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Displacive radiation effects in the monazite- and zircon-structure orthophosphates
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Monazite-structure orthophosphates, including LaF@PQ, NdPQ,, SmPQ, EuPQ, GdPQ, and natural
monazite, and their zircon-structure analogs, including ScA®0,, TbPQ,, TmPQ, YbPQ, and LuPQ,
were irradiated by 800 keV Rf ions in the temperature range of 20 to 600 K. The critical amorphization dose
was determinedn situ as a function of temperature using selected-area electron diffraction. Amorphization
doses were in the range of %o 10 ions/cn?, depending on the temperature. Materials with the zircon
structure were amorphized at higher temperatures than those with the monazite structure. The critical amor-
phization temperature ranged from 350 to 485 K for orthophosphates with the monazite structure and from 480
to 580 K for those with the zircon structure. However, natural zircon (Z)S#an be amorphized at over 1000
K. Within each structure type, the critical temperature of amorphization increased with the atomic number of
the lanthanide cation. Structural topology models are consistent with the observed differences between the two
structure types, but do not predict the relative amorphization doses for different compositions. The ratio of
electronic-to-nuclear stopping correlates well with the observed sequence of susceptibility to amorphization
within each structure type, consistent with previous results that electronic-energy losses enhance defect recom-
bination in the orthophosphatd$0163-18207)04545-1

. INTRODUCTION monoclinic (P2,/n, Z=4) monazite structur&®=2 If the
size of theA-site cation is near the crossover radiagy., Gd
Orthophosphates are materials that are composed of isand Th, then the monazite structure is the low-temperature
lated PQ tetrahedra, analogous to “orthosilicates.” The form, and the zircon structure is the high-temperature form.
most common naturally occurring orthophosphates are aparhere is also a low-temperature hexagonal structure that has
tite [ Cas(POy)5(F,CI,OH)] and monazite (LnPg§), where Ln  rarely been observed because of its low irreversible transition
refers to lanthanide elements, usually La and Ce. In naturabmperature of approximately 800°K.
monazite, however, the entire lanthanide series may be found The monazite and zircon structure types are closely re-
in decreasing abundance with increasing atomic nurhberjated. The zircon structure can be viewed as being composed
The orthophosphate mineral xenotime (Y@ a relatively  of alternating edge-sharinOg polyhedra an0O, tetrahe-
common accessory mineral in plutonic and metamorphigira forming chains parallel to the axis (Fig. 1). In the
rocks and has a crystal structure related to that of the LnPQOmonazite structure, a ninth oxygen is introduced into the co-
compounds™* Naturally occurring monazite was used in ordination sphere of the largét-site cation. The oversized
this study, as well as synthetic single crystals of LaPO cation causes structural distortions, involving a rotation of
PrPQ, NdPQ, SmPQ, EuPQ, GdPQ, TbPQ, TmPQ, the tetrahedra and a lateral shift of ttE00) plane by 0.22
YbPO,, LuPQ, and the nonlanthanide phases SgRMd nm along [010],?> thereby reducing the symmetry from
YPO,. 14,/amdto P2;/n (i.e., the monazite structure: Fig. The
The lanthanide orthophosphat@gus ScPQ and YPQ)  two structures are, therefore, closely related, and the mona-
are part of the largeABO, mineral group, which includes zite structure can be viewed as a low-symmetry derivative of
the silicates: zircon (ZrSig), thorite (tetragonal ThSiQ, the zircon structure.
huttonite (monoclinic ThSiQ), and nonhydrated coffinite The effects of displacive irradiation on various ceramic
(USiO,). Depending on the radius of the-site cation, the materials have been extensively investigated, stimulated in
ABO, minerals crystallize in either the monazite or zircon part by applications of ceramics in the nuclear industry, in-
structure type, named after the natural minerals. For theluding their proposed use as “radiation-resistant” reactor
LnPO, compounds, if the radius of th&-site cation is less material$' ™% or as single-phase or multiphase crystalline
than that of Gd(covalent radius 1.247 A),° the material nuclear waste forms. In particular, zircon is a suggested host
will have the tetragonall 4, /amd, Z=4) zircon structure. phase for excess weapons plutonitfiii® and monazite is a
This structure includes ScRCand YPQ, in addition to  suggested waste form for high-level nuclear wdste'®
TbPQ, TmPQ, YbPO, and LuPQ.>3*°All other ortho- LaPQ, is also currently under active investigation in Japan
phosphates in the present study have the lower-symmetifipr the precipitation of actinides from nuclear waste tathks.
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processe$® Monazite, on the other hand, does not suffer
lead loss, possibly related to rapid natural annealing-of
recoil tracks?®3!

The lanthanide orthophosphate sefjexluding ScPQ,
YPQ,, and the silicate zircon (ZrSi] offers an excellent
opportunity to evaluate the models used to predict the sus-
ceptibility of ceramics to irradiation-induced amorphization.
The regular structural and chemical variations in &8O,
phases allow a systematic investigation of the competing ef-
fects of structure and chemistry on the amorphization pro-
cess. In the present study, we present results for the L.nPO
compounds and natural monazite, representing an overall
variation fromz=21 to Z=71 for the A-site cation. These
results are compared to previous data for zirtori:and the
effects of chemical impurities are also investigated.

Il. EXPERIMENT
A. Sample preparation

Single crystals of the orthophosphates were grown by the
flux method® The pure lanthanide oxides (kB;) were
combined with lead hydrogen phosphate and heated to
~1630 K in a platinum crucible. The system was held at this
temperature for several days, cooleéd.& per hour to 1170
K, and then rapidly cooled to room temperature. Single or-
thophosphate crystals were then removed from thg>jeh
flux by boiling in nitric acid for several weeks. The compo-
sition was subsequently verified by energy dispersive spec-
troscopy(EDS), and x-ray-diffraction analysis confirmed the

FIG. 1. Polyhedral diagrams showing the zircon and monazitdnonazite and zircon structure types. Natural monazite from
structure types, generated using the data in Refs. 4 and 7. In tHontario, Canada was also used in these experiments in order
zircon structure(a), the smaller A-site cations(shaded circle, to determine the effects of chemical impurities on the irra-
bottom-left corner of each diagramare coordinated to eight oxy- diation results.
gens(open circley and the PQtetrahedra are not distortédqual Prior to irradiation, the composition of the natural
P-O bond lengths The presence of the largarsite cations distorts  samples was determined using a JEOL733 electron micro-
the zircon structure by rotating, distorting, and shifting the,PO 1, nhe The microprobe was operated at an accelerating volt-
tetrahedra and this |nt_r0duce_s a ninth ox'ygen into the goordlnatlogge of 15 keV, and the beam current was 20 nA. The beam
sphere of the lanthanide cation, producing the monazite Strucmraiameter was approximately Am. All elements, including
type (b). . ’ ! .

oxygen, were determined by wavelength-dispersive spec-
. L . . trometry (WDS) using lanthanide orthophosphate standards.
Additional motivation is derived from the often unique oP- Data ere reduced gy the ZAF-4 correpctionptechnique using

toelectronic properties of amorphous or implanted ceramiqy ¢4 GENIE microprobe automation and data analysis

phases[e.g., Refs. 20 and 21 Specifically, ion-beam- :
: : : : : ., _software. The HO content was determined by loss-on-
amorphized zircon is a potential optical waveguide; nition (LOI) at 1300 K.

material?> and amorphous orthophosphates may also havid ) )
applications in electron lithography:2* The samples were.sectloned paraI.IeI to ¢haxis, gxcept
Natural monazite is almost invariably crystalline despitef0r the natural monazite samples, which were sectioned ran-

containing greater than 10 wt. % Y®ThO, on average. domly because of the absence of well-formed crystal faces to
Natural zircon, while typically containing less than 5000 indicate the crystallographic orientation. The samples were
ppm uranium, is often amorpho[ﬂmetamic 25 Because of g'UEd to copper TEM foils and hand polished to a thickness
the natural occurrence of U and Th in these minerals, thepf approximately 1Qum. They were then ion milled to per-
are widely used in geochronology, however, radiation effect§oration at room temperature using 4 keV Ar ions at an in-
can disturb the U-Pb systemati@sg., see Refs. 25 and26 cident angle of 20° to the sample surface. The beam energy
Low-temperature lead loss in the outer layers of zircon cryswas lowered to 3 keV, and the samples were irradiated for
tals is frequently observed and can lead to incorrect 4ges.ten minutes subsequent to perforation. Prior to ion-
This may be related to enhanced leaching of radiogenigradiation, the samples were carbon coated and examined in
daughter products due to radiation damage, and recent woek JEOL2000FX electron microscope to ensure that the mate-
has indicated that the reliability of U-Pb zircon ages may beials were not altered by the ion-milling process and that the
directly related to U-content through radiation damagenatural samples contained no observable radiation damage.
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TABLE I. Composition of the natural monazite used in this Ill. RESULTS
study. . .
A. Electron microprobe analysis

Element wt. % Element wt. % The results of the electron microprobe analyses for the
La 104 ca 0.62 _natural monaglte.are given m_TabIe I. The impurity content
Ce 23.9 Fe 017 in the monazite is typically higlte.g., >10 wt. % ThQ).
Pr o5 v 0.95 The analytical totals were low~96 wt. %), indicating the
Nd 11'1 p 11' 1 possible presence of impurity elements which were not ana-
Sm 1.6 Al 0 '05 lyzed, however, the results give a near-perfect stoichiometry

' ' of Ay 18100, Approximately 1 wt.% of the mineral was
Pb 0.24 B <04 s
Th 83 Si 052 volatilized by LOI, presumably due to the loss of structural
U 0'6 Lol 0'89 water (i.e., the mineral rhabdophane is simply hydrated
o 228 Total 95.74 monazit¢. Because impurities in these samples are needed in

order to determine their effect on the ion-irradiation results,
these samples were deemed suitable for irradiation.

B. lon irradiation

h | q q h | B. lon irradiations
The materials were irradiated using the IVEM Facility at o . .
¢ y Radiation-induced amorphization by 800 keV?Krions

Argonne National Laboratory. This facility consists of a Hi- ; | ; ;
9 y y occurred in all the materials investigated. At low doses,

tachi HO900ONAR intermediate-voltage electron microscope o . R ;
. : I amorphization associated with individual displacement cas-
interfaced to a 400 keV ion accelerator. Irradiations were

o ) ; . cades was observe(dFig. 2). As the dose was increased,
done at 10° off th+e[_001] zone axis to a_v0|d channeling ef- these domains, having image contrast which can be inter-
fects. 800 keV K¥" ions were chosen_m order to compare reted as that of amorphous material, increased in size and
the present results to earlier work using Kr and because Qi erjapped leaving a few slightly rotated crystalline islands
the.m.mlmal chemical effects of an implanted noble gas. Iryyhich eventually disappeared as the material became fully
radiations were performed over the temperature range 20 Té’morphous. The critical amorphization do&.) is the low-

600 K using a liquid-helium cooling stage or a single-tilt hot est dose at which there are no observable electron-diffraction
stage. The ion flux was 1.2610"*ions cmi?s™*. Amor-  maxima, and the diffraction pattern contained only amor-
phization was observedh situ by the loss of electron- phous rings. In actuality, the material may or may not be
diffraction maxima. During irradiation, the electron beam fully amorphized even when the diffraction maxima have
was turned off to minimize the combined effects of electronentirely disappearetf, however, as long as this criterion is
and ion irradiation. Subsequent high-resolution TEM wasused consistently, valid comparisons can be madth the
done using a JEOL2010 electron microscop®IM-96  reasonable assumption that the image transfer functions are
calculations® were used to model the ion ranges and targesimilar for these materialsThe critical amorphization dose
displacements. was found to be up to several times higher in the presence of

FIG. 2. High-resolution TEM images and corresponding electron-diffraction patterns showing an amorphization sequence in natural
monazite(Ref. 44: unirradiateda), 8.55x 10'% ions/cnt (b), 1.71x 10 ions/cnt (c), 2.56x 10 ions/cn? (d). All samples were irradiated
at 310 K. Similar sequences could not be obtained for the pure orthophosphates because of the rapidity of electron-irradiation-induced
crystallization in the TEM.
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FIG. 3. Critical amorphization dose as a function of temperature for the orthophosphates. The data was separated into four panels for
clarity; (a) and(b) show the data for the monazite-structure orthophosphategcaadd(d) for those having the zircon structure. The lines
through the points were plotted using a least-squares refinement ¢2)Egee text The error bars represent10%. The arrow marked
with anm in the top left of each graph highlights the rangeTgfvalues for the monazite structure and that with #those for the zircon
structure.

the electron beam in the TEM, so all irradiations were donescribed above. The observed difference between GdPO
with the electron beam turned off. The effect of increasing(monazite structupeand TbPQ (zircon structurgillustrates
temperature was found to cause an exponential increase ife structural dependence of the critical amorphization tem-
D. (Fig. 3), as documented for many other ceramicperature. Gd and Tb are adjacent on the periodic table, but
materials'>3*%" the critical amorphization temperature for ThPi® 545 K,

The critical amorphization dose at room temperature foras compared to 485 K for GAROThe structural effect can
the different materials was difficult to distinguish within ex- counterbalance the chemical effect so that the results for
perimental error, sd@ . (the temperature above which amor- ScpPQ are similar to those for GdPQlespite the large dif-
phization was not inducédvas used to compare the kinetics ference in the atomic number of tesite cation.
of amorphization. Irradiations at temperatures higher fhan  |n general, the phosphates are more difficult to amorphize
were performed to ensure that the values estimated from th@r are correspondingly more easily annealed during irradia-

curves were correct. A>T, only incomplete amorphiza- tion) than their isostructural silicate analogs. This effect is
tion could be induced at a dose of 1.5 to 2.0

X 10 ions/cn?, and atT>100+T,, the ion beam was ob-
served to induce crystallization in some previously amor-
phized samples.

The effect of the chemical variation is evident in Fig. 3.
Within the orthophosphateg;. was found to vary consis-
tently with the atomic number of tha-site cation within
each structure type. In general, the effect of increagingas
to cause an increase ifi;. However, some irregularities
were observed. For example, EuP®as slightly easier to
amorphize at elevated temperatures than G¢RR@d LaPQ 0 250 500 750 1000
has a remarkably oW ., such that the difference between
LaPQ, and PrPQ is larger than that between PrpP@nd Temperature (K)

GdPQ. ) . . ) FIG. 4. Comparison of the results for YR@nd LuPQ (800

l\/_IatenaIs having the zircon structurg can be amo_rph|zeqj(ev) and ScPQ (1500 keVj from the present study, with those for
at higher temperatures than those having the monazite strugircon (1500 ke\j.3 The lines are plotted as in Fig. 3, and the error
ture. The critical temperatures for the monazite-structure mapars are+10%. Zircon was observed to undergo two stages of
terials [Figs. 3a) and 3b)] are lower than for the zircon- jrradiation-enhanced annealing. Despite the structural and chemical
structure material{Figs. 3c) and 3d)], although some similarities, the orthophosphates have much lower critical amor-
overlap occurs because of the atomic-number effect, dephization temperatures than the orthosilicate zircon.

1.8

-
N

o
o

Critical Amorphization
Dose (1015 cm-?)
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TABLE II. Critical amorphization doset® K (Do), irradiation-  calculations show that the amount of implanted Kr is less
enhanced activation energies for annealig)( and critical tem-  than 1 at. % for the 800 keV irradiations, assuming a thick-
peratures of amorphizatio ) for 800 keV KF* irradiation of the  ness of 200 nm.
suite of orthophosphates. The values are calculated from a least-

squares refinement of E@2), and the dpa values are calculated IV. DISCUSSION

using Eq.(1).
Previous work on irradiation effects in the orthophos-
Do Do Ea Te phates is quite limited. Kariorist al® irradiated monazite
Compound [cm™? (x101)]  dpa  (eV) (K) and several related phases with 3 MeV'Kons at ambient
monazite structure temperature. They found that monazite amorphizes at a dose
LaPQ, 1.23 035 0032 333 Of less than 5ions/nfn as compared to over 2000 ions/fm
PIPQ, 1.26 0.38 0.046 419  for .Thoz, for ex_ample, and concluded that monazite_is not
NdPQ, 1.16 0.35 0.054 418  'esistant to radiation dgmage. However, the monazite was
sSmPQ 121 0.38 0057 472 fully annealed _after heating _for 20h f':\t 570 K. In contrast, the
EuPG, 122 0.39 0.093 479 |_sostructural S|.I|cate huttonite (ThSiDbegan to recryst_al—.
GdPQ 124 0.39 0.069 485 lize %} approxmat_ely ;050 K. In ano;her study, Karlo.ns
. ) . : et al™>® completed irradiations on a variety of minerals, in-
monazite 1.0z 031 0.078 450 cluding monazite, zircon, and huttonite. The measured dam-
zircon structure age cross section$0.56 nnf for monazite compared to
ScPQ 1.56 0.37 0.064 477 0.33nnt for zircon, for example showed that monazite is
YPO, 1.12 0.31 0.054 512 relatively easily amorphized at room temperature.
TbPQ, 1.04 0.37 0.074 545 RobinsoA? simulated Ar-ion irradiation of monazite using
TmPQ, 1.07 031 0.079 563  the binary collision approximation computer CQdeRLOWE.
YbPO, 1.21 0.39 0.099 570 Amorphization was suggested to occur when collision cas-
LuPO 1.48 0.48 0.113 577  cades begin to overlap, similar to zircon which may require a
; double overlap to trigger amorphizatich.
quite pronounced, as shown by a comparison of results for A. Determination of activation energies
YPO, and LuPQ to ZrSi0Q, (Ref. 34 (Fig. 4. The molar for irradiation-enhanced annealing

mass and density of YEQand ZrSiQ are nearly identical The shape of the curves of the critical amorphization dose

(184 vs 187 g/mol and 4.26 vs 4.65 gfimespectively.  yeorg;s temperature plots shown in Fig. 3 can be considered

They have the same crystal structure, but show a very differy, the context of a variety of models. For example, Abe

ent temperature dependence of the critical amorphizatiogy 437 interpreted similar curves for graphite to be attribut-
dose. The critical temperature for zircon is about 600 Kgpje 1o two stages of defect recombination during irradiation
higher than for YPQ and LuPQ (the most easily amor- (ot related to the two stages in zirédp the first of which
phized of the orthophosphajeslespite the similarities in - 5ccounts for the relatively flat part of the curve and the sec-
structure, density, and molar mass. ond the steep portion. Conversely, the entire curve can be

A potential caveat is that the zircon was irradiated by.,sqeled by a single equation: the most commonly used
1500 keV Kr" ions3* compared to 800 keV Kf for the model was proposed by Webat al3* and Weber and

present experiments. However, Afe al.”’ demonstrated \yang# and is partly based on an earlier “thermal-spike”
that T; increases with decreasing ion energy for graphite,oqel by Morehead and Crowd& According to the latter

presumably due to the greater cross section for nuclear intefogel, amorphization occurs directly within cylindrical dam-
actions as the low-energy ions pass through the TEM foilage cascades of radius The effect of temperature is to

Thus the observed differencesTg would be expected to be jncreaserr, the radius of material that recrystallizes epitaxi-
a minimum. Nonetheless, the results for 1500 keV ra- ally at the edge of the cascade during the post-quench an-
diation of ScPQ (molar mass: 140 g/mole, density: hgajing stage. Weber's mod&f! does not assume cylindri-
3.71 glen) are also shown in Fig. 4, and the differencelin  ¢ca| cascades or direct-impact amorphization. The critical
is similarly large. amorphization dose is then related to temperature through a

TRIM-96 calculations(full cascadegwere used to model  gynamic irradiation-enhanced, diffusion-driven annealing ac-
the results and to calculate the displacements per &ip@  iyation energyE,:

in the target:

C.H(ions/emd) IN(1—-Dgy/D)=In(1/po7)—E,/KT, 2
D(dpa = " n @ in which Do is the critical amorphization dose at O (€x-

trapolated, ¢ is the ion flux,o is the amorphization or dam-

wheref is the critical amorphization fluenc€, is the num-  age cross sectior,is a time constant, ankl is Boltzmann'’s

ber of displacements per ion per unit depth calculated byonstant. Previously, activation energies were obtained by

TRIM-96, andn is the atomic density. The displacement en-calculating the slope of a In(1D,/D) vs 1kT curve on an

ergy was estimated to be 20 eV and the binding energy to bArrhenius plot in which the value db, was estimated by

2 eV for the purpose of these calculations. The results calcuextrapolation. The critical amorphization temperature is then

lated in this way forD, are given in Table Il. lon-range derived from Eq.(2):
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5 1.6 further exacerbated if one were to consider errors in measur-
s j:}l‘j:‘s‘;a(;;‘éste d by +10% ing the temperature. The relatively consistent increadg,in
Ne 12 - with the atomic number of thA-site cation(Table Il) sug-
80 Ea7 08 eV gests that these values can be used for comparative purposes,
g‘{:_ 08 ’ \ but their physical meaning is probably limited. The calcu-
<3 lated values forT., however, are relatively insensitive to
w8 04l experimental erroiFig. 5 and can be directly confirmed
:5 a ?af 0-7%6 ;V experimentally.
o 0 L ' T4 EuPQ has an anomalously high, , reflecting the steeper

0 100 200 300 400 500 curve in Fig. 3(the curve for EuPQactually crosses several

Temperature (K) other curves The unusual behavior of EuRGnay be ex-

plained by the possibility of valence change during irradia-
FIG. 5. Variations ofE, and T, calculated by Eqs(2) and(3) tion. If some of the E%" is converted to B then the ma-

(see text that can result from experimental error. The shadedterial would be expected to be harder to anneal under
squares represent the actual data values for 3aP&@liated by 800 irradiation because of charge-balance considerations. A simi-
keV Kr?*, and theE, and T, values are from Table II. A random |ar effect is well known in the crystallization of lanthanide-
variation of =10% gives the curve marked by the open polygons.pearing phases from a melt and is called the “Eu anomaly”
The E, value was changed by approximately 25%, butThealue (e.g., see Ref. 49 The Eu anomaly occurs because of the
remained almost unchanged. Any error in the temperature measUrgssistance of Ef to crystallize into lanthanide-bearing min-

ments would similarly be strongly reflected in the valuesEgf. 55 resulting in exceptionally low Eu concentrations.
Therefore,T. is a more reliable annealing parameter thak jsin

these types of experiments.

B. Effect of crystal structure

Tc=Ea/[k In(1/¢po7)]. 3 The effect of crystal structure in these experiments can be

partially explained by using a structural-topology-based

This method has been applied to calculate value&.of model such as that proposed by HoBb#ccording to this
for a wide variety of materialgée.g., Refs. 13, 34, 43, 44 model, for any given material, the susceptibility to amor-
Two important points should be made concerning this modelphization(at zero K is governed by the connectivity of the
First, ionization effects from the ion beam are not specifi-cation polyhedra. Therefore, the only requirement for the ap-
cally calculated. lonization effects may be negligible, asplication of this model is a knowledge of the corner, edge,
demonstrated for zircotf, although in other insulating ce- and face sharing for all of the polyhedra. Materials that are
ramics they have been shown to contribute to damagstructurally highly constrainethigh topological connectivity
accumulatiof® or, under certain conditions, to enhance de-for the cation polyheddaare proposed to be resistant to
fect recombinatiort*®4” Second, the calculated activation radiation-induced amorphization. Thus, NaCl, for example,
energy is strongly dependent on the slope of the curve andih which each anion represents a shared corner for six cation
hence, on the value chosen . The activation energy is polyhedra, is more difficult to amorphize than $j@ which
not dependent of, rather, T, is calculated by Eq(3)  each oxygen cross links only two Sj@etrahedra.
through a rearrangement of E®). E, thus depends only on Wang et al>! used Hobbs’ model as a starting point to
the degree of curvature of the lines in Fig. 3. propose a semiempirical means of predicting the susceptibil-

Traditionally, the dose obtained at 20 K was taken to bety to amorphization. In that work, it was proposed that ma-
Dy. Then, the slope of an Arrhenius plot of In{Dy/D) vs  terials that are good glass formers are relatively susceptible
In(¢o7) provided the value foE,. Alternatively, Meldrum  to amorphization. Wang's model attempts to account for the
et al*® showed that a least-squares refinement could be apifferences in bondinge.g., bond length and bond valence
plied to Eqg.(2) to solve simultaneously foE,, Dy, and in otherwise identical structures, although several potentially
In(1/¢o7), the advantage being that every point in the dataisky assumptions must be made.g., the model may as-
set then contributes to the value taken . Activation-  sume bonding that is not actually present
energy values can change by as much as 100% by this Hobb’s model appears to work well for relatively simple
method, as compared to a simple extrapolatiorlfgr Table  structures. For more complicated structures, Hokbal >
Il gives a list of activation-energy values calculated in thisproposed that some polytopes may be weak ligkg., SiQ
way for the orthophosphates. tetrahedra in zirconthat control the response to displacive

The values obtained fdE, using Eq.(2) should be used irradiation. Keeping in mind that this is a simplification, the
cautiously. The calculated values are surprisingly lmsu-  average connectivity for the lanthanide polyhedra is 6 in the
ally less than one tenth of an electron yolfhe activation ~monazite structure type, as compared to 5.3 in the zircon
energy for epitaxial thermal recrystallization of Si, for ex- structure type. All other factors being equal, a lower connec-
ample, is 2.7 eV, which can be lowered to 0.62 eV under 1.8ivity leads to easier amorphization, possibly consistent with
MeV Xe irradiation*® The latter values were obtained by the higher critical temperatures for materials having the zir-
measuring the growth rate of crystallites during irradiationcon as compared to the monazite structure type. This analy-
and are an order of magnitude higher than those typicallpis assumes no crossing of the temperature-dose (s
obtained using the above model. Additionally, the 10% errowalid for EUPQ). However, the model gives identical results
bars in Fig. 3 can lead to a 50% or greater change in th&ithin each structure type, regardless of chemistry and is,
calculated activation energgFig. 5, and this problem is therefore, unable to explain the large observed difference
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600 0.12 TABLE Ill. Comparison of nuclear cross sections, calculated
7 according to Eqs(4)—(6) (see text, maximum energy transfers by
ballistic collisions[Eqg. (7)], electronic and nuclear stopping powers
.500 | -1 0.08 m calculated usingrimM-96, and electronic to nuclear stopping power
X < ratio (ENSP. The dotted line divides materials having the monazite
(Vg © T, zircon =< structure(above and zircon structurébelow), as in Table I.
400 |- o E, zircon -1 0.04
e T monazite o, (eVenfper E, dE/dx, dE/dx,
200 | = Ela monazite . Compound  10'® atom$ keV eVIA eVIA ENSP
130 150 170 190 Monazite structure
Atomic Mass (amu) LaPQ, 1.93 187.75 128 127  1.008
. . PrPQ 1.96 187.08 125 133 0.940
FIG. 6. T, (circles and E, (squares plotted as a function of dPO, 1.96 185.95 107 115 0.930

aFomlc mass for the I.anthanlde orthophosphates with the monazngmpQ 197 183.83 195 138 0.906
(filled symbolg and zircon(open symbolg structures. In general,

both T, andE, increase with the mass of thfesite cation. EUPQ EuPQ 1.98 183.28 123 140 0.879
(labeled has an anomalously higk,, as discussed in the text. GdPQ 1.97 181.43 125 141 0.887
Notice the large increase i, between the monazite and zircon

; Zircon structure
structure typegdashed ling

ScPQ 1.63 17786 128 130 0.985

. YPO, 1.82 199.82 118 128 0.922
between, for example, ScRCand LuPQ (or ZrSiQy).

. . . bP 1.98 180.84 131 148 0.885
Wang's model! is unable to correctly predict the differences <
L . mPQ, 2.00 177.31 111 132 0.841
within the zircon-structure compounds, although some suc;
cess was obtained for those with the monazite structure YbPO, 2.00 17586 125 1450862
" LUPQG, 2.00 175.17 124 147 0.844

C. Nuclear cross sections and energy transfer

Figure 6 shows th&, and T, values plotted as a function maximum energy transfers() by nuclear collisions, calcu-
of the mass of thé\-site cation. The trend of increasirtg,  lated using the following simple elastic-interaction model:
and T with atomic mass for both structure types is clear. In 5
general, the phosphates with heavier cations require a lower E=4M M E/(M;+My) )
dose for amorphization than those with lighter cations oryacreases as the mass of #esite cation increases: thus

conversely, undergo less dynamic annealing. There is a Prosisetting the higher nuclear cross sections in terms of net
nounced jump in thel; values between the monazite and genosited energy. Thus, nuclear stopping alone is probably

zircon-structure types. o _not sufficient to explain the experimental results.
The general increase in the “ease of amorphization” with

increasing mass of thé-site cation can be partially ex-
plained by an examination of nuclear cross sections. The
cross sections for nuclear interactions with 800 ke\#'Kr The present results can be interpreted through an analysis
ions were calculated after Zieglet al.> of the electronic and nuclear stopping powers and the distri-
bution of energy loss in the target material. The overall
5 nuclear and electronic energy losseég/dx, and dE/dx,
eV cnt/10'° atoms, calculated byrrim-96 for the different targets are presented
(4) in Table Ill. Density values calculated from the structural
data given by Niet al? were used in obtaining these values.
The values do not vary linearly as a function of the mass of
the A-site cation due in part to the differences in density.
The effect of ionizing radiation in certain energy ranges
In(1+1.138%E,) - ap%earsl\;lolgromo;[e Icg3ef§c(; recomtbir;a(tjiotll] ir; m%m/ cer:alrgic
071276 o oxides. Meldrumet al=>* demonstrated that subthresho
(E,+0.0132F, +0.1950F, ) electron-irradiation can induce crystallization as a result of
for E,<30keV, as in these experiments,, the reduced ionization processes in amorphous orthophosphates.

D. Combined effects of electronic and nuclear energy loss

8.462,7,S,(E,)

en(E)=
B = My M) (208 205

whereM, M,, Z;, andZ, refer to the mass and atomic
number of the ion and the target, respectively, 8n(E,) is
the reduced nuclear stopping power:

Si(E)= 5

energy, is Zinkle!*®47has shown that the rate of dislocation-loop for-
mation is lower when the ratio of the electronic-to-nuclear

B 32.53,E stopping power(ENSB is high, for example, in spinel

S 2z M M) (0P 0 ®  (MgAI,0,), a-alumina (ALO,), and MgO. The ENSP ratios

are given in Table Il and are plotted agaifigt andE, in
Bragg’s linear additivity rule was applied to obtain the Fig. 7. The critical amorphization temperature decreases uni-
compound cross sections, using the mole fractions of théormly as a function of ENSP. This is consistent with the
constituent elements of the compound. The nuclear stoppingypothesis that when the ENSP ratio is high, the rate of
cross sections calculated in this manner increase with thdefect accumulation is lowdue to enhanced point defect
atomic number of thé-site cation(Table Ill). However, the mobilities). The trends for the monazite and zircon structure
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0.12 = 4 ‘
600 T 5
0P KD
o} Ne 3F
~500F @O -{0.08 m -g_ o
< @ e o —_ se NdPO, —»
= (- Q. s> 2}
~ O T, zircon of = ET
400 |- o £, zircon B -jo.04 < e monazite
@ T, monazite .g 8 1
& E, monazite @ E
300 L ' 0 S 0
0.8 0.9 1.0 1.1 0 100 200 300 400 500
ENSP Temperature (K)

FIGI‘ 7 Te andEa pIottedEilsSa qunCt'%n |°f the rre:mo of electr_omr(:- FIG. 8. Comparison of the amorphization curves for natural
to-nuclear stopping powet P. Symbols are the same as in the monazite and NdPO(having a similar “average” mass of the

previous figures. The activation energies and critical temperatureg i, cation, demonstrating the effect of impurities on the tem-
decrease with increasing ENSP, consistent with previous results f

spinel anda-alumina(Refs. 11, 46, and 47and for the electron
irradiation of amorphous orthophosphat&efs. 23 and 24 which
showed that ionizing radiation can enhance defect recombinatio
Using T, as the amorphization criterion, the data are divided into
two lines of roughly equal slope, showing a high correlation with

ENSP. For the same ENSP, the zircon-structure materials have . o .
higher values off, andE, . monazite. Perhaps coincidentally, monazite has the lowest

value of D, (Table Il). These observations suggest that the

types are clearly distinct, with the zircon-structure-type maPrésence of impurities such as Th, Fe, Ca, and Si which,
terials having a higheF, for the same ENSP ratio. Usirkg although of acceptable radius, do not ha\_/e the proper valence
as the amorphization criterion, the ENSP ratio can distin{N€nce charge balance must be maintained by coupled sub-

guish between the two structure types and clearly gives thgtit_utiqn mechanisné) increases the sysceptibility tq amor-
correct order within each. Using, as the amorphization phization. Thus, for every Th atom incorporated into the

criterion results in a somewhat worse correlation, especiall;éirucwre’ one Si or one Ca atom must also “crystallize” to
t

Oﬂerature dependence of the critical amorphization dose. The effect
of impurities in the natural samples is to increase the critical amor-

hization temperature, reflecting a greater resistance to crystalliza-
rﬂon. The filled symbols represent doses at which complete amor-
phization was not achieved.

for the zircon-structure materials, which generally decreas aintain charge balanC(_e. T_he constraints thus p_roduce(_j on
with increasing ENSP, but which show a considerable e pomt-dgfect recombination during the relaxathn period
spread. This is not surprising: as noted above Bhealues after each impact act to lower the value&f, the radius of

calculated by Eq(2) can vary substantially as a result of the material that “recry_stallizes”.epitaxially at the edge of
experimental error; whereas, tfig values do not and, in each cascade. Alterrjatlvely, the mqgasé’&n’nay be a re-
fact, can be checked experimentally ' sult of a decrease in defect mobilities due to trapping at

Zinkle'#7 found that the ENSP had to be greater than dmPurities.
certain threshold valuée.g., a value of 10 for MgAD, or
over 1500 for A}O,3) before the ionization effects become V. CONCLUSIONS
important. Below these values, no correlation between defect
density and the ratio of electronic-to-nuclear energy loss was The monazite-structure orthophosphates have lower criti-
observed. The ENSP values for the orthophosphates havecal temperatures for amorphization than their zircon-
narrow range and are even lower than the cutoff values fogtructure analogs and are, in general, more difficult to amor-
MgAl,O,. In the present case, the differences in ENSP ratidhize at elevated temperatures.
are due to target composition and not to the irradiation pa- Within each crystal structure, the critical amorphization
rameters(e.g., ion type and ion energyThese data, there- temperature increases with the atomic number ofAksite
fore, suggest that the orthophosphates are highly sensitive gation.
the “annealing effects” of ionizing radiation, consistent with ~ Phosphates and silicates with the same crystal structure
their ease of crystallization under subthreshold electrorshow large differences in their response to irradiation. The
irradiation2324 phosphates have lower critical temperatures of amorphiza-

tion and activation energies for dynamic diffusion-driven

irradiation-enhanced epitaxial recrystallization.

The activation energies calculated using the model of We-

Chemical impurities in the natural monazite lower theber et al>**! may vary by more than 100% as a result of
critical amorphization dose and correspondingly lead to arexperimental error and by errors in selectiDg. T. values
increase inT. (Fig. 8. Natural monazite is considerably are more reliable indicators of the kinetics of amorphization.
easier to amorphize at elevated temperatures than pure Structural-topology-based models correctly predict the
LaPQ, and it is easier to amorphize than expected based orelative susceptibility to amorphization for the monazite and
the stopping powers and cross sections alone. The “averzircon structures in gener@ith certain assumtpiofsbut
age” mass of theA-site cation(Table |) is equivalent to that cannot account for the observed differences for compounds
of Nd; hence, Fig. 8 compares the results for natural monawithin each structure type.
zite and NdPQ Both T, andE, are higher for the natural The ENSP ratios correlate well with, and correctly pre-

E. Effect of impurities
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