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Lattice dynamics of xenotime: The phonon dispersion relations and density of states of LURO
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LuUPQ, is the nonmagnetic end member of a series of rare-earth phosphates with a common zircon-type
crystal structure. The phonon-dispersion curves of LuBIOng the[ x,0,0], [x,x,0], and[0,0x] symmetry
directions were measured by neutron triple-axis spectroscopy using single-crystal samples. The phonon density
of states was determined by time-of-flight neutron scattering using polycrystalline samples. Phonons involving
mainly motions of rare-earth ions were found to be well separated in energy from those of the P and O
vibrations. A large gap in the phonon-frequency-distribution function, which divides the O-P-O bending-type
motions from the P-O stretches, was observed. All of the experimental results were satisfactorily accounted for
by lattice-dynamic shell-model calculations. Lupi®a host material for the incorporation of rare-earth ions to
produce activated luminescence. Information regarding the phonon and thermodynamic properties,daé LuPO
pertinent to extended investigations of additional rare-earth spin-lattice interactions in other zircon-structure
rare-earth orthophosphat¢§0163-18207)06741-9

I. INTRODUCTION study showed evidence of interactions df dlectrons and
acoustic phonons in TmVfat finite wave vectors.

LuPQ, crystallizes in the zircon structure, which is com-  The high-energy ¥ 100 meV) optic phonons that mainly
mon to a variety of optical materials, including the naturalinvolve vibrations of the P and O atoms are important in
minerals zircon (ZrSi@) and xenotimgRPQ,, R=Y, Tbto  their own right. The frequencies and widths of these phonon
Lu, and Sg, as well as rare-earth vanadates and arsenateBands reflect the nature of the connectivity and bonding of
Zircon variants with impurities of actinide or transition-metal PO, tetrahedra in the lattice. In rare-earth orthophosphates
ions occupying the Zr sites are also found in plutonic ignethe PQ units are not directly connected, and the P-O stretch
ous rocks. The high melting temperatures, structural, anfrequencies lie within a narrow range of 120-135 meV. In
chemical stability, radiation-damage resistance, and longeondensed pyro-, meta-, and ultraphosphates, on the other
term corrosion resistance of zircon and the rare-earth orthdiand, corner-sharing RQetrahedra form dimers, chainlike,
phosphates has led to investigations of their use as a nuclea@nd network structures, respectively, and the P-O stretch fre-
waste storage medium. Information regarding the phonomuencies progressively increase 10160 meV with wider
properties is relevant to achieving an understanding of théand width$ Without modifying metal cations, the branch-
thermodynamic behavior of these materials under naturahg configuration, where three O atoms of a @it are
radiation-damage and temperature-pressure conditiorghared with three neighboring R@ phosphorus pentoxide,
prevalent in the earth. is inherently unstable due to the unbalanced distribution of

Zircon-type crystalline hosts, in general, exhibit good op-oxygends phosphoroup s bonding character over the P-O
tical quality (refractive index of 1.8—2.0, birefringence of bonds. This forms the basis for the antibranching rule pro-
0.04-0.10, and phonons play a vital role in the lumines- posed by Van WazerThus far, the P-O stretch vibrational
cence properties of transition-metal-doped crystdisr ex-  density of states of various phosphate crystals or glasses
ample, the charge-transfer-type luminescence of'Yand have not been determined. Only the zone-centered modes of
SB** ions in RPO, (R=Sc, Lu, and Y indicates vibronic RPQ, and ZrSiQ compounds were measured by optical
coupling involving phonons of energies of about 270spectroscop§=*°
+30cm ! (34.1+3.7 meV)? The cooperative Jahn-Teller In this paper, we report on the determination of the
phase transitions in several stoichiometric rare-earth phoghonon-dispersion curves and phonon density of states
phates and vanadates, which involve coupling of the raretDOS) of LUPQ, obtained by neutron scattering using single-
earth crystal-field-split states with acoustic or low-lying optic crystal and polycrystalline samples. This compound was
phonons, have been investigated by Raman scattering armthosen for the initial investigations becaus€ Lions have a
infrared absorptio* More recently, a neutron-scattering completely filled 4 shell carrying no net magnetic moment.
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FIG. 1. The zircon structure of LUBOThe individual PQ units
are shown schematically by tetrahedra. The two sets of dashed lines
and heavy lines outline the body-centered-tetragonal unit cell and
the primitive cell, respectively. FIG. 2. The arrangement of R@etrahedra anROjg triangular

dodecahedra in LuP©
The phonon spectrum of LuR@nay, therefore, be used as a
gauge for nonmagnetiRPO, hosts of orthophosphates.

a

ionic complex such as PG often exhibit localized modes
that are due essentially to internal vibrations of the atoms of
the PQ species. Therefore, it is instructive to explore the
Only Raman and infrared data exist for a few of theSymmetry relations between LUPO,) where the PQunit is
zircon-structure  compounds. Previous group-theoreticalreated as rigid molecules and an isolated, R@lecule. The
analysis of the vibrational modes was restricted to zoneteducible representation of the vibrational modes of a free
centered modes for the interpretation of the optical ¢at8. PO, unit of Ty symmetry decomposes accordingTig— A,
Here we present a group-theoretical analysis for the zirconr E+F;+3F,. The internal modes labeled using
structure along major symmetry directions in the Brillouin Herzberg’s notatiortS are: vy (A;, symmetric stretching
zone. The body-centered-tetragonal unit consists of four for¥, (E, bond bending v; (F,, antisymmetric stretching
mula units of LUPQ. A primitive cell can be chosen with andv, (F,, bond bending The otherF, and theF; modes
only two formula units, resulting in 36 phonon branches. Theare external modes corresponding to pure rotation and pure
tetragonal unit cell and the primitive cell are displayed intranslation of the PQunit, respectively. In LuPg) the point
Fig. 1, schematically showing the individual P@trahedra symmetry of the PQ? units isD,q, Which is lower thariT,
in the lattice. The crystallographic space grdiym. 141 is  and the modes split according t&;—A;, E—~A;+By,
D3p(14,/amd). The crystal structure exhibits a point sym- F;—A,+E, 3F,—3B,+3E. Since there are two PO
metry of D,q(4m2) at the Lu and P sites with a uniaxial complexes within the primitive unit cell, there are twice as
direction along thec axis, while the oxygen atoms occupy many modes of each species. In the absence of an interaction
sites of C;,(.m.) symmetry'’ In this structure, eight O at- between the two molecules in the primitive cell, these pairs
oms are coordinated to the central Lu atom forming twoof modes would be degenerate. In the crystal, the extent of
interpenetrating tetrahedra, each of which is characterized bgplitting of these modes gives an indication of the strength of
a unique P-O distance. A distorted triangulated dodecahecoupling to the environment.
dron is formed by connecting the oxygen vertices, see Fig. 2. The symmetry of the vibrational modes of (RO,),
The principal structure can be considered as a chain of altewhere the Lu atoms and rigid R@nolecules are under point
nating edge-sharing POtetrahedra andROg triangular ~ Ssymmetry Dyg, reduces to A;+2B;+2A,+8B;+ 10E.
dodecahedra extending parallel to thexis, with the chain  They can be further related to tie,, symmetry of the crys-
joined laterally by edge-sharirOs dodecahedra. The bond tal if we consider that the motion of the Eliions undemD ,q
lengths, bond angles, and atomic positions within the primisymmetry will transform according t8, andE for transla-
tive cell are given in Table I. tions along thes axis and in thea-b plane, respectively. The
The Brillouin zone of the body-tetragonal structure for decomposition follows as: A —2A;4+2B,,, 2B;— B4
LuPQ, (a>c) are shown in Fig. 3. The three symmetry di- + A1, 2A,—Ayy+By,, 6By+2B,—4By +4A,,, 8E
rections,A, 3, andA correspond in Cartesian coordinates to +2E—5E4+5E,. The correlation between mode symme-
the [x,x,0], [x,0,0], and[0,0x] directions, respectively. tries is easily seen if we consider the nature of the modes.
The symmetry decomposition of the phonon modes alond-or example, thé\,, and B,, modes undeD 4, symmetry
various symmetry points and directions in the Brillouin zone,are related by the inversion operator, thg, corresponding

Il. GROUP-THEORETICAL ANALYSIS

derived from standard group thed/are given in Table Il.  to 180° out-of-phase motions of the two molecules of LyPO
The compatibility relations between tligpoint and thej, 3, and theB,, corresponding to in-phase motions. Therefore,
and A lines are given in Table IlI. the correspondence between the féyrmodes ofD,4 and

It has been observed that condensed phosphates having te 2A;, and 2B,, modes is a natural consequence. In a
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TABLE I. The structural parameters for LuR@t 10 K. The 'y
space group for this structure lis4, /amd. a=6.7915(2) A and
c=5.9544(2) A. Lu atoms occupy ttesites, P atoms occupy the Kz

b sites, O atoms occupy thesites. The oxygen fractional position
parameters are=0.4270(2) andz=0.215X2).

Atom Cartesian components
e X Y z
Lu, 0 0 0
Lu, 0 1/2 1/4
P, 0 0 1/2
P, 0 1/2 -1/4 > Ky
O, 0 x—1/2 z+1/8
0, 0 —x+1/2 z+1/8
O3 0 x+1/4 —z+1/8
Oy 0 —x+3/4 —z+1/8
Os x—1/4 0 —-z+7/8
Os —x+1/4 0 —-z+7/8
0, x—1/4 1/2 z—5/8
Og —x+1/4 1/2 z—5/8
FIG. 3. The Brillouin zone for a body-centered-tetragonal sys-
) tem with a>c. The high-symmetry points and lines are indicated
Bond Distance

with conventional group-theoretical notation. The Cartesian coordi-
type R) nates for the zone-boundary points 3, and A are[ =/a,n/a,0],
[27/a,0,0], and[0,07/c(1+ (c/a)?)], respectively.

P-O; 1.534

Lu;-O, 2.258

Lu;-O, 2.354 phonon-symmetry relations with the flexibility of constapt-
0,-0, 2.404 and constanE operations provided by a triple-axis spec-
0,-O5 2553 trometer allows quantitative measurements of the frequen-
0,0, 2.745 cies and neutron-group intensities of individual phonon
0,-04 2910 branches up to about 80 meV. This information is crucial to

Bond angle

0,-P;-0, 112.62° TABLE Il. Symmetry decomposition for the high-symmetry
0O;-P;-Oc 103.33° points and lines.

0;-Lu,-O, 152.49° :

0,-Lu,-0, 61.47° Symmetry points:

[(Dap)—2A1g+Ag +Asg+4Ax,+5E;+5E,+4B;+ By,

+Byy+2By,
similar way, we can derive the correlations between the re- M (D gr)— 2Agg+ Agy+ Aoy + Aoy +5E+ 5E,+ 4By, + By,
maining modes. In Table IV we summarize the results of the
symmetry analysis. +Bog+2By,
The selection rules for infrared and Raman measurements X(Dp)—3Ag+5B14+5Bog+5Bgg+3A,+5B,+5By,
of the zone-center modes are: Ramam;fa,,+ ayy,
azz) +4Bag(ax— ayy) + Bog( ) +5Eg(ayz,az); IR +5Bgy
3A,,(Ellc axis)+4E,(ELc axis). In the analysis of the P(Dyg)—3As+3A,+5B,+5B,+10E
neutron data near the zone center, it is important to seek N(Cap)—11Ag+ 7A,+ 7By + 118,
internal consistency with the optical data. The experimental
infrared results of Armbrust®and the Raman measurements ~ Symmetry lines:
of BeckeP are summarized in Table V. A(Cyy)—6A1+2A,+10E+ 6B, + 2B,

V(Cy,)— BA,+2A,+ 10E+ 6B, + 2B,

3(Cy,)—11A,+7A,+11B,+ 7B,

A detailed investigation of the dynamics of LuE(by A(C,,)—8A,+8A,+108,+10B,
neutron scattering requires an approach that combines mea-

surements from a triple-axis spectrometer at a reactor source W(C2,) —8A;+8A;+108,+ 108,

and a time-of-flight instrument from a spallation source. The Y(C,,)—8A,;+8A,+10B,+10B,
highly dispersive and densely spaced phonon branches below

. - . . C 18A+18B
80 meV can be effectively studied by triple-axis measure- Q(C2)—
ments using single crystals. Combining the knowledge of the

Ill. EXPERIMENTAL DETAILS
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TABLE lll. Compatibility relations between thE point and the  multidetector banks which, using an incident neutron energy

high-symmetry lines. (Ep) of 200 meV, allow measurements of inelastic scattering
over a wide range of momentum and energy transfer. The
. 2 line A line A line energy resolutiom\E in full width at half maximum of the
I' point (100 (001) (110 HRMECS spectrometer varies from approximately 4% gf
Asg A, A A in the elastic region to~2% near the end of the neutron-
Ay, A, A, A, energy—loss spectrum. The powder was contained in an alu-
A, B, A, B, minum planar cell mounted at a 45° angle to the incident
Azi B, A, B, neutron beam. _Such a geometry decreases the neutron
E Ayt B, £ A+ B, traverse length in the.sample_tﬁS mm fqr all detector
Eg A +B E A+B angles—thereby reducing multiple-scattering effects. Mul-
B u ! A 2 B 1B ! tiple scattering was estimated to be less than 5% of the total
19 ! ! 1 measured intensity and was corrected by removing a small,
Biu Az B, B, flat background from the data. To reduce multiple-phonon
Bag B2 B2 A1 excitations, the samples were cooled to 15 K for the experi-

Bay By By Az ments. Normal background scattering was subtracted from
the data by using empty-container runs. Measurements of

model fitting. On the other hand, the weakly dispersive high-£lastic incoherent scattering from a vanadium standard pro-
energy modes associated mainly with P-O motions can p¥ided detector calibration and intensity normalization.
determined effectively using epithermal neutrons from poly-
crystalline samples and time-of-flight methods. IV. EXPERIMENTAL RESULTS AND ANALYSIS

Measurements on a single crystal of LuPQabout
0.75 cnt in size were performed using the 2T1 triple-axis
spectrometer at the Laboratoire Leon Brillouin in Saclay, The measured phonon-dispersion curves of LyBO10
France. The crystal was synthesized by a flux-growth techK along the[x,0,0], [x,x,0], and[0,0x] symmetry direc-
nique described previousf.Below 40 meV, the scattering tions are shown in Fig. 4. They are labeled according to the
from the (002) planes of pyrolytic graphitéPG) were used irreducible representationsee Table IN. The zone-center
for monochromator and analyzer. Above 40 meV, coppeRaman frequencies reported by P. C. Beckas, well as, IR
(111) and PG(002 were used as monochromator and ana<frequencies reported by Armbrustare also plotted in Fig.
lyzer, respectively. Both the monochromator and analyzed. It can be seen that the acoustic branches are confined to
consist of horizontally and vertically focusing crystal arraysrather low energies,~20 meV for longitudinal and
for maximizing intensity while maintaining an adequate ~10 meV for transverse modes, due to strong interactions
resolution. The scans were conducted with a fixed final neuwith the next optic branches. There is a large phonon gap in
tron energy of 14.7 or 30.5 meV in conjunction with the usethe 85—-115 meV region.
of a PG filter in the scattered beam to suppress higher-order
contaminations. The crystal was cooled by a close-cycle he-
lium refrigerator and kept at 15 K throughout the measure-
ments. A majority of the phonon branches along[t®,0], There are a number of key elements pertaining to the
[X,X,O], and [0,0x] Symmetry directions were measured structure and bonding in LuFZ@nat need to be considered in
with the sample oriented so that the scattering wave vectordeveloping a model for this system. First, the nearest-
are in either the ifOk) or (hk0) planes. Assignments of the Nneighbor(NN) P-O bonds are part of a tightly bound PO
observed excitation frequencies to phonon branches wet@trahedron resulting frorap® hybridization of the P outer
guided by self-consistency checks of the neutron-group inorbitals forming directionab bonds with the O atoms. This
tensities against the structure factors from model calculabybridization favors the Ptetrahedra. The remaining elec-
tions. tron of P is presumably transferred to ionic bonding of the

The time-of-flight experiments were performed using thePOff with the LU** ions. The importance of this structure is
High-Resolution Medium-Energy Chopper Spectrometeiillustrated by the gap in the phonon frequency spectrum be-
(HRMECS at the Intense Pulsed Neutron SoufteNS) of  tween~85—150 meV. Above 115 meV, the modes consist
Argonne National Laboratory. A polycrystalline sample of principally of P-O bond-stretching within the tightly bound
LuPQ, (~60 g) was prepared by the coprecipitation of lute-PQ, units. Second, the effects of ionicity can be seen in the
tium oxide and ammonium hydrogen phosphate in moltemeutron and IR data as large splittings of the polar optic
urea followed by a calcination at 800 °C to remove themodes. For example, the observed frequency of each of the
urea?! The powder sample was then pressed into pellets anthree A,, modes, depending on the propagation direction,
annealed at 1200 °C in air for 24 h, since such heat treashift by as much as 16 me¥/Our neutron-scattering results
ments are known to promote grain growth and improve thandicate a splitting of 13 meV for the lowest enerdy,,
crystalline quality. The annealed sample was then characteoptic mode near 33.0 meV. Evidence for the LO-TO splitting
ized by neutron powder diffraction at IPNS and found to beof the E, modes was also seen in both the neutron and IR
the single-phase zircon structure—in good agreement witldata. Therefore, the macroscopic electric field characteristic
the reported structure in the literattife(with a typical  of Coulomb interactions has to be taken into account by the
weightedR factor of 5% in a Rietveld analysis model. Moreover, according to IR absorption dathe di-

The HRMECS spectrometer is equipped with wide-angleelectric constantg, ande., are 8.8:0.2 and 3.02 0.01 for

A. Phonon-dispersion curves

B. Lattice-dynamics calculations
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TABLE IV. Correlation for symmetry species of th group of the PQ? free ion, theD,4 group of the Ld" and PQ? sites in the
LuPQ, crystal, and thé,;, group of the whole crystal.

LuPO4 PO,~3 Free PO, "3 o

Crystal Site Symmetry Molecule Descglfptlon

(Dgn) (D2g) (Tg) e
140| ¢

Aoy DN

9 — E antisymmetric P-O

— Fo bond stretch

1
120 B / \_ A symmetric P-O

bond stretch

100 Big
Agy
. B
> Boy _>B
) B 2 —
g 80 ¢ \_ > t tric 0-P-O
- Aq — . antisymmetric O-P-
P 9 — E — F2 bond bend
—_ A1U
) — A=
5 60 \—
I319 — —E symmetric O-P-O
Bzg\ > bond bend
By —
Eq \_ 11—
401 A2u>E
AZQ\_ translation-like
& — — or
Eg — rotation-like
201
Big /=
&

the A,, modes(Elic axis) and 7.5-0.2 and 2.82-0.01 for  governed by criteria so as {0 minimize deviation between
E, modes(EL ¢ axis). The large values of., are due to the the calculated frequencies and the observed phonons from
substantial electronic polarizability of the @ orbital. It is  neutron and optical datdii) minimize the internal pressure
clear that a rigid-ion model, which ignores the contributionand forces acting on the atoms in their equilibrium positions
from the electronic polarizibility, would not adequately ac-to ensure the correct structure; afiid) maintain qualitative
count for the dielectric properties of this system, since theagreement between the calculated structure factors and mea-
rigid-ion model would predick,,= 1. sured neutron group intensities. Based on these criteria, we
Following the ideas outlined above, a shell model usingobtained the optimized parameter set given in Table VI.
Born—von Karman-type axially symmetric forces and polar- A comparison of the calculated phonon-dispersion curves
izable oxygen ions was constructed for LuPQn this  with the experimental data is shown in Fig. 4. The modes
model, we have allowed for NN P-O interactions and thethat belong to different representations are plotted separately
nearest- and next NN interactions for the Lu-O and O-Oin this figure. The agreement between the experimental data
bonds. Summation of the long-range coulomb forces wagpoints and calculated phonon curves along all three symme-
performed using the Ewald method. The electronic polarizatry directionss, A, andA is excellent. Qualitative agreement
tion of the O ions is modeled by a shell charge surroundingvas also achieved between the measured neutron group in-
a core charge at the O nucleus and a shell-core force comensities and the corresponding calculated inelastic structure
stant. The dynamic matrix at tHépoint and along the three factors. The calculated acoustic frequencies in the long-
symmetry directions was block diagonalized using matricesvavelength limit were used to determine the elastic con-
constructed by the projection-operator method. stants, which can be compared with the experimental values
The solution of the eigenvalue problem and the fitting ofobtained by Brillouin-scattering techniqu&sThe agree-
the neutron data were carried out using the computer proment, as shown in Table VII, is good, with discrepancies
gram GENAX. Optimization of the model parameters was limited to about 10% in all elastic constants. The overall
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150L [ M B —M | S TABLE V. A comparison of infrared and Raman ddiRef. 8
-3 with model calculation for LUP®
Measured Model
Mode frequency calculation
symmetry (meV) (meV)
Raman:
Eq 16.5 16.1
Big 17.4 16.7
150Xl XI' _~XI' X Eq 23.2 23.4
1 Eq 38.1 38.3
S 400l A 1A, LB, 118, | Bag 40.9 39.5
g 100 \ A 60.7 59.7
> F———— Eq 72.3 72.7
S SOE a; - % uly . Big 82.6 84.7
c ————coo] 6 oo I
5 W‘”M u.wf% A 125.6 126.2
0 £ ) ) | e Eq 128.2 128.6
Big 132.9 134.3
15 —~HMr ____H —HMLC__H Infrared:
] ] |L_ L Ay, LO 46.1 45.0
100LA {IB1 1L |LE | Ay TO 33.0 34.2
|| Ay, LO 83.4 80.9
L oo —of v 82 338887 1) Ay, TO 78.6 77.5
Osaoa, g | — 2 Ay LO 147.8 140.0
> 3 A,, TO 131.7 134.0
) ﬂof—\j 54 2u
0/"."’“.” P A e E, LO 33.8 33.1
Reduced Wave vector E, TO 25.7 24.6
FIG. 4. Phonon-dispersion curves of LuP@&long the[ x,0,0], E” I_I‘_g j;g j:g
[x,x,0], and [0,0x] symmetry directions. The symbol¢éll u ) )
=Raman, ¢ =Infrared, andO =neutron indicate observed data, E,LO 66.6 67.6
while the lines are calculated curves using the model. Experimental Eu TO 64.1 63.3
error bars are comparable to the size of the symbols. E, LO 1395 1323
E, TO 124.0 125.7

agreement between the model predictions and the neutrch
and optical datgsee Table V¥ leads us to believe that the
model with its associated parameters is quite acceptable f
the present studies.

ass,n(E) is the Bose-Einstein distribution function, and
--+) represents the average over all obser@edalues. The
Debye-Waller factors, e M@ was estimated to be

e~0003Q% i the present case based on the diffraction data. It
can be seen from Ed1) that G(E) provides a measure of
The time-of-flight data collected with an incident neutronthe phonon DOS weighted by thgo; /M, factors, which is
energy of 200 meV and scattering angles of 70° to 120° wereften referred to as the neutron-weighted phonon density of
analyzed. In this configuration, the measured wave veQors states.
are between 11 and 20& which is much larger than the  Using the shell model and the optimized parameter set
dimension of the Brillouin zone~1A~") of the crystal (Table Vi), the total and partial phonon DOS of Lup®ere
reciprocal lattice. Furthermore, the polycrystalline sample efcomputed by a root-sampling method by which the
fectively provides an average over all crystallographic orienfrequency-distribution functions were summed over 343 000
tations. Under these conditions, a generalized phonon DOfaesh points within the Brillouin zone. Figure 5 shows the
can be obtained from the measured scattering functiogalculated phonon DOS as well as the partial DOS for each

C. Phonon density of states

S(Q,E) according t6*% atom. The generalized one-phonon DOS was evaluated ac-
cording to Eq.(1) and convoluted with the resolution func-
2M [e2MQE tion of the HRMECS instrument, and the two-phonon con-
G(E)= Q? n(E)+1 S(Q.E) tribution was obtained from a self-convolution of the

generalized one-phonon DOS. They are plotted in the upper
panel of Fig. 6, and the sum is compared with the observed
G(E) in the lower panel. The calculated spectrum repro-
duces all the main features of the observg(E) over the
wherec;, o, M;, andF;(E) are the concentration, neutron- entire energy range. However, the calculated phonon bands
scattering cross section, the mass and partial phonon DO&ave narrower widths than those observed experimentally.
respectively, for theéth atomic speciedV is a mean sample This is perhaps not surprising since the model assumes a

~ME F(E ()
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TABLE VI. The parameter set for the shell modElandG are T T
the axially symmetric force constants for the radial and tangential 60 |- -
components, respectively. Charges for the ions and shells are in the Lu
unit of (+e). 40 - =
@20l -
Bond length F(r) G(r) = 0
Bond type R (1C® dyn/cnf)  (10° dyn/cn?) =
O
Born von 5 60 | -
Karman ~ 10 0]
P-0 1.534 871.3 ~8.1 3r 7
Lu-O 2.258 177.8 —23.0 0 20L MA 4
Lu-O 2.354 1235 ~14.0 c A /\M
0-0 2.404 119.5 ~282 g 0 —th M b
0-0 2.553 81.3 -20.7 = 60L 4
0-0 2.745 9.6 3.3 Q. 40 P
0-0 2.910 12.5 0.3 8 B 7
Shell-core IS 20 L -
o 2740 O
c 0 —o—-ﬁA—l—M—M—oﬂ—u—u—M—
Charges lonic Shell c_c: 60
@) -1.19 —2.68 =
= Total
P 2.33 0 nc? 401 |
Lu 2.44 0
" -M Mn A‘\ |
. . . 0 s . M M
perfect crystal whereas the powder consists of micron-size 0 50 100 150
crystalline grains. It does not consider the typical microstruc- Energy (meV)
ture in a powder or atomic disorder in the grain-boundary
region. FIG. 5. Partial phonon density of statd®DOS3 calculated from

the shell model.

V. DISCUSSION place—usually at low temperatures. For example, a coopera-

Since the shell model provides a consistent interpretatioffVe Jahn-Teller effect occurs in ToR@t abo 2 K involv-
of the observed phonon-dispersion relations, DOS, Ramalfd TP ion-lattice coupling that induces a tetragonal-to-
and IR data, and elastic constants of LyP®e are confident monoclinic distortion of the crystal lattice and a readjust-
that it is capable of describing the basic lattice excitation eergncﬁ]tehﬁw-\l;ﬁ ?r:ecérlgzl[(rjoitiitsgtnes\(gfpgg é%%ﬂhsngn?jez;
and thermodynamic properties characteristic of nonmagneti lattice strairzlm% de dives rice t 0% softening of the
xenotime-structure host compounds. If Lu is partly or fully ég ~C.)I2 elastic cor?stants é[t<01a200 K027 The exgact i
replaced by another magnetic rare-earth element, the spli% =1 :

i f the Hund's-rul d multiolet of th i ure of these spin-lattice interactions is not yet fully under-
ung ot the Hund s-rule ground muttiplet of the paramagneliCg;,qoq \ye expect to find anomalous phonon behavior in cer-
ions by the crystalline electric fields will give rise to a dis-

) _tain (Q,E) regions in thoseRPO, members which exhibit
tinct set of levels. It has been found that for all the magnetlc,Strong 4 "electron-phonon coupling. Such anomalies were
rare-earth ions in the xenotime series the crystal-field split;, ¢3¢t found in ThVQ and TmVQ, >282PTherefore, further ’
ting of the ground multiplet is of the order of 40 meV and, «,dies of the low-lying phonon branches in compounds such

therefore, overlaps the phonon energies for the rare-ear YbPQ and TbPQ in comparison with LuPQare desir-
motion (see the Lu partial DOS in Fig,)5Depending on the

symmetry properties of the phonon and crystal-field states, ponons above 40 meV involve mainly P and O motions,
interactions of the magnetic and lattice systems may tak?here are two disconnected P@trahedra in the primitive
cell. The relatively sharp features in both the P and O partial
DOS around 40, 60-73, 80-86, and 120-140 meV suggest
that the force fields around the two P@nits are similar and

TABLE VII. Elastic constants of LuP9

E(I)issttlzm (1('\)4?3?%22?) ( 1;2'3;:3:;% the P and O atoms in each unit vibrate almost independenftly.
The large gap separates the low-energy O-P-O bending
Cu 3.2003) 3.31 modes from the high-energy P-O stretch vibrations. There
Cyi, 0.367) 0.29 are eight stretch modes resulting in two sharp peaks at about
Cis 1.155) 1.24 128 and 135 me\(see Figs. 4-6 which may be related to
Cas 3.8214) 3.97 the asymmetric-type and symmetric-type P-O stretches, re-
Cus 0.84648) 0.831 spectively. If the PQtetrahedra are linked by sharing one or
Ces 0.2172) 0.156 more common O atoms, direct interactions of the tetrahedra

will lead to more correlated motions. In addition, energy
®Reference 22. minimization under these geometries causes a distribution of
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FIG. 7. The calculated lattice specific heat in termsRoper
average aton(R is universal gas constardt constant volumésolid
8'0 160 1é0 T40 line) for LUPQ, and measured specific heat at constant pressure for
ScPQ (OJ). The calculated temperature dependence of the Debye
temperature for LuPQis plotted in the inset.
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FIG. 6. Measuredopen circley and calculatedlines) general-
ized phonon density of states for LupOThe calculated two-
phonon density of states is given as the dashed line in the top panel.
determined at low temperatures in association with studies of
magnetic phase transitiofs>®In those cases, the measured
specific heat is a sum of magnetic and lattice contributions.

P-O bond lengths. Consequently, as the P and O phono-ﬁo a large exter_1t, the component of the lattice specific heat
bands broaden, the size of the phonon band gap decreas&&" b€ approximated by that of LuROTherefore, the
This trend has been observed in rare-earth ultraphosphatB5eS€Nt result is useful for estimating the paramagnetic spe-
and pyrophosphates. In the extreme cases of pure crystallifiC heat in manyrRPO, compounds. _

or glassy BOs in which a three-dimensional network of pO N summary, we have measured the major phonon-
tetrahedra is formed, the P-O stretch vibrations spread tgiSPersion curves and the phonon DOS of the nonmagnetic

reveal several phonon bands and extend to a consideradf&d member of the xenotime series, LupPBy neutron spec-
higher energy of~160 meV. This large increase of P-O OSCOPY. A shell model was applied to the interpretation of

stretch frequencies is related to the resonance of the addi?® lattice-dynamic data. After optimization, a set of param-
tional Pd-O pr bonding among the four P-@ bonds, a eters was obtained which permitted a quantitative under-
concept proposed by Pauling. standmg of the neutron res_ults as well as optl_cal data and
Finally, the lattice specific heat of LuB@an be evalu- elastic constants given prev_lously for Lu_j?@ the I|te_rature.
ated using the phonon DOS predicted by the shell model-.rhe present study has provided th_e basic mformau_on regard-
Figure 7 shows the specific heat obtained and the Deby®9 the phonon and thermodynamic properties of zircon-type

temperature as a function of temperature. The Debye tenstructures. The result provides a basic reference for further
perature extrapolated to 0 K9, is ~500 K (see inset of Investigations of spin-lattice interactions in the magnetic

Fig. 7). This relatively high®, indicates a high stiffness of RPO: compounds and for comparisons with phosphorus and
the lattice at low temperature. The slow saturation of thePXygen motions in different condensed phosphate materials.

specific heat at temperatures over 1000 K is the result of the
high phonon cutoff energy. To the best of our knowledge,
the specific heat of LuPfhas not yet been measured. How-
ever, the specific heat of isostructural nonmagnetic ScPO  This work was partly provided by a NATO Collaborative
was reported over the temperature range of 300-1680°K. Research Grant No. CRG940096. Work performed at Ar-
The experimental values of the specific heat at constant pregonne National Laboratory and Oak Ridge National Labora-
sure for ScP@are compared to the calculated specific heatory is supported by the U.S. DOE-BES under Contracts No.
at constant volume for LUPQOn Fig. 7. The agreement is W-31-109-ENG-38 and No. DE-AC05-960R22464, respec-
very good over the temperature range of the measuremetitely. The experiments performed at the Laboratoire Leon
where the increase of the specific heat arises mainly fronBrillouin (CE-Saclay were supported by HCM program Ac-
high-energy phonons. Additionally, the specific heat for sevcess to Large Scale Facilities under Contract No. ERB
eral otherRPQO, compoundde.g., TbPQ and DyPQ) were = CHGECT920001.
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