ' cm

from the four components which could be resolved. From the two I = 0 resonances at 53 338 and

67 579 Oe, we obtain gt ——19.32. The eA'ects of a large nonuniform demagnetizing field on the line

shape have been observed and analyzed in detail.

I. INTRODUCTION

DyP04 is one member of a family of isomorphic
rare-earth (RE) compounds including the RE ortho
vanadates, -arsenates, and -phosphates which pos-
sess the zircon crystal structure shown in Fig. 1.'
This structure has the space symmetry of D,'„' with

the RE iona occupying sites of D2„symmetry.
While many of these compounds exhibit spontaneous
crystalline distortions at low temperatures, DyPO4
does not. It does, however, order antiferromag-
netically at 3.39'K. The ordered state has been
determined from several investigations to be Ising-
like in a two-sublattice arrangement as shown in
Fig. 1.' 4 In addition, in the ordered state a large
magnetoelectric effect has been observed. ' Studies
using optical spectroscopy showed' that the ground
state was extremely anisotropic, exhibiting a g,
=19.5 +Oe4 and g, =Q. 5+0.5. This anisotropy is
the source of the observed Ising behavior. This
same work' reported the somewhat surprising re-
sult, however, that heat-capacity measurements
indicated a value for the hyperfine interaction about

a that reported for Dy' in Y(CH,COO), 4HaO (yttri-
um acetate).

The large value of g„reported for the ground
state of DyPO4 indicated that magnetic resonance
could be observed in the far infrared using mag-
netic fields available from superconducting sole-
noids. Several things could be learned from such
a study. First, the question of the anomalously
small hyperfine interaction inferred from heat-
capacity measurements could be resolved by a di-
rect spectroscopic measurement. Second, reso-
nance spectra at these energies would reveal the
presence of any low-lying electronic states, a cru-
cial element in understanding the Ising-like be-
havior of this material. In addition, the strength
of the observed resonances, if purely magnetic

dipole, could yield a determination of g, indepen-
dent from that obtained by visible spectroscopy.

The appearance of far-infrared molecular-gas
lasers made possible the extension of magnetic-
resonance studies from the microwave region up
into the far infrared. This possibility was quickly
exploited in the investigation of concentrated mag-
netic insulators. ~' Previously, magnetic ions
were generally studied as low-concentration im-
purities in diamagnetic hosts in order to avoid the
line broadening caused by coupling between mag-
netic ions. When the high magnetic fields employed
in moving a resonance into the infrared can effec-
tively saturate the spin system, the resonance will
sharpen even in highly concentrated magnetic mate-
rials. After our first reported observation of the
ground-state magnetic resonance of DyPO4, im-
provement of the experimental facilities permitted
the resonance to be obtained at two separate fre-
quencies and with resolution sufficient to observe
the hyperfine structure. A preliminary report of
these results was presented at the 16th Annual

Conference on Magnetism and Magnetic Materials.
In the present paper we report these results in
detail.

We shall first discuss the experimental tech-
nique, then consider the results obtained for the

splitting factor and the effective fields caused by
ion-ion coupling and shape-dependent demagnetizing
effects, and finally evaluate the observed hyperfine
structure.

II. EXPERIMENTAL TECHNIQUE

The details of our experimental technique have
been thoroughly reported elsewhere, ' so only a
brief description will be given here. The magnet-
ic-resonance spectrometer system is shown sche-
matically in Fig. 2. The radiation emitted by the
molecular-gas laser is passed through a mono-
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the laser is run as a pulsed gas discharge, the
pulsed signals are then passed to separate "box-
car" integrators (i.e. , gated integrating ampli-
fiers) which generate a dc level proportional to the
integrated pulse. The two dc signals are then
ratioed and the ratio A/8 is displayed on one axis
of an x-y recorder, the other axis being driven by
a signal proportional to the strength of the sole-
noid's field. If a sample is placed in the solenoid
bore one obtains directly a record of transmission
versus applied magnetic field.

DyPO4 was investigated using a. crystal (8.4
x2. 3xp. 46 mm), oriented as shown in Fig. 3, in
which the applied magnetic field is parallel to the
optic axis and the incident radiation propagates
perpendicular to the optic axis. The radiation was
polarized either o (E i C) or s (E ~~ C) and the sam-
ple temperature was maintained at 4. 2 'K.

FIG. 1. Unit cell of Dyp04. c = 6. 917 A, c = 6.053 A.
The arrows at the Dy '-ion sites indicate the moments in
the antiferromagnetic state. The Dy3' site symmetry is
D&. The structure's space symmetry is D4&.

chromator to select out one of the several frequen-
cies which may be present. The radiation is then
passed through a beam splitter which directs part
of the light to a reference detector B. The re-
mainder of the light is deflected to pass down the
bore of a superconducting solenoid to another de-
tector A. The two signals are amplified, and since

III. EXPERIMENTAL RESULTS

Figure 4 iS an example of one of the observed
resonances. There are two principal observations
to make on the line shape: First, it has consider-
able structure, i.e. , it is really a cluster of sev-
eral resonance lines; second, it is decidedly asym-
metric. The former is caused by the hyperfine in-
teraction in the odd isotopes 's'Dy and '~Dy. The
latter is chiefly caused by the inhomogeneous de-
magnetizing field within the sample. We shall deal
with the latter problem first since it alters the
resonance fieM values which go into the analysis of
the hyperfine interaction.

In this study, two separate laser frequencies
were used. Magnetic resonance was obtained at
6V SV9-Oe applied field using the DsO-vapor laser

CHROMATOR

suPERCONDUCTING
SOLENOID

( A '- DETECTORS

1F

BOX- CAR
INTEGRATOR

I I A
~r

I OSCILLOSCOPE

SIGNAL

GATE

, e)

[ AVP )

SIGNAL

GATK

$ t

eox-cAR
IN T EGR ATOR

(rl ts
qP

TRIGGER c
GENERATOR

POWER
~ SUPPLY c
IOkv -I omp

kk

FIG. 2. Schematic dia-
gram of magnetic-reso-
nance spectrometer.

RATIO

A~e

RECORDER



10 GROUND-STATE MAGNETIC RESONANCE OF DyPO4 IN THE ~ ~ ~

PIG. 3. Orientation of crystal sample with respect to
the applied magnetic field 8 and the propagation of the in-
cident radiation which is polarized vt (E l1c) or o (Elc).
The edges of the sample are paraQel to the unit cell di-
rections 8, a, and c.

frequency of 58. 25 cm ' (1V1.6V pm), and again at
5333S-Oe applied field using the H30-vapor laser
frequency of 45.40V cm ' (220. 230 p, m). Both were
seen in m polarization only. From these two high-
field points one obtains

g„=s, v/p, snH = 19.32 ~0.01,
where ps =0.4668V && 10 4 cm '/Oe (Bohr magneton).
This is in excellent agreement with the value g„
= 19.5 +0.4 obtained from optical spectroscopy,
and indicates that at least up to = 60 cm ~ there is
no coupling of the ground doublet to other lear-lying
states.

The observed resonances are obtained in a satu-
rated paramagnet so that the effective resonance
fields are not merely the applied magnetic fields.
One must also consider the dipolar fields from the
magnetic moments of the other Dy3+ ions in the
sample and any additional effective fields due to
other couplings between Dy~' ions. The latter fields
shall arbitrarily be grouped together under the
heading "exchange. "

Once the applied field is sufficiently high to satu-
rate the paramagnetic system, any observed reso-
nance frequency is then given by

v ' =g„p (H s+HL~~~~+H«),

where H ~~ is the applied magnetic field at reso-
nance, H~, is the magnetic field at an ion site due
to the dipolar moments of all the other Dys' ions
in the sample when they are aligned with the applied
fieM, and H„ is any additional effective field due
to other couplings between the aligned Dye' ions.

The dipolar field is calculated in the standard
manner by first summing the contributions from

individual dipoles within a sphere of radius 8 cen-
tered at an ion site and then enlarging R until the
summation ceases to change. One then mathe-
matically excises this sphere from the sample,
and calculates the field due to the remaining sur-
face polarizations. The inside surface is the
Lorentz sphere and contributes + nMO, where Mo
is the saturation magnetization. The contribution
of the outside surface depends upon sample shape.
It can be represented by a demagnetizing field
DM0, where D is a function which depends upon
sample geometry and location within the sample.
Thus we have

H, „=H, +$ M, +DM, ,
E

where

3 r, s(ps ~ r, s)&I
die &3 &5
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FIG. 4. Magnetic field dependence of the transmission
of DyPO4 at X=171.67 pm (58.25 cm ~). The individual
hyperfine components for ' Dya' and '630ys' are indicated,
as well as the central component for the even isotopes.
The linewidth of an isolated component is 25 Oe.

Since all of the ions are Dy" in the ground state
with their moments aligned along the tetragonal
axis, we have for the magnetic moment per ion

~ p, ~

= p,,=2gps=8. 958&&10' erg/Oe (emu) .

Carrying out the geometric summation to a 106-
o
A radius (a sphere containing 6V&&10 Dy

' ions),
one obtains a field

H,E„=2125~5 O .

The uncertainty represents the residual oscillations
in the summation. This field is oppositely directed
to H, » at the ion site.

The saturation magnetization Mo is just the
magnetic moment per cm for all of the Dy'
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leading term. This remaining term yields a unidi-
rectional but inhomogeneous demagnetizing field.
The demagnetizing field becomes homogeneous only
when a uniformly magnetized sample is ellipsoidal.
For the form of the explicit expression applicable
to our sample shape, rectangular prisms, we shall
employ a rectangular coordinate system whose ori-
gin coincides with the center of the sample illus-
trated in Fig. 3, and whose coordinate axes are
oriented x ~t a, y ~~ a', and z ]~ c. The end points of
the sample in these three directions are given by
x= +A, y =+B, and z =+ C. For our sample A: B:C
=1:5: 20, with the saturation magnetization di-
rected along z. From JS we then have the varia-
tion of the demagnetization field in the y —z plane
(@=0)given by

H, —=DM0=2M0[tan 'g(y, z)+tan 'g(-y, z)

+tan 'g(y, —z)+tan 'g(-y, —z)],

where

FIG. 5. Lines of constant demagnetizing field in the
x=0 plane of our sample (8. 4&&2. 3&&0.45 mm}. Field
values are in units of Oe. The pattern is symmetric
about s = 0. The dashed lines indicate the aperture
through which the transmission was measured.

aligned. Since there are four Dys' ions per unit
cell, and the volume of a unit cell is 2. 896X10
cm (8. 91V&&6. 91VX6. 053 A), we obtain MO=1237
Oe. Hence the Lorents field is $ vM~= 5181 Oe.
This field is directed parallel to H,» at the site.

The demagnetizing field in magnetized nonellip-
soidal bodies has been considered by Joseph and
Schlomann (JS)." ln that paper they have assumed
no g-factor anisotropy and have developed an ex-
pression for the demagnetizing field in the form of
a converging series expansion in powers of M+IH,
the magnetization over the applied field. The
Ising-like anisotropy of DyPO~ makes it a very good
approximation to assume that under the conditions
of our experiments (in which the magnetization is
saturated), the magnetization is perfectly uniform.
This reduces the series expansion of JS to only the

A(B -y)
(e- )(A'+(a-y)'. (C- )']'~.

The variation along x is small, and has therefore
been ignored. This distribution of the field in the
sample is illustrated in Fig. 5, where lines of con-
stant H have been drawn in the (y, z) plane with
x= 0. Our sample was mounted on a mask whose
aperture is indicated by the dashed line in Fig. 5.
Transmission therefore occurred only through this
aperture, and we assume there was uniform inten-
sity of the laser beam across it.

The spatial variation of the demagnetization field
can significantly alter the observed shape of the
resonance absorption line, since it will depend upon
the intensity of radiation passing through each re-
gion of the crystal. These effects can be calculated
by blocking the crystal into segments of approxi-
mately constant H to give the relative number of
ions in each unit interval of demagnetizing field
(Fig. 6). The transmission from each field inter-
val is then summed, weighted by the number of
ions in that interval. The resulting line will be
asymmetrically broadened by the distribution shown
in Fig. 6. If the single-ion line is much narrower
than the width of the distribution at half-maximum
(i.e. , «10 Oe), the resulting line shape will be
just that in Fig. 6, with the resonance-line peak
shifted by 138 Oe. If the single-ion line is broad
compared to the distribution, the result will be a
broadened version of Fig. 6 with the maximum
shifted to even higher fields. We shall see in Sec.
IV that for the width derived from the best fit to the
observed spectral profile the peak is shifted by an
additional 21 Oe. This gives a total demagnetiza-
tion field shift to the resonance-line peak of 159
Oe. This field is directed oppositely to H„,.
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FIG. 6. Relative number of ions in a unit field in-
terval as a funotion of demagnetizing field for the apera-
ture shown in Fig. 5.

where v,", is due to the four aligned near neighbors
(nn) and v,„is due to summing over the remaining
Dy' iona. Optical spectroscopy in zero applied
field yieMed a measure of the near-neighbor dipo-
lar -plus-nondipolar fields. It showed that'

vo =v~~+v,",= —V. 35+0.20 cm

Since v~~, the nn dipolar energy, can be calculated
to be

vg~ = —3. OV cm

we have v„=-4. 28 cm '. From Eg. (8) we obtain

vE, =v„—v", = —1.0+0.2 cm ~.

This result compares very well with that obtained
from the optical spectra, where from measure-
ments of line shifts below the antiferromagnetic
ordering temperature and line shifts at the meta-

If we define a positive field as one in the same
direction as the moments of the aligned ions, the
summation of these contributions to the total dipo-
lar field is

H~~ ———2125+ 51&1 —159= 2&9V Qe.

We are now in a position to go back to Eg. (1) in
order to estimate the nondipolar contributions to
the internal field, H„. Choosing one of the partic-
ular resonances,

v ' = 45. 40V =g„ps(58 888 + 289V +H„) .

Solving, we obtain

ex g((PBHex 5. 2V cm

the negative sign indicating an antiferromagnetic
exchange field.

This nondipolar or "exchange" field energy can
be divided into tmo contributions,

nl E"ex = "ex+ "exy

magnetic transition, it was concluded that

vE, =-1.0+0.5 cm '.
IV. HYPERFINE INTERACTIONS

The remaining resonance feature seen in Fig. 4
is a cluster of absorption resonances arising from
the hyperfine interaction in Dy '. To interpret this
structure we note that for an odd-electron ion in
Da~ site symmetry having an isolated Kramers-
doublet ground state such as we have, the energy
can be represented by the spin Hamiltonian

X= vs[ g„S~H~+g~(S„H„+S„H~)]+AS, I,
+B(S„I,+S„I„)+P[I~—3 I(I+ 1)].

The first term represents the Zeeman interaction,
and since the applied field as well as the additional
effective internal fields are along s, H„=H„=O.
The second and third terms represent the hyperfine
coupling between the electron and the nucleus, and
the fourth term is the quadrupole term.

The specific composition of the hyperfine con-
stant can be written as+

2glvNvavl (» s)(~ H ~) I z gAg — I r
(~() ~)( ~), t —x,

where p.~ is the nuclear magneton, p.I is the nu-
clear magnetic moment, and (r ') is a radial inte-
gral of the 4f electron, r being the radius of the
electron distribution measured from the nucleus.
In this expression the Wigner-Eckert theorem has
been used to replace the crystal-field dependence
of the hyperfine operator N =/[1 —s+ Sr(r s )/r~]
by the crystal-field dependence of the angular mo-
mentum operator A= L+2S =g~ J, since the two
mill differ by a constant dependent only on the J' of
the manifold. This constant is the ratio of the re-
duced matrix elements, which have been evaluatedss
for Dy ', and the crystal field dependence is in the
g factor. Since (r ') for f electrons does not de-
pend strongly upon the particular crystalline en-
vironment, to a good approximation the effect of
local environment on the hyperfine constant is thus
reflected only in the value of g, . Hence A, /g~ is
constant for a given ion in different hosts. Fur-
thermore, if A, =A, g, =-g„, A„=A, -B, and g„=g„
-=g„as in DyPO4, we may also conclude A/g„
=B/g, .

Previous work on Dy
' indicates this to be a

very good approximation due to the =3300-cm
separation of the next highest free-ion level. Opti-
cal spectroscopy indicated g, =0.5 +0.5, and since
g„=19.3, we would conclude 8 =0.026A. . %e shall
therefore ignore the second hyperfine term.

The final term represents the nuclear quadrupole
coupling to the crystalline electric field gradient.
Since we are looking at transitions in which on1.y the
electron state changes (b,S = +1 but d,I,= 0), the
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FIG. 7. Comparison. of the observed resonance line
profile with the best calculated fit. The broadening
mechanism is the inhomogeneous demagnetization field
illustrated in Fig. 5.

quadrupolar shift is the same in both the initial and
final states of the transition, and thus is not ob-
served. So we have the simple approximate spin
Hamiltonian

X= g„p,a SIHI +A.S~II . (3)

There are actually three superimposed spectra:
one six-line pattern arising from 1~1Dy1' (I= 2), one
six-line pattern from 18 Dy1' (I= 2), and the central
line due to all of the even-mass isotopes which ex-
hibit no hyperfine interaction. Isotopic abundances
al'e 151Dy. 18$Dy. eveaDy 18.Il ' 24 8' 56 4%. The
basis for the six-line hyperfine patterns can be
seen immediately if we rewrite E11. (3) as

K =g„V.s S,[H, + (A/g„11s)1, I .
Since I assumes the six values+&, ~... ——,', we

may regard the hyperfine interaction. as merely
adding an effective magnetic field which is quantized
such that the resonances are spaced in six equal
increments symmetrically about I =0, with a spac-
ing SH, =A/gIII1s To obtain the hyperfine splitting
from the observed spectra we constructed the thir-
teen-component pattern, with the relative strengths
scaled to reflect the natural isotopic abundances,
and then numerically integrated the spectrum over
the demagnetization field distribution as discussed
in See. IQ. The best fit of calculated to observed
line shape was obtained using Gaussian lines of
width 16 Oe, cross section at center oo= 1.34
x 10 '9 cm and hyperfine field spacings of hH1B1

= 57 ~1 Oe and rhJV' = 80~1 Oe. This calculated
spectrum is shown with the observed spectrum in
Fig. 7. To illustrate the dramatic effect of the
inhomogeneous demagnetization field, the calculated
spectrum is shown in Fig. 8 compared with the
case of a uniform demagnetization field. Using g„

IOO-

I6I Dy

163 Dy

80-

Q
V1
Vl$60-
Z'

tx'.

40

20-

0 I I I I I I I

-400 -200 Ho 200 400
APPUED FIELD {Oe)

FIG. 8. Asymmetric profile (heavy outline) represents
our best fit to the observed resonance, as shown in Fig. 7.
The symmetric profile (crosshatched) is the unbroadened
spectra one ~ould observe for the same resonance in a
homogeneous demagnetizing field.

It is of interest at this point to compare this re-
sult with earlier work on Dy '. From the previous
discussion of the hyperfine constant we saw that
A, /g, should be approximately constant for the
ground state of a given ion, independent of the crys-
talline environment. In Table I our values for this
ratio in DyPO4 are compared with those for other
Dys' compounds, and the agreement among the dif-
ferent compounds is excellent. %'e must therefore
conclude that the anomalously low value for A/g„
in DypO~ which was predicted by others' on the
basis of specific-heat measurements must be re-
jected.

The use of such large resonance fields might
raise the question of the contribution of nuclear
Zeeman splitting. The larger nuclear moment is
reported for '~Dy (i1~ =+ 0. 64i1„)." If we assume
a field of 80 kOe, this would cause a shift in the

Dy hyperfine lines of

E=2(0.64)(0.25&&10 cm 1/Oe)(SXIO Oe)

=2x10 cm

where i1„=0.25x10 ' cm '/Oe. In terms of applied
field this is =2 Oe, which is the order of the un-
certainty in our data.

The unbroadened line shapes which we infer from
our fitting procedure can be used to obtain an esti-
mate of the oscillator strength. A Gaussian line of
width at half-maximum of 16 Oe and oo= 1.34x10 '
cm' yields an integrated cross section of f o(v) dv
= 6. 12 X10 "cm1/sec. The index of refraction was
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TABLE I. Spin-Hamiltonian hyperfine constants. (All
entries are in units of 10 1 cm «).

Double nitrate~

&~gll &l'gi

Acetate~ Phosphate

16«D 34

163D 3+
27. 13
37.9

27. 6
38.3

27. 9
39.5

26. 6
37.2

~Reference 12.

= (0. V8 +0. 16)&& 10

In order to calculate the transition probability,
we note that the lowest free-ion state of Dy

' is
H«&, and in a site of symmetry D2~ one obtains
states containing m~ components which differ by
4m~ = +4. The ground state g„=19.32 which we ob-
served is so large that the state is necessarily
nearly pure mz --+P. (Pure mz =P would yield
g„= 19.68. ) We can therefore conclude that the
composition of the Kramers doublet is of the form
ly a& =al +tl~&+b la p&+c lv &)+die~&. The only w

transitions allowed within this doublet are magnetic
dipole (MD), &m~ = ~1.

Since the transition is magnetic dipole ((((,m~ = +1),
the theoretical oscillator strength is

fMc = (4. 028&& 10 "cm)[ v, , (cm ')]

~nl&(l If,„+as„/g') I'.
Our laser frequency is 5&. 25 cm ' and n =3, giving

f = 7. 04 x 10 I&(l I
L + 2s„ l(l' '&I

'

determined from the spacings of the channel spec-
trum obtained on a 170-p.m-thick sample. The re-
sults are shown in Fig. 9 for the spectral region
90 to 160 cm '. The index falls rapidly as one
moves to energies below the restrahlen region.
Below 100 cm ' the index apparently levels off to
n=3, the va, lue we shall use. Thus the experimen-
tal determination of the oscillator strength is given
by

J v( )dv, —=(8. (2X(O ')(37. 88)(-)

known variation in the demagnetizing field indicates
that demagnetization effects cannot be ignored when
dealing with finely detailed resonance spectra.
The precision to which agreement could be obtained
in the fitting procedure was limited by the signal-
to-noise in the laser output, the nonuniformities in
the rate in which the applied magnetic field was
swept, and by the assumption of uniform illumina-
tion of the sample.

The obvious way to eliminate such effects is to
form spherical samples, but because of the strong
absorption in concentrated materials, a sufficiently
short absorption length would require an impracti-
cally small aperture. A more practical approach
is to obtain thin samples of large surface area, and
mask off all but the center section. Although large
thin samples were not available to us, an additional
resonance spectrum was obtained at X =220. 23 p, m
(45. 407 cm ') on the present sample after masking
the aperture down to +1.05 mm in the z direction.
While this did cause a further deterioration in sig-
nal-to-noise, we observed both a distinct sharpen-
ing of the hyperfine structure, and a contraction
of the high-field tail, exactly as expected on the
basis of the demagnetizing field distribution.

We have not included any quantitative discussion
of possible interference phenomena. Such effects
arise whenever one passes plane parallel mono-
chromatic radiation through samples which are
plane parallel dielectric slabs. The use of laser
sources for far-infrared magnetic resonance can
make these effects particularly striking. They
were first reported as being seen in the cyclotron-
resonance spectra of InSb, '6 and have since been
seen by others. '~' The only evidence of interfer-
ence in our spectra can be seen in Fig. 4, where
the transmission on the low-field side of the reso-
nance rises slightly above the level seen far from
the resonance. A detailed analysis of these optical

,
4( n ((ndex)

Equating this with the experimental strength, we
find that

&(l'If. +2s. ll'& =&Pig~ J.It'&=0 88

and thus

g, =-8&/ Ig,z, I
(l(' & = 0. 7 ~ 0. 1.

This compares well with the g, = 0. 5 +0. 5 (Ref. 5)
obtained from optical-spectroscopy Zeeman-split-
ting measurements.

U. DISCUSSION
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The good general agreement between the ob-
served line profile and the one calculated from the

FIG. 9. Index of refraction of DyPO4, obtained from
the fringe spacings of channel spectra of a 170-pm-thick
sample.
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effects for our samples was unjustified because of
the sample's poor optical quality. Microscopic in-
vestigation of the sample thickness indicated a step
structure on the surfaces, causing thiclI."ness varia-
tions of 30 to 40 p, m. A far-infrared index of re-
fraction of = 3.0 implies that these variations
amount to = X/2 at our laser wavelengths. Repeated
attempts to cut, grind, or polish oux samples re-
sulted only in fracturing them. These very brittle
flux-grown samples appear to be composed of many
long thin crystals adhered together much like the
individual boards in flooring. Since any observed
interference effects in the resonance spectrum
would be a weighted average over the whole sam-
ple, we have assumed they are sufficiently varied
to have largely canceled.

VI. CONCLUSION

We have observed magnetic resonance in the con-
centrated paramagnetic Dyp04 in fields high enough
to saturate the spin system. The resonance fre-
quencies, in the fax infrared, were generated by a

pulsed molecular-gas laser. Sufficient resolution
was available to see the details of the hyperfine
structure from the odd isotopes ' 'Dy and ' 'Dy.
The hyperfine constants of the spin Hamiltonian
thus obtained agree very well with the hyperfine
interaction found in other Dy" compounds. The
speculations which had been made by others con-
cerning an anomalously low hyperfine interaction
in DyP04 have therefore been found to be unsub-
stantiated. Values which we calculate from our
data for magnetic near-neighbor interactions, and
the ground-state g-factor components g„and g„
agree well with the results obtained from optical
spectroscopy by others. Finally, a detailed analy-
sis has shown that for materials composed of such
high-moment ions, the effects of an inhomogeneous
demagnetizing field upon the resonance line shape
can be very important. In those cases where non-
ellipsoidal sample shapes are unavoidable, precise
calculation of the inhomogeneous line broadening
can be very successful at reproducing the observed
resonance line profile.
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