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The paramagnetic-excitation spectrum of TbPO, has been investigated by means of inelastic neutron-
scattering techniques, and the observed crystal-field transitions were analyzed using a Hamiltonian that
included the atomic free-ion and crystal-field interactions for an f® configuration. Five parameters for
the crystal-field potential were obtained that provided a satisfactory description of the neutron data col-
lected at temperatures between 4.2 and 150 K. The calculated crystal-field contribution to the specific
heat in the 4-10 K temperature range and the paramagnetic susceptibility agree well with the experi-
mental results. The large anisotropy of the magnetic ground-state doublet of the Tb ions with respect to
the crystallographic ¢ axis has important consequences for the spin structure in the antiferromagnetic
phases at low temperatures. The effective internal magnetic field in antiferromagnetic TbPO, was es-
timated based on the crystal-field-level scheme and a molecular-field approximation and was found to be
in good agreement with the values reported from other measurements.

I. INTRODUCTION

A number of investigations,! %! both experimental and
theoretical, have previously been undertaken in attempts
to understand the intriguing physical properties of
TbPO,. At low temperatures, this compound exhibits
two magnetic phase transitions: an antiferromagnetic or-
dering of the Tb moments along the crystallographic ¢
axis of the tetragonal zircon structure at 2.28 K and a ti-
Iting of the magnetic moments away from the ¢ axis in
the (110) planes below 2.15 K.!™® The latter transition is
accompanied by a cooperative Jahn-Teller effect involv-
ing Tb ion-lattice coupling that induces a tetragonal-to-
monoclinic distortion of the crystal lattice and a readjust-
ment of the Tb electronic states as required by the lower-
ing of the rare-earth site symmetry. An anomalous
behavior of the Young’s modulus and lattice parameters
of TbPO, (in comparison with nonmagnetic YPO,) was
found in the temperature range of 10-150 K.* The
crystal-field states and the spin dynamics of the Tb** ions
have important consequences for the magnetic and
luminescence properties of TbPO,, which are manifested
in the magnetic susceptibility,'' ¥ magnetization,®'>!*
specific heat,” !> magnetic phase transitions,?>?! and in
the optical-adsorption/emission spectra.’”® A charac-
terization of the electronic wave functions of the crystal-
field states and the nature of the spin-spin and spin-lattice
interactions is useful for understanding both the bulk and
microscopic properties of the material.

In spite of numerous prior studies employing various
experimental methods, information regarding the
crystal-field-split ground-multiplet wave functions of
Tb>* ions in TbPO, is still incomplete. Table I lists some
of the previous significant experimental findings. The
susceptibility and specific-heat measurements indicated
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do not provide sufficient sensitivity for an accurate assess-
ment of the energies and symmetry of the crystal-field -
states, and spectroscopy remains the method of choice
for this purpose. From optical-absorption and Zeeman-
effect measurements, Bohm and co-workers® deduced a
crystal-field-level scheme for the ground ’Fg and the
higher-energy D, multiplets of the Tb ions in TbPO,.
The crystal-field parameters derived solely from the ob-
served data for the 'F, ¢ multiplet, however, differ from

_those obtained from a similar study by Lewis and Prinz.”

These results are also different from those obtained from
fitting the susceptibility'® and magnetization'* data (see
Table I).

Magnetic neutron scattering probes the low-lying elec-
tronic states via magnetic dipole transitions as opposed to
the electric dipole transitions between the ground state
and the significantly higher-energy states normally ob-
served in an optical study. Therefore, these two tech-
niques provide complementary information regarding the
energy-level structure of the magnetic ions. Moreover,
unlike optical spectroscopy, neutron-scattering cross sec-
tions for crystal-field transitions can be calculated
sufficiently reliably to permit a quantitative comparison
to be made with the observed intensities. In fact, in a re-
cent systematic study?*?* of the rare-earth orthophos-
phates, we have found that the crystal-field parameters
obtained from a combined treatment of the neutron and
optical data can facilitate a more consistent description
of the magnetic properties. In this paper, we present the
results of a neutron-scattering study of crystal-field exci-
tations in TbPO, at selected temperatures from 4.2 to 150
K along with a corresponding determination of the
crystal-field parameters using a crystal-field model formu-
lated by spherical tensor techniques based on the scheme
of intermediate coupling. The calculated excitation spec-
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tra agree well with both the neutron and optical data.

GROUND-STATE WAVE FUNCTIONS OF Tb** IONSIN . ..

The calculated paramagnetic susceptibility and specific

heat are also compared with the data previously reported
in the literature. Finally, the energy scale for the spin-
spin interactions, in terms of an exchange field strength
and at temperatures precursory to the magnetic phase
transitions, is estimated from the observed intrinsic
linewidths of the crystal-field transitions at 4.2 K.

TABLE I. Properties of TbPO,.

II. EXPERIMENTAL DETAILS
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About 80 g of polycrystalline samples of TbPO, and
LuPO, were prepared by coprecipitation of the rare-earth
oxide and ammonium hydrogen phosphate in molten
urea followed by a calcination at 800°C to remove the
urea.?* The samples, in the form of a fine powder, were
examined by x-ray diffraction and were found to exhibit

Temperature
range Parameters Experiment Ref.
Crystal structure 2.15-300 K Tetragonal, space group I4,/amd X-ray diffraction 1-3
Tb site symmetry 42m Neutron diffraction
<2.15 K Monoclinic, space group C2
Tb site symmetry 2
. Aa |_ _4 Ac | _ 4 . .
Thermal expansion 10-150 K 8 |— [=5.5X107% & |— |=—4.0X107%, X-ray diffraction 4
relative to YPO, where
s Al'|_ | AI(10K) _ AI(150K)
1 1(290K) 1(290K) |TvPO,
_ | AI(10K) _ AI(150K)
1(290K) 1(290K) |yro,
Relative Young’s 2 K E(2K)/E(100K)—1=—0.33 4
modulus
Magnetic structure 2.15-2.28 K Antiferromagnetic, Neutron diffraction 1,2
spins colinear ||c axis
<2.15 K  Antiferromagnetic,
spins tilted off the ¢ axis
in the (110) planes
Saturated moment 0K 7.9up Neutron diffraction 1
6.36up Neutron spectroscopy a
Néel temperature Tn;=2.28+0.02 K Neutron diffraction 1,2
Tn,=2.15+£0.02 K Optical spectroscopy 5-8
Specific heat 9-13
Magnetic susceptibility 11-14
Magnetoelectric susceptibility 15,19
Effective internal <2.15 K 4.5+0.15 kG Zeeman splittings 5
field strength 5.5 kG, 7.2%+0.2 kG Magnetization 5,6,13
5.23 kG Neutron spectroscopy a
g factors for g =12.25, g,=0 Magnetic susceptibility 16
ground-state doublet g =12.73, g,=0 Neutron spectroscopy a
Crystal-field parameters B} B¢ B§ B} B¢
(em™) 352 112 — 800 — 848 151 Optical spectroscopy 5
426 200 —688 —999 —641 Far-infrared spectroscopy 7
410 200 — 688 999 413 Magnetization 14
357.6 125 —848 — 866 160 Magnetic susceptibility 16
356.5 118.9 —790.4 —798.5 —119.1 Neutron spectroscopy a

*Present work.
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the appropriate tetragonal zircon structure.?’ No impuri-
ty phases were observed within the experimental uncer-
tainty. The powder samples were then pressed into pel-
lets and annealed at 1200°C in air for 24 h, since such
heat treatments are known to promote grain growth and
improve the crystalline quality.?*

The neutron-scattering experiments were carried out
using the high-resolution medium-energy chopper spec-
trometer (HRMECS) at the intense pulsed neutron source
of Argonne National Laboratory. The energy resolution
AE (full width at half maximum) of the HRMECS spec-
trometer varies between 2-4% of the incident-neutron
energy (E,) over the neutron-energy-loss region,
E=E,—E, >0 (where E, is the scattered-neutron ener-
gy).?® For example, AE~2 meV at E=20 meV for
E,=60 meV, whereas AE =~0.12 meV at E=2 meV for
E,=4 meV. Measurements of the isostructural, nonmag-
netic reference compound LuPO, under identical experi-
mental conditions were made in order to estimate the
contributions from nuclear elastic and phonon scattering.
The data were corrected for background scattering by
subtracting the results for empty-container runs. Mea-
surements of the elastic incoherent scattering from a
vanadium standard provided detector calibration and in-
tensity normalization. The samples were cooled by either
a closed-cycle helium refrigerator or a conventional cryo-
stat with the sample temperature controlled at a selected
temperature within 0.1 K throughout a run.

III. RESULTS AND DISCUSSION

Rare-earth orthophosphates, RPO,, form in either the
monoclinic crystal structure (monazite for R =La to Gd,
space group P2,/n) or the tetragonal zircon structure
(xenotime for R =Tb to Lu, space group I4,/amd).”’
Although the monoclinic phase of TbPO, can also be sta-
bilized,?® the TbPO, sample synthesized for this study
had the zircon structure, and no evidence for the pres-
ence of a monoclinic phase was found from x-ray
diffraction. In the zircon structure, the rare-earth ions
are located at sites of D,; point-group symmetry. Conse-
quently, the ground ’F multiplet of the Tb3™ ions is split
by the crystal field into seven  singlets,
2I'+TI',+2I'3+2T,, and three doublets, 3I's. The
magnetic-dipole transitions allowed in a neutron-
scattering experiment are I'joI',, T'joI's, I'ols,
I'yoTy, ', T'yoI's, and I's«<>I's. The next higher
multiplet "Fs is located at about 2100 cm ™!, and transi-
tions to the states of this and other multiplets cannot be
observed in the present neutron-scattering study. (1 meV
is equivalent to 8.066 cm ™!, and these two units of energy
will be used interchangeably here.) In optical spectrosco-
py using visible light, electric dipole transitions between
the ground state and states in the high-energy multiplets
give rise to strong absorption and/or emission-line inten-
sities, and all of the nine states in the D, multiplet at
about 20500 cm ™! were resolved previously by Béhm
and co-workers® by optical spectroscopy. Additional in-
formation regarding the low-lying crystal-field states has
been obtained from far-infrared absorption of the

LOONG, SODERHOLM, GOODMAN, ABRAHAM, AND BOATNER 48

Zeeman-splitting energies, and two different schemes for
the Tb**, 7F¢ ground multiplet have been proposed by
Bohm and co-workers> and by Lewis and Prinz’ based on
far-infrared studies.

In a neutron magnetic-scattering experiment crystal-
field transitions give rise to sharp peaks in the observed
spectrum. The observed position of a crystal-field peak is
equal to the energy separation of the two crystal-field
states (e.g., [m ) and |n)) that participate in the transi-
tion, and the intensity is proportional to the square of the
matrix element (n|J,|m ) (where J, is the component of
the total angular-momentum operator perpendicular to
the neutron wave vector).?’ The intrinsic width of a
crystal-field peak provides, in principle, a measure of the
energy scale of interactions between a magnetic ion and
its environment. If the crystal-field-state energies and
wave functions are obtained from a diagonalization of a
Hamiltonian that contains a parameter set for the
crystal-field potential, then the neutron-scattering func-
tion S (E) can be calculated in a straightforward manner.
Details concerning the neutron-scattering cross section,
the differentiation between magnetic- and nuclear-
scattering processes, the relation between the observed
transition strengths, and the spectroscopic splitting g fac-
tors have been given elsewhere.?>2® In practice, the
crystal-field parameters for the system under study are
not known, and the goal is to find a set of crystal-field pa-
rameters that produces calculated spectra which are con-
sistent with the observed crystal-field peak energies and
intensities at all temperatures.

TbPO, is expected to exhibit a complex crystal-field ex-
citation spectrum, since there are many allowed transi-
tions. Some of these, however, may be too weak to ob-
serve or too close in energy to resolve experimentally.
Therefore, it is important to collect data over a wide
range of temperatures so that changes in the overall spec-
trum, as higher-lying states become populated with in-
creasing temperatures, can be analyzed collectively. The
spectra observed at selected temperatures from 4.2 to 150
K are shown in the upper panels of Figs. 1 to 3. For neu-
tron incident energies E, of 4 meV (Fig. 1), 20 meV (Fig.
2), and 60 meV (Fig. 3) the instrumental resolutions
(about 3% of E,) were optimized for measurements of
energy transfers in the 0-3, 5-15, and 15-40 meV
ranges, respectively. The phonon background is small
(<10%), particularly at low temperatures, therefore, the
observed intensities can be accounted for by considering
only magnetic scattering. The magnetic, elastic com-
ponent at zero-energy transfer can be identified from the
4-meV run (labeled A in Fig. 1) because for the detector
angles of 3-20° at such low incident energy, nuclear-
coherent Bragg scattering is absent. Thus, the presence
of strong elastic scattering implies that the Tb*>" ground
state is a magnetic I's doublet—as also indicated by the
optical measurements.>’ Major inelastic peaks were ob-
served at about 0.46, 0.97, 2.6, 6.8, 9.2, and 20.2 meV. A
very weak magnetic feature at about 31.2 meV (labeled P
in Fig. 3) was also identified after a careful examination
di the temperature and wave-vector dependence and a
comparison with the LuPO, spectra. [The broad peak at
about 35 meV, which appears in all the RPO, (R =Tb to



48 GROUND-STATE WAVE FUNCTIONS OF Tb** IONSIN ...

90
A TbPO,
! HRMECS
60 [1 B, H Eo = 4 meV
[ !lpi | T=42K
30}
o
c
> “‘v:i“,. {ll
: 0 - — . 05
—E i T=42K ...3(:m'1
& 4| idth Cale. width Joa
< | .
(7p]
3 l,._ll 10.3
2 ik {02
1} J L o
0= 3 4°

0 1 2
E (meV)

FIG. 1. Upper panel: The measured scattering functions for
TbPO, at 4.2 K with a neutron incident energy of 4 meV. The
labeled peaks correspond to the crystal-field transitions shown
in Fig. 4. Lower panel: The calculated scattering functions for
crystal-field transitions for TbPO, at 4.2 K. The assumed widths
of the Lorentzian functions for crystal-field transitions are O
(solid curve) and 3 cm ™! (dashed curve). The calculated spectra
have been convoluted with the instrumental resolution function
(AE varies smoothly from about 2 cm™! on the left to 0.7 cm ™!
on the right of the spectrum).

Lu) spectra, originates from phonon scattering.] The in-
tensities of all these magnetic peaks decrease with in-
creasing temperature except for the peak at 6.8 meV,
which increases with increasing temperature. This indi-
cates that the peaks at 0.46, 0.97, 2.6, 9.2, and 20.2 meV
originate from crystal-field excitations of the ground
states, and the 6.8-meV peak arises from transitions from
low-lying excited states. Deexcitations from thermally
occupied states to the ground states are also observed as
neutron energy-gain processes (E <0) in Figs. 1-3, but
they are not well resolved because of the relatively poor
resolution in this region. The energy resolutions AE in
the optimized energy-transfer regions of Figs. 1-3, on
the other hand, are significantly smaller than the ob-
served linewidths of the peaks. This indicates that the
peaks are broadened intrinsically by interactions of the
Tb moments with the environment and/or they are
comprised of multiple transitions of nearly the same ener-
gies. In order to understand the energy-level structure of
the Tb ions, both the positions and the temperature
dependence of the observed intensities have to be ana-
lyzed quantitatively by utilizing a crystal-field model.

The crystal-field model employed here represents a sin-
gle rare-earth ion in a crystalline environment. The for-
mulation is based on the scheme of intermediate cou-
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FIG. 2. Upper panel: The measured total-scattering func-
tions for TbPO, at 15 and 60 K with a neutron incident energy
of 20 meV. The data point errors are approximately the size of
the symbols. The lines are guides to the eye. The labeled peaks
correspond to the crystal-field transitions shown in Fig. 4.
Lower panel: The calculated scattering functions for crystal-
field transitions of TbPO, at 15 and 60 K. The assumed widths
of the Lorentzian functions for crystal-field transitions at both
temperatures are 8 cm~!. The calculated spectra have been
convoluted with the instrumental resolution function (AE varies
smoothly from about 8 cm™! on the left to 3 cm ™! on the right
of the spectrum).

pling using spherical-tensor techniques. The full Hamil-
tonian [which includes atomic free-ion and crystal-field
interactions for an fV configuration (N =8 for a Tb®"
ion)], the associated parameters, and underlying assump-
tions of the theory have been treated in detail
elsewhere®®3!__hence, only the procedure for the
refinement of the crystal-field parameters is outlined here.
The crystal-field portion of the Hamiltonian can be writ-
ten as

Hee= 3 B CHi)+Ck ()], k=g2>0, 6}
k,q,i

where the C;(i ) are spherical tensor operators of rank k
and depend on the coordinates of the ith electron. The
summation of i is over all f electrons of the ion, and the
qu are the crystal-field parameters. For Tb ions occupy-
ing lattice sites of tetragonal (D,;) symmetry, the
crystal-field potential is characterized by five parameters
of real numbers: Bg, Bg, Bi, Bg, and Bf;. A simultaneous
change of the signs of B4 and B§, corresponding to a 45°
rotation about the unique axis, would affect the polariza-
tions but not the energy-level results. The full Hamiltoni-
an is diagonalized using up to 300 states of the f®
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FIG. 3. Upper panel: The measured total-scattering func-
tions for TbPO, at 15, 50, and 150 K with a neutron incident en-
ergy of 60 meV. The data point errors are approximately the
size of the symbols. The lines are guides to the eye. The labeled
peaks correspond to the crystal-field transitions shown in Fig. 4.
Lower panel: The calculated scattering functions for crystal-
field transitions of TbPO, at 15, 50, and 150 K. The assumed
widths of the Lorentzian functions for crystal-field transitions at
all temperatures are 8 cm ™~ !. The calculated spectra have been
convoluted with the instrumental resolution function (AE varies
smoothly from about 24 cm™! on the left to 10 cm™! on the
right of the spectrum).

configurations for a Tb3" ion utilizing a computer code
developed by Crosswhite and Crosswhite.3! Since the
low-lying crystal-field states are insensitive to the free-ion
part of the Hamiltonian, we have adopted the Tb>" free-
ion parameters that were established for Tb®>* in a LaF,
host,?? and the free-ion parameters were fixed in the
refinement of the crystal-field parameters.

Guided by the selection rules and the assigned states
given in an optical study of TbPO, by Bohm and co-
workers, > the fitting of the observed neutron spectra with
the crystal-field model was straightforward, yielding cal-
culated energies and transition strengths in good agree-
ment with experimental results for all of the transitions at
different temperatures. The resulting crystal-field level
scheme for the Tb>* 7F¢ ground multiplet is shown
schematically in Fig. 4, and the calculated magnetic
neutron-scattering spectra are displayed in the lower
panels of Figs. 1-3. Details concerning the magnetic
form factor and the instrumental resolution functions in
use have been described previously, and the procedures
were thoroughly tested for the cases of TmPO,, HoPO,,
and ErP0O,.2%?* As can be seen in Fig. 4, the 13 states
within the ’F¢ ground multiplet are split into three

meV cm-1
I, 2 323 2607
5@ M- 310 2496
I M 294 237.1
I3 | 991 799
I5@) 9.50 766
L 920 742
2
I IRe 260 210
I, H 097 782
o i 046 374
T, BCDEFGP 0] 0]

3+ 7, .
Tb: 'Fs in TbPO,

FIG. 4. A schematic diagram of the splitting of the Tb>* "F¢
ground multiplet by the crystal field into seven singlets,
2, +TI',+2I';+2T, and three doublets, 3T's. The transition la-
bels refer to the experimentally observed transitions shown in
Figs. 1-3.

groups of closely spaced levels in the regions of 0-2.6,
9-10, and 29-33 meV. Since each group contains a I's
doublet which may connect to all other states with
nonzero-transition matrix elements, the resulting spec-
trum consists of transition energies too close to be
resolved experimentally. In the present case, fitting all
the data with the model used to calculate both the ener-
gies and the matrix elements {n|J,|m ) involving all the
states is essential to the determination of the five crystal-
field parameters. This method imposes stringent condi-
tions on the goodness of fit. The calculated scattering
function S as shown in Figs. 1-3, agree well with the ob-
served spectra. The excitations at 6.8 meV actually con-
tain contributions from two transitions J and K (see also
Fig. 4). Similarly, the peaks at 9.2 and 20.2 meV each are
composed of four transitions: E, F, G,Iand L, M, N, O,
respectively. In addition, diagonalization of the full
Hamiltonian allows the fitting of both the low-lying states
derived from neutron data as well as the high-energy
states resolved by optical spectroscopy. Since only seven
energies belonging to the crystal-field split D, multiplet
were observed by Bohm and co-workers,> we have refined
only one electrostatic parameter F? (F? changed from
88995 to 92683 cm ™~ ') and reached a reasonable agree-
ment characterized by a root-mean-square energy devia-
tion of 7.5 cm ™! for the D, multiplet near 20 500 cm !
(2.54 eV). The crystal-field parameters and the wave
functions of the ’F ground-multiplet states are given in
Tables I and II, respectively.

The present analysis also permits an estimate to be
made of the intrinsic widths of the transitions. The in-
trinsic width of an observed crystal-field peak represents
a measure of the lifetime of the transition. At elevated
temperatures the probability of decay through coupling
with other mediating excitations such as phonons in-
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TABLE II. The ground-state multiplet wave functions of Tb3" ions in TbPO,.

"F¢ states E°* (cm™!) E** (cm™!) Wave functions

I 0.0 0.0 F0.33|+1) F0.19| F3) F0.92| F5)

r, 3.71+0.8 3.74 0.20([2)+[—2))+0.68(/6)+]—6))

r, 7.82+1 7.85 0.70(|16)—|—6))

r, 21.0 0.8 21.0 0.60(]4) +|—4))+0.53(|0)

T, 74.2+1 74.2 —0.70(|4) — | —4))

I 76.6 +0.51|£1)—0.14|£3)+0.77| 3 ) F0.34|+5)

I, 79.9 0.68(12)+[—2))—0.20(|6)+|—6))

r, 237.1+4 237.1 —0.37(]4)+|—4))+0.85/0)

I 251.6+7 249.6 F0.39|+1)+0.69| F1)—0.52|%3)
+0.29/F3)—0.14| F5)

r, 260.7 0.70(]2)—|—2))

creases. We find that the broadening of the crystal-field
lines at 7> 15 K can be accounted for by assuming an in-
trinsic width of approximately 8 cm™! (at T=4 K, the
intrinsic width is ~3 cm ™!, see Figs. 1-3). At 4.2 K the
observed transitions A-D are significantly broader than
the instrumental resolution shown by the solid curve in
the lower panel of Fig. 1. These results are consistent
with the unusually broad lines observed in the high-
resolution optical-absorption spectra down to 2.3 K.°
Since phonon contribution to the line broadening below 4
K is expected to be negligible, these residual linewidths
are probably due to superexchange interactions of the Tb
magnetic moments via the oxygen ligands.

The crystal-field states derived from neutron scattering
can be used to calculate the magnetic contributions of the
Tb ions to the paramagnetic susceptibility and specific
heat of TbPO,. In Fig. 5, the calculated van Vleck sus-
ceptibility?>*? is compared with the bulk susceptibility of
TbPO, obtained from single-crystal measurements by
Sen, Heogy, and Wanklyn'® and by Androneko et al.'*
In general, the agreement between the calculated and ob-
served susceptibility is good over the temperature range
of 10-300 K. Below 50 K, however, some systematic
difference in Y, between the calculation and experiment is
noted (see the inset of Fig. 5). Similar disagreement exists
also in the analyses of the susceptibility data by Sen, Heo-
gy, and Wanklyn'® and Andronenko et al.'* This
discrepancy is probably caused by exchange interactions
of the magnetic moments at low temperatures which are
not taken into account in the single-ion crystal-field cal-
culations. The large anisotropy in Y, versus Y, arises
from the large (92%) components of |6,%£5) in the
ground-state I's doublet wave functions (see Table II).
The spectroscopic splitting factors g, and g, of the I's
doublet are calculated to be 12.73 and O, respectively, in
good agreement with those obtained from magnetization
and susce?tibility measurements (12.0+0.3 and O by
Schopper; 2 12.25 and 0 by Sen, Heogy, and Wanklyn'®).
The “‘easy” axis, being the crystallographic ¢ axis, coin-
cides with the directions of the ordered moments when
the system enters the first antiferromagnetic phase as the
temperature drops below 2.28 K. Bohm and co-workers®
have adopted the semiclassical model of Pytte and
Stevens>* in order to argue that the crystal-field potential

of the Tb ions in TbPO, also favors a tilt of the moments
in the (110) planes—as manifested by the second antifer-
romagnetic phase observed below 2.15 K.

Encouraged by the consistency of the results indicating
a dominant role of the I's ground state as a precursor to
the magnetic phase transition, an estimate was made of
the effective exchange and dipole fields using a
molecular-field approximation. Using the calculated g
factor of the I'5 ground states and the exchange energy
based on the estimated intrinsic width of 3 cm ™! from
the neutron data at 4.2 K (Fig. 1), we estimate an ex-
change field, H,,, of 3.2 kG. Adopting the simple rela-
tions proposed by Bleaney®® [i.e., AY°=1 and H,,, =AM,,
where x° (6.786 emu/mole) is the calculated susceptibility
at Ty(2.28 K) due to crystal-field effects alone, M,
(6.36p5 per Tb ion) is the saturated magnetization of the
Ts state, and A is the molecular-field parameter], we find

- an effective internal field of H;,, =5.23 kG. This is to be

compared with the internal field of 4.510.15 kG estimat-

N — :
j TbPO,
7'. 3.0 45
@2 o} ‘3 PO, ]
o ! *
T —S8 t al.
S : 320 T\ Sen ot al
3 | g © Andronenko et al.
£ A X// £ Xy ® Andronenko et al.
2 1o
><1 .Of ° e 1
1 .-0 RN 'ﬁ'—h.———.ﬂ ............ p
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% T K
X1 ™
0.0 PR St i T i s
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T (K)

FIG. 5. The calculated (lines) and measured (symbols) mag-
netic susceptibility of TbPO, with the field directions perpendic-
ular (y,) and parallel (Y|) to the crystallographic c axis. Inset:
details of the temperature dependence of the susceptibility in
the 9-50 K region.
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ed from Zeeman-effect measurements by Bohm and co-
workers. > Additionally, if  we assume that
H;, =H+Hy,, then an effective field for the dipole in-
teractions of Hg,=2.08 kG can be deduced. These
effective-field strengths are, in general, of the same
order-of-magnitude as those found for HoPO, and
ErPO,. 223

The calculated crystal-filed contribution to the specific
heat??3¢ Cy is shown in Fig. 6 together with the mea-
sured specific-heat data obtained by Hill, Cosier, and
Smith.® Since cooperative effects such as long-range
magnetic ordering and structural transformation have
not been incorporated in the crystal-field model, the cal-
culated specific heat can only be compared with experi-
mental data in the paramagnetic region. As can be seen
from the inset of Fig. 6, the agreement between the exper-
imental data and calculation is fairly good in the temper-
ature range of 4-10 K. The Schottky-like peaks present
near 3.8 and 45 K are the result of low-lying crystal-field
states. In order to compare the calculated values with
the measured total specific heat over a wide range of tem-
peratures, contributions from other components such as
lattice vibrations should be included. We are not aware,
however, of any published specific data in the literature
that extend to temperatures above 14 K.

IV. CONCLUSION

The crystal-field excitations within the ’F¢ ground
multiplet of the Tb®" ions in TbPO, have been measured
by neutron scattering, and a set of crystal-field parame-
ters has been determined by fitting the neutron data using
a Hamiltonian that includes atomic free-ion and crystal-
field interactions. The calculated excitation spectra satis-
factorily account for all of the observed features in the
neutron data at temperatures from 4.2 to 150 K, and the
calculated energies of the high-lying >D, multiplet agree
with the optical data obtained previously by Bohm and
co-workers.®> We find that the crystal-field-level structure
derived from the present analysis can provide a basis for
explaining the magnetic properties of TbPO, at low tem-
peratures. The calculated magnetic susceptibility agree
well with the experimental data. The spectroscopic split-
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FIG. 6. The calculated contribution to the specific heat of

TbPO, from the Tb ion-crystal-field states. Inset: comparison

of the calculated and measured specific heat (Ref. 9) in the

4-10-K region.

ting g factors of the ground-state doublet, the saturated
moments at low temperatures, and the estimated effective
internal field are in good agreement with the values ob-
tained by other workers from specific-heat, Zeeman-
effect, and magnetization measurements. Hopefully, the
present characterization of the ground-state wave func-
tions for paramagnetic Tb ions in TbPO, will be useful
for future extended studies of the magnetoelastic interac-
tions and phase transitions in rare-earth orthophos-
phates.
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