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Neutron diffraction was used to measure the total structure factors for several rare-ed®ft ioba®" or
Cée") phosphate glasses with composition closeR 385 2/010.12. By assuming isomorphic structures,
difference function methods were employed to separate, essentially, those correlations ifRdivingm the
remainder. A self-consistent model of the glass structure was thereby developed in which the Al correlations
were taken into explicit account. The glass network was found to be made from interlinketetPahedra
having 2.21) terminal oxygen atoms,Q at 1.511) A, and 1.§1) bridging oxygen atoms, © at 1.6@1) A.
Rare-earth cations bonded to an average d2Y G nearest neighbors in a broad and asymmetric distribution.
The APY ion acted as a network modifier and formeg-@-O+ linkages that helped strengthen the glass. The
connectivity of theR-centered coordination polyhedra was quantified in terms of a parameted used to
develop a model for the dependence on composition of the/Aé@@rdination number ifRR-Al-P-O glasses.
By using recent'’Al nuclear-magnetic-resonance data, it was shown that this connectivity decreases mono-
tonically with increasing Al content. The chemical durability of the glasses appeared to be at a maximum when
the connectivity of theR-centered coordination polyhedra was at a minimum. The relatidiy tf the glass
transition temperaturély, was discussed.
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I. INTRODUCTION where the latter notation refers to oxygen atoms interlinked
by phosphorus. Unambiguous information on these param-
Rare-earth ion phosphate glasses have many fascinatirggers is, however, of basic importance: the P-O andP20
optoelectronic and magneto-optical properties which givgpeak positions and coordination numbers give insight into
them application as, for example, lasers and Faradathe connectivity of the phosphate network, through the ratio
rotatorst~’ In order to develop realistic microscopic models of bridging oxygen sites, §, to terminal oxygen sites, Q
to account for these phenomena, knowledge of the glassn the PQ tetrahedra, while th&k-O coordination param-
structure at théFaber-ZimaPf) partial structure factor level, eters help describe the degree of interlinking between
S.p(K), is required, wherd is the magnitude of the scatter- R-centered polyhedra?*~2°
ing vector. This presents, however, a challenging experimen- The object of the present paper is to employ the method
tal task since samples prepared, e.g., by fusfgOg in @  of isomorphicsubstitution in neutron diffraction, which has
platinum crucible comprise three chemical species and areecently been used with success to study molten rare-earth
described by six overlappingsaﬁ(k).g Moreover, glasses compound$/~3°to create difference functions that separate,
with superior mechanical properties that enable fibers to bessentially, thoseS, (k) involving rare-earth ionsR>*,
drawn, and which are also water resistant, can be prepared lfisom the remainder. The experiments focus on glasses of
fusing a suitable rare-earth oxide with@ in an alumina composition similar to R,03)q 214 Al>03)0.07d P205) 0.706:
crucible®-2 There is, however, an attendant incorporationor RAl s 2001012 Which comprise LA™ or Ce" that
of Al into the structuré" which further complicates the prob- are at the large cation radius end of the rare-earth series.
lem through the introduction of an additional fo8g4(k). These cations are chosen as isomorphic pairs since they are
A variety of techniques have been used to investigate thadjacent in the Periodic Table and have comparable cation
structure of rare-earth phosphate glasses prepared in aluminadii (1.16, cf. 1.14 A for eightfold coordinatidh and
crucibles, including extended x-ray-absorption fine-structureéPettifor chemical paramete(8.705, cf. 0.7025°2 They also
spectroscopy° '8 neutron diffraction! and x-ray share a similar structural chemisty?? e.g., the crystalline
diffraction 12131929 |though trends associated with the lan- orthophosphates of the large rare-earth ian&PO,, have
thanide contractiot?? have been observed, such as a shorta common structur®>° Likewise, the crystalline meta-
ening of theR-O nearest-neighbor distance, significant dif- phosphatesg-RP;0q4, of the large rare-earth ions have a
ferences in the structural parameters have been reported. Fesmmon structurd®3” as do the crystalline ultraphosphates,
example,R-O coordination numbers in the range @B  c-RP50;,.%6%-%0
6.5(6) have been quoted for the same glass witbmina) The essential theory required to understand the diffraction
composition (Cg03)q 234 P,O5)0.765 together with OP)-O  results is first given in Sec. Il. The sample preparation
coordination numbers in the range @#¥-4.79),11121618  and characterization, together with the neutron-diffraction
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method, is then outlined in Sec. Ill. The results are presentethstead, the functio®’(r) is obtained where
in Sec. IV and, in the data analysis procedure, explicit ac- 5
count is taken of the Al correlations, by contrast with most ., | * . _

previous diffraction and extended x-ray-absorption fine- D'(r)= le(O)JO dkF(k)kM(kjsintkr) =D(r)@M(r)
structure studies in which the A1 was regarded as an im- (7)
purity ion having a negligible impact on the measured
patternst*~*° Finally, in Sec. V, the results are discussed us-
ing the model of Hoppe and co-work&fs~?6as a template.

A method for calculating the connectivity &centered co-
ordination polyhedra is also described, in which the result
from neutron-diffraction and ?’Al nuclear-magnetic-
resonance experiments are combined.

and ® denotes the one-dimensional convolution operator.
The normalization byG(0)| ensures that the weighting fac-
tors of theg,z(r) in Egs.(4) and(7) sum to unity such that
éhe low+ limit of D(r) or D'(r) is given by —4mngr.

To enable those features that are artifactdidir) to be
distinguished, each peakn rg,z(r) can be represented by
a Gaussian centeredraf,(i) with standard deviationr, 4(i)

Il. THEORY and an area corresponding to a coordination num’oﬁli,),
of speciesp arounda. The measured’(r) can then be
In a neutron-diffraction experiment on &Al-P-O glass  fitted by least squares to a sum of these Gaussians convo-
comprising a paramagnetic cation the differential scatteringuted with M (r) such that
cross section per atom for unpolarized neutrons can be writ-
D'(r)=
=2 (Jﬁcﬁ<i>raﬁ(i>oa5<i>

ten as
CRCRC I
dQ tot dQ nuCI. % ex p{ [r—r aB(l)]

For the present materials, only €eexhibits paramagnetism Z%ﬁ(')

and the corresponding differential scattering cross section . B .

(do/dQ)mag Was calculated in the free-ion approximation where  W,4(i) = C _/|G(0)| it a=p and W,i)
=2c,Chb, bB/|G(O)| if a# .

by using the scheme outlined in Ref. 27. The nuclear differ-—
y 9 The complexity of correlations associated wilk) can

ential scattering cross section is given by be reduced by using difference function methods for glasses
that are identical in every respect except for the scattering
qq/ ~Fl+ E Calb2+b5 J[1+P,(K)], (20 length of the rare-earth ions. If the structure factors measured
nucl for two glasses comprising rare-earth ioR$" and 'R3*
wherec,,, b, , andb,. , denote the atomic fraction, coher- With scattering length®g>b  are denoted by*F (k) and
ent scattenng length, and incoherent scattering length ofRF(K), respectively, then those correlations not involviRg
chemical speciew, andP (k) is the corresponding inelas- can be eliminated by forming the first-order difference func-
ticity correction?™*> The total structure factor is defined by tion

W, 5(i)n2(i)

_da'
“\ldQ

mag

@M(r) | —4mngr, (8)

Fr(k)=RF(k)— RF (k). 9
FI0=3 S c,opbblSup0-11 (3 Frilo=TRd0= TR0,
a B The corresponding real-space function is given by
and the accompanying real-space information is contained in No
the total pair-correlation function ADgR(r)= mAGR(r)c@M(r) (10
Amnor where
D(r)=—=—=-G(r 4

_R _'R —c2(h2_p2 —
wheren, is the atomic number density, AGR(N="G(r) = "G(r)=Ccr(br~bip)[gre(r) ~ 1]

+ 2crc, b, (bg—b: r—-1 11
6()=3 3 0.0 dyl0usr)-1], ) 2, 20RCab.(br=b R Gra(r)—1] (1D
o i and the limiting value\ Gg(0) follows from setting all of the
and the limiting valueG(0) follows from settingg,s(0) ¢ _.(0)=0 in Eq.(11). The complexity of correlations asso-

=0 in Eq. (5). In a diffraction experiment this function is cjated withF (k) can be further reduced by forming the dif-
seldom obtained directly from the measufe(k) because of  tarence function

the finite measurement window of the diffractomebd(k
<Kmay =1, M(k>Kkna0 =0 which is represented in real
space by thesymmetricalfunction AF(k)=RF(k)—

AFR(K). (12

RTM'R

M(r)= ifkmaxdkcogkr): isin(kmaxr). 6) The R-a correlations fora# R are thereby eliminated and
mJo v the corresponding real-space function is given by
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Mo method in neutron diffractiofft~#° Instead, many samples
AD'(r)= mAG(r)@?M(F), (13)  were made with the aim of selecting those with matching
compositions after investigation using electron probe mi-
where croanalysis. In the latter experiments, a cross section was
taken through each sample to examine the bulk material at
) several points and the glass composition was thereby found
AGRg(r)= —Crbrb /r[grR(r) to be microscopically homogeneous. Factors aiding sample
homogeneity are, presumably, the use of a small sample vol-
ume, which gives rise to a large contact area between the
1]+ D D CuCabbalgap(r)—1] (14 melt and crucible surface, and the fluidity of the melt at the
«?REZR high temperatures utilized, which helps to distribute the alu-
and the limiting valueA G(0) follows from setting all of the mina dissolved at the crucible surface throughout the bulk
J.5(0)=0 in Eq. (14). The normalization of the difference material.
functionsADR(r) andAD'(r), by |AGR(0)| and|AG(0)| By comparison with phosphate glasses containing small
in Egs.(10) and(13), respectively, ensures that the weighting rare-earth cation$,*® samples with a relatively large distri-
factors of theg,4(r) sum to unity such that the low4imit ~ bution of compositions were prepared. Nevertheless,
in both cases Is given by-4mner. Like for D'(r), the the compositions were similar and the glasses
features in these difference functions that are artifacts ok@Alo3e(1)P3.32(1C1025(3) LaAlo312Ps.1060.70(41), and
M(r) can be identified by using a fitting procedure wherein™ “RAlq 35(5P3.31(8/C10.40(23) Where "R corresponds to a
each peak irrgaﬁ(r) is represented by a suitable Gaussianl:1.14 mixture of La and Ce, were chosen for further inves-
function. tigation. For brevity of notation they are henceforth referred
If there is a small mismatch in the glass compositionsfo as L&, LaB, and LaCe. The mass density was deter-

thenAD4(r) andAD’(r) will be dominated by those corre- mined by measuring the sample weight in fluids of different
lations involved in Eqs(10) and(13), respectively, but there density, andn,=0.0701(3) A was thereby deduced for
will be an attendant contamination from unwaniggs(r). each of the glass.es. . _

In this eventuality, the difference functions should offer an  The neutron-diffraction experiments were performed us-
excellent guide to the glass structure although it is important'd €ither the DAC instrument at the Institut Laue-Langevin
to ensure that any models thus derived can account for th&renoblg, with an incident neutron wavelength of 0.7100
individually measuredD’(r) and also for the total pair- A, or the GLAD instrument at the Intense Pulsed Neutron

correlation function measured for other glasses having ®0urce, Argonne National Laboratory. The coarsely pow-

bg

AG(r)=RG(r)—
bR 'R

comparable composition. dered samples were held at ambient temperatsr25° C)
in cylindrical vanadium cans of either 6.8-mm internal diam-
IIl. EXPERIMENT eter and 0.1-mm wall thickneg®4C) or 9.27-mm internal

diameter and 0.127-mm wall thickne&SLAD). Diffraction

The samples required for the diffraction experiments werd@ltemns were taken for the samples in their container, the
made by fusing LgO; (99.9%, CeQ, (99.9%, or an ap- EMPLY container, and a vanadium rod of dimensions compa-

proximately 1:2 mixture of LgO; and CeQ with P,Oq rable to the_ sample for normali_zation purposes. The intensity
(99% in alumina (ALOs) crucibles. The dry oxide powders for a cadmium neutron-absorbing rod of similar diameter to
were mixed in a ratio corresponding tdr15.67 P which was the sample was also ”.‘ea_sured on DAC to account for the
chosen to ensure an excess gDPrelative to the metaphos- effect of sample_ self-shlzlgdlng on the backgr.ound_count rate
phate composition, (D)o 24P,05)g 75, Much of which sub- at small sca_tterlng angl .I_Each gqmplete diffraction pat—'
limes during the glass preparation procedure. The powd rn was built up from the intensities _measured for the dif-
mixtures were initially allowed to absorb a fixed small erent detector groups. These intensities were saved at regu-
amount of atmospheric water at room temperature before thlélr mt;arvalshand no dzwano_n.arrlmng_ them Wahs. ﬁbse?{eg,
crucible with its lid were placed into a preheated oven a hpa:jt.ﬁrom the expectt:aill ;}t?trl]stma \I/arlatlons, which veriiie
500 °C for 1 h. The crucible was then moved to another over) ' ' ractometer stapility. The total paramagnetic scatter-

heated to 1000 °C, left for 30 min, and finally transferred toiNg Cross section of Gé at the incident neutron wavelength

a third oven heated to 1620 °C. After 30 min the melt wasVeS calculated using the method given in Ref. 27 and the
: ata analysis followed the procedure described

poured into a graphite mould and annealed at 500 °C for 2 745 .
elsewheré’*® The coherent neutron scattering lengths
h. The resultant glassy samples, of maskt g, were trans —8.244), bo=4.842). by=3.4495), bp=5.141), and

parent, free from bubbles, and visibly homogeneous. Th A
PR : . =5.803(4) fm were taken from Seatsind the weighting
Ce" oxidation state in phosphate glasses prepared usmg}%ﬁaors for theg,;(r) appearing in Eqs(5), (11), and (14

similar procedure has previously been confirmed b . .
magnetic-susceptibility experimerfts. are given in Table I.

Although all of the glasses were prepared using an iden- V. RESULTS
tical method, the crucibles were not sealed and the process
by which the Al was incorporated into the glassy matrix was The total structure factors for kg measured using
difficult to control. This precluded the use of expensive rare-GLAD, and LaB and LaCe, measured using D4C, are shown
earth isotopes and application of tligotopic substitution in Fig. 1. There is good overall agreement between each
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TABLE I. Weighting factorg(in millibarn) for theg,s(r) in ther-space function§(r), AGg(r), andAG(r) given by Egs(5), (11), and
(14), respectively. The difference functions were formed from the data sets for Bi@hd LaCe glasses and the limiting valy&{0)|,
|AGR(0)|, and|AG(0)| were obtained by summing all of the weighting factors for the corresporgiip@r).

grr(r) gre(r) gro(r) grai(r) gedr) gpd(r) geal(r) Joo(r) gaio(r) gaai(r)

LAG(r) 3.053) 12.597) 44.02) 0.9175 13.0145 91.02) 1.8965) 158.12) 6.621) 0.069G2)
LBG(r) 3.413) 13.167) 46.62) 0.8734) 12.745  90.02) 1.6854) 159.32)  5.971) 0.05592)
LaCeG(r) 1.821) 9.604) 34.11) 0.74743) 12.685  90.02) 1.9765)  159.82)  7.01(1) 0.07692)
AGRg(r) 1.593) 3.57%8) 12.63) 0.1255 0.027) —-0.1(3) -—0.2916) —0.53) —1.051) —0.02113)
AG(r) -3.92 -314 —11(1) 0.302) 12.63) 90(1) 3.01(3) 161(1) 10.737) 0.1521)

F(k) and the back-Fourier transform of the correspondingo ADfA(r). The entire process was iterated until self-
total pair-correlation functiorD’(r), after the unphysical consistent parameters were obtained for the fits to both
low-r oscillations are set to their calculated limit of r-space functions. Finally, the reliability of the model thus
—4mngr (see Fig. 2 which indicates that the data correc- produced was tested by fitting the individuzl (r) for all of
tion procedures have been properly appfiedhe GLAD  the investigatedr-Al-P-O glasses.
data extends to a largés, ., of 24.95 A1, such that the The results of the Gaussian fitting procedure A& ;(r),
modification functionM(r) will have a smaller broadening AD’(r), and D'(r) are shown in Figs. 4—6, respectively
effect on the corresponding(r), while the DAC data have and the fitted parameters are given in Tables Il and Ill. In
smaller statistical errors aridy,=15.65 A™*. general, the peaks fitted at the largevalues are not ex-
The difference function®Fgr(k) and AF(k) of Fig. 3  pected to yield accurate parameters, owing to the overlap
were formed by using the D4C data and the correspondingrom correlations at even larger but were included to in-
AD{(r) and AD'(r) are shown in Fig. 2. Inspection of crease the reliability of the parameters that are reported for
Table | shows that while these functions are dominated byhe peaks fitted at smaller The structures o€-LaP;Oq,*’
the desiredy,g(r), there is a small contamination from un- c-LaP;0,4,% andc-LaPQ, (Ref. 35 were used as a guide
wanted correlations owing to a small mismatch in sampléeor assigning the individual peaks in the difference functions.
compositions. An analysis strategy was therefore adopted in In c-LaP;Oq the shortest La-O, L&)-P, and La-La dis-
which the effect of these unwanted correlations was takemances are 2.42, 3.29, and 4.32 A, respectively, and the short-
into explicit account. FirstAD(r) was modeled using the est second-nearest-neighbor La-O distance is 3.9% A,
Gaussian fitting procedure outlined in Sec. II. The fitted pawhere LatO)-P denotes La and P interlinked by O. The cor-
rameters thus obtained were then used as a starting point foesponding distances are 2.46, 3.67, 5.25, and 4.26 A for
modeling the main unwanted correlations in a fitkD ' (r). c-LaP;0,, (Ref. 40 and 2.47, 3.22, 4.10, and 3.17 A for
In turn, these fitted parameters were used as a starting poiotLaPQy,*® respectively. The first peak kD (r) at 2.5G2)
for modeling the main unwanted correlations in a further fitA was therefore assigned R-O correlations and the region
immediately beyond 3.2 A t&®-(0)-P correlations. For the

— first peak, there are no well-defined distances having Gauss-
g LaC: 04
,_8 : e(+ ) e T T T T T T T T T
~ 12} ]
< ] I
k. J
= LaB (+0.2) NA10 I AD{r) (+8)
S < 81
[T ~ L
2 S
3 =
6 8 F
2 Z 4 AD’(r) (+3)
(%] O
T 52
L I D’(r) (LaB)
PSR S S (S SR N SR N SN S S S (N S S SO S NN S S S F 0
0 5 10 15 20 25 -
Scattering Vector k (A7) -2 . . . . . . . . .

0 1 2 3 4 5 6 7 8 9 10
FIG. 1. The measured total structure factd¥¢k) for the Distance (&)

LaAlysPs301025 LaAlp3P31d00.70, and ™"RAlg 3¢P3 31010.40
glasses denoted by Ba LaB, and LaCe, respectively. The data are ~ FIG. 2. The total pair-correlation functio®’(r) for glassy
represented by the points with error bars and the solid curves are theaB, obtained by Fourier transforming the total structure factor
back-Fourier transforms of the corresponding(r) after the un-  given in Fig. 1, together with the difference functioA®;(r) and
physical lows oscillations are set to the calculated limit of AD’(r), obtained by Fourier transforming the difference functions
—4angr (see Fig. 2 For the L8 and LaCe data sets the back- AFg(k) andAF(k) given in Fig. 3. The calculated lowdimit of
Fourier transforms are almost indistinguishable from the data pointall these functions is equal te 47ngr and is shown by the dashed
on the plot scale. curves.
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AR ) (x5)

-2

Difference Function AD (r) (A7)
w

-

AF(k) (- 0.2)

k—Space Difference Function (barn)

_0.4 i

1 1 i 1 n 1 i 1 n 1 1 n 1
0o 2 4 6 8 10 12 14 16 1 15 2 25 3 35
Scattering Vector £ (A™) Distance r (A)

FIG. 3. The points with error bars give the difference functions FIG. 5. The filled circles give the difference functidD’(r)
AFR(k) (scaled by a factor of)sand AF (k) obtained by applying obtained by Fourier transformingyF (k) given by the points with
Egs.(9) and(12) to the F(k) for glassy L& and LaCe. The solid error bars in Fig. 3. The solid curve gives the fitted function and the
curves are the back-Fourier transforms of the correspondingther curves the individual convoluted Gaussians: Rdbtted
ADg(r) andAD'(r), given in Fig. 2, after the unphysical low- curves, Al-O (crossed curvg O-(P)-O (dashed curves O-(Al)-O
oscillations are set to the calculated limit 64 7ngr. (dot-dashed curye P{O)-P (long-dashed curye and P(OP)-O

(curve with triangles The vertical arrow shows the position of the
ian distributions. Rather, there is a broad distributioiRe®  Al-O peak. There is a small contaminationb’(r) by unwanted
distances that could best be modeled using four Gaussiafs© corrf;ations which are shown by dashed curves displaced by
positioned in the range 2.46—3.09 A, giving an oveRdD ~ ~ 0-7° A" (see the text

coordination number oﬁ%=7.5(2) (Table 1l). The second observation is consistent with the neutron- and x-ray-
peak was modeled using the structuredfaP,0, as a start-  diffraction study of Hoppeet al®>® on glassy LagOs in

ing point and the overall fit for the range Z0(A)<3.5  which a better representation of their data was obtained by
gave a goodness-of-fit paramefy (Ref. 52 of 2.1%. As  assuming an asymmetric distribution d®-O nearest-
shown in Fig. 4, the contribution thAD{(r) from unwanted  neighbor correlations with®,=7.2(5), although the spread
correlations is small. The veracity of the overBHO coor-  of distances was smaller at 2.45—2.55 A. A similar scenario,
dination number was confirmed by direct integration of they;in ng:7-7(3) in the range 2.30-2.83 A, was also de-

first peak inADg(r) from 2.21 to 3.22 A, whereupon a gyced for a glass with nominal composition E@g from
coordination number oﬁg=7.5(2) was also obtained. the x-ray-diffraction study of Cannat al?°
By comparison with the glass, inc-LaP;Oq In c-LaP;Oq the shortest P-O, @P)-O, and PtO)-P dis-
andc-LaP;0,, there are eighR-O nearest neighbors distrib- tances are 1.47, 2.45, and 2.98 A, respectivelyhere
uted over the ranges 2.42-2.75 and 2.46-2.55 AQ-(P)-O denotes oxygen atoms interlinked by phosphorus
respectively’* i.e., theR-O coordination environment in and P{O)-P denotes phosphorus atoms interlinked by oxy-
the glassy phase has a more asymmetric distribution. Thigen, and the corresponding distances are 1.46, 2.39, and 2.90
A for c-LaP;04,4.%° In c-LaPQ, the PQ tetrahedra are iso-
- - - - - lated, i.e., they do not share oxygen atoms, and the P-O,
O-(P-O, and P-P distances are 1.52, 2.44, and 4.05 A,
o Reorp respectively’® The first peak inAD'(r) at 1.542) A was
therefore assigned to the P-O correlations fromy, R&rahe-
| dra and the corresponding ®3}-O correlations give a strong
/ \/ contribution to the second peak at 22PA. The region
/ R between these two peaks, £7(A)<1.9, has a contribution
/ ; = |
i ’_& from AI-O correlations since “‘Al nuclear-magnetic-
AN . resonance(NMR) experiments, made on rare-earth phos-
~ Vact AN phate glasses prepared in alumina cruciblé§show that Al
e —— - \ can be fourfold, fivefold, or six-fold coordinated to oxygen.
25 3 35 4 45 In c-AlP30,,°® aluminum is octahedrally coordinated to oxy-
Distance r (A) gen at a distance,o=1.88 A giving an O(AI)-O nearest-

FIG. 4. The filled circles give the difference functidD 4(r) ne!ghbor separation o@r,_“o:Z.Ge '% placing these corre-
obtained by Fourier transforminyF x(k) given by the points with |ations under the second peak &D'(r). B%/e comparison,
error bars in Fig. 3. The solid curve gives the fitted function and thdOf tetrahedral - coordinationr yo=1.76 A giving an
other curves the individual convoluted GaussiaRsO (dotted ~ O-(Al)-O distance of\/8/3r50=2.87 A in the region be-
curves and R-(0O)-P (long dashed curvésThere is a small con- tween the second and third peaksA®’(r). The second
tamination of ADf(r) by unwanted O-O correlations which are peak has, therefore, contributiomsly from OP)-O and
shown by dashed curves displaced byt A~? (see the texyt O-(Al)-O correlations while the third peak was modeled as-

~
T

n

=
L

Difference Function AD () (A™)
Y o

e
(3]
N
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! " ' represent the @P)-O correlations was also found to be nec-
essary for R-Al-P-O glasses containing small rare-earth
ions®® The small peak at 2 A was found to be mostly an
artifact of M(r).

The self-consistent parameters obtained from the Gauss-
ian fits toADL(r) andAD’(r) were used as starting param-
eters for fits to thd'(r) (see Fig. 6. These gav®®, values
of 4.9%, 1.5%, and 1.7% for the range £2(A) <2.8 in the
case of the LA, LaB, and LaCe glasses, respectively. As
shown from a comparison of Tables Il and Ill, comparable
peak positions and coordination numbers were obtained, al-
though theD’(r) functions were best represented using a

larger Al-O coordination numben$~6. The largerR,
value for the GLAD data can be attributed to an inadequate
fit in the region 2.8<r(A)<2.2, the reason for which could
not be traced definitiveljcf. Figs. a) and Gb)]. Neverthe-
less, the peak positions and coordination humbers obtained
from the fits to theD’(r) functions for all of the glasses are
the samewithin experimental error.

-y

Total Function D () (A7)
|

V. DISCUSSION

Total Function D () (A7)

In crystalline and glassy @z, a network is built from
corner-sharing PPtetrahedra comprising one terminal oxy-
Distance r (&) gen atom, @, and three bridging oxygen atomsgat
distances close to 1.4 and 1.6 A, respecti&ly.%2In the
FIG. 6. The filled circles give the total pair-correlation functions model of Hoppe and co-worke?$2~?°the addition of a net-
D'(r) for the () LaB and (b) LaA glasses obtained by Fourier \york modifier such af,0; leaves the PQtetrahedra intact
transforming the total structure factors given in Fig. 1. The solidp depolymerizes the phosphate network through the break-
curves give the fitted functions and the other curves the individuabge of P-Q-P bonds, thereby increasing the fraction gfto
convoluted Gaussians: P-@ashed curvgsAl-O (crossed curve which theR®* ions are exclusively bound via P;@R link-
R-O (dotted curvel O{P)-O (long-dashed curvésand O¢Al)-O ages. Specifically, i oxygen atoms from the network modi-

(dot-dashed curye The vertical arrow shows the position of the . : . .
Al-O peak. Several of the largerGaussians are omitted for clarity fier are added per;®; unit, the P:Q :Or ratio changes .ffom
2:3:2 in pure BOg to 2:(3—y):2(1+y) in the modified

of presentation. ) L —
material. The expressmnBOB:6(3—y)/(5+y) and no,

suming P€OP)-O and P{O)-P correlations using the struc- — 0(1+Y)/(5+y) then follow from taking oxygen-oxygen
ture ofc-LaP,0, (Ref. 37 as a starting point. coordmgtlon n_lmeers of 6 and 3 for the; @nd 'Or sites,
The fit to AD'(r) over the range 13r(A)<2.9 gave respecyvely, giving a_nooverall @)-0 nearest-nmghbpr co-
R,=1.6% and, as shown in Fig. 5, the contribution from ordination number ohg=24/(5+y). The nearest-neighbor
unwanted correlations is small. Two Gaussians were used #8-(CGs)-P coordination number is given b_)E=3—y.
represent the first peak, witho'=2.2(1) at 1.501) A and h'” thteh CtaseZOfFj-Al-PS-O Comdpoc;”lels itt can be r?ad”)k’
—Op_ o . shown thaty=2cy/cp—5, provide acts as a networ
s =1.7(1) itol.G()l) A, giving an overall P-O coordina- modifier, and it then follows that thR: Oy ratio is given by
tion numberns=3.9(1). These values for the PsOand  1:2[c,—2cp]/cy. When Al is absent, the composition can
P-G; bond lengths are typical of those found in other rare-pe written as R,03)(P,0s);_4, Wherex is 1/2, 1/4, or 1/6
earth phosphate glasses of similar compositioi®and a  for the orthophosphates, metaphosphates, and ultraphos-
peak width for P-@ that is broader than that for PtGs a  phates, respectively, in which the case 3x/(1—x) and the
typical feature of phosphate glas$@sA distance rao  R:Or ratio becomed :(1+2x)/x.2 Hence O(P)-O coordi-
=1.89(3) A was found, in accord with Refs. 11,12, and 20,nation numbers, which are in agreement with the observed
with 5,324.5(5). Thesecond peak was fitted with Gaussiansvalues for several crystallinR-P-O systems, can be calcu-
centered at 2.4@), 2.531), and 2.661) A corresponding to  |ated:n3 is 4.8 forc-P,0s, 229614 29 forc-RPs0,,%%4°4.0
O-(P)-O coordination numbers of 25 and 1.51) and an  for ¢-RP;0,,%%%" and 3.0 forRPO,.%® Furthermore, in the
O-(Al)-O coordination number of 0(8), respectively, i.e., metaphosphate and ultraphosphate crystalline phasesyef
the overall OtP)-O nearest-neighbor coordination number rare-earth ionsR3* is bound to eight @ while the number
F8:4.0(1). Asingle Gaussian fit to the @-O correlations of O; atoms available per cation is six and eight, respec-
under the second peak was found to be inadequate, givingtavely. None of the bonded ©need, therefore, to be shared
higher R, value of 2.5%, and the use of two Gaussians tobetween thdk-centered coordination polyhedra in the case of
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TABLE Il. Parameters obtained from the Gaussian fits toAl®,(r) and AD’(r) difference functions
formed from the data sets for the Raand LaCe glasses.

ADK(r) AD’'(r)

Mo ) Fﬁ Tup (A) M (A) Ff Tap (R)
P-O; 1.50(1) 2.2(1) 0.051)
P-Q 1.60(1) 1.7(1) 0.101)
Al-O 1.893) 4.5(5) 0.131)
R-O 2.461) 2.6(1) 0.071) 2.461) 2.6(1) 0.071)
R-O 2.491) 1.7(1) 0.121) 2.491) 1.7(1) 0.121)
0O-(P)-0 2.461) 2.51) 0.11(1) 2.461) 2.51) 0.11(1)
0-(P)-0O 2.531) 1.51) 0.091) 2.531) 1.51) 0.091)
O-(Al-0 2.651) 0.8(1) 0.121) 2.651) 0.8(1) 0.121)
R-O 2.731) 2.1(1) 0.0891) 2.731) 2.1(1) 0.081)
P{(OP-O 2.942) 2.7(1) 0.1011)
P-(0)-P 2.982) 2.0(1) 0.101)
R-O 3.092) 1.1(2) 0.102)
R-(0)-P 3.305) 1.02) 0.162)
R-(0)-P 3.585) 2.02) 0.122)

the ultraphosphates, whereas 25% are required to share in tighen they incorporate a significant mole % of Alimpurity
case of the metaphosphates. ions.

For the presenR-Al-P-O glasses, the Al-O coordmgélon For six-fold coordinated Al an §(Al)-O1 coordination
parameters suggest that a substantial number of the Al number ofr78= 48c,/(5+Yy)cp at \/ErA|o=2.66 A is antici-

:r?; Sgggégggzgedora\llv(r:](;rr\;o'ro‘?(a)tloar::stss;g Z izsxoiLyi:i?gP € pated, while for tetrahedrally coordinated Al, a coordination
3Ug 3 - —5 .
fier. A network modifying role for Al is also identified from number ofng=24c, /(5+y)Cp at V8/3r o =2.87 A is ex-
Al NMR studies of (AbO3),(P,0s);_ glasses with 0.319 pected. The measured peak positions are given in Taples Il
<x=0.345 which show a reduction ing, from 5.256) to and Il and the modeled and measureg-(@l)-O+ coordi-
4.77(6) with increasingx.®® They values for the LA, LaB nation numbers are compared in Table 1V. Overall the dif-
and LaCe glasses were evaluated accordingly along with tpfgaction data are found to be consistent with a predominantly
P-O and OWP)-O coordination numbers of the Hoppe and octahedral, as opposed to tetrahedral, coordination environ-
co-workers model2>~%6These parameters are compared, inment for aluminum. By comparisori/Al NMR experiments
Table IV, with those obtained from the fits oD’(r) and ~Made on cerium phosphate glasses of similar composition
D'(r). The close overall agreement demonstrates that thigrepared in alumina crucibles show little evidence for tetra-
model can act as an excellent starting point for understandingedrally coordinated aluminuthwhile those made on La-
the network structure of rare-earth phosphate glasses, evéid-P-O glasses giv32|~5.54Thus the overall results for the

TABLE Ill. Parameters obtained from the Gaussian fits to the total pair-correlation fun&idm$ for the LaA, LaB, and LaCe glasses.

LaADr(r) LaBDr(r) LvaD/(r)

lap (A) Fﬁ ] (A) Mo (A) Fﬁ Tup (A) lap (A) Fﬁ Tup (A)
P-Or 1.521) 2.1(1) 0.051) 1.50(1) 2.31) 0.051) 1.501) 2.3(1) 0.051)
P-O; 1.61(1) 1.8(1) 0.111) 1.61(1) 1.81) 0.101) 1.601) 1.8(1) 0.101)
Al-O 1.903) 6.0(5) 0.142) 1.893) 6.0(5) 0.102) 1.893) 5.5(5) 0.112)
R-O 2.481) 2.601) 0.091) 2.4611) 2.601) 0.072) 2.461) 2.6(1) 0.072)
R-O 2.501) 1.61) 0.121) 2.491) 1.7(1) 0.121) 2.491) 1.7(1) 0.121)
0-(P)-O 2.481) 2.41) 0.11(2) 2.461) 2.51) 0.11(1) 2.461) 2.51) 0.11(1)
0O-(P)-O 2.531) 1.41) 0.061) 2.531) 1.51) 0.091) 2.531) 1.51) 0.091)
O-(Al)-O 2.6711) 0.7(2) 0.101) 2.651) 0.8(1) 0.121) 2.651) 0.8(1) 0.121)
R-O 2.751) 2.01) 0.0811) 2.731) 2.1(1) 0.0911) 2.731) 2.1(1) 0.0911)
P{OP)-O 2.942) 2.6(1) 0.091) 2.942) 2.7(2) 0.101) 2.942) 2.7(2) 0.102)
P-(0)-P 2.982) 2.01) 0.1011) 2.992) 2.01) 0.101) 2.992) 2.01) 0.102)
R-O 3.092) 1.1(2) 0.101) 3.092) 1.1(1) 0.101) 3.092) 1.1(1) 0.101)
R-(0)-P 3.305) 1.002) 0.152) 3.305) 1.02) 0.152) 3.305) 1.012) 0.152)
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TABLE IV. Comparison of the parameters expected from the model, based on that of Hoppe and co-
workers(Refs. 9 and 23—-26and those obtained from the Gaussian fitBt¢r) andAD’(r). The modelled
O-(Al)-O coordination numbersﬁg, correspond to octahedral conformations; the corresponﬁ@@or
tetrahedral conformations take half these val(see the tejt

Parameter Origin LAD (1) LBD (1) LaCeny (1) AD'(r)
y 1.174 1.260 1.275 1.268
HST model 2.17 2.26 2.28 2.27
fit 2.1(1) 2.31) 2.31) 2.21)
HSB model 1.83 1.74 1.73 1.73
fit 1.8(1) 1.8(1) 1.8(1) 1.7(1)
Hg [0-(P)-O] model 3.89 3.83 3.82 3.83
fit 3.8(1) 4.01) 4.01) 4.001)
Fg [O-(A)-0] model 0.84 0.76 0.89 0.82
fit 0.7(2) 0.811) 0.81) 0.81)

glass structure can be interpreted by using the Haggpd.  Whencgr=0, Eq.(15) reduces to the usual Al{Ccoordina-
model as a template and are consistent with a network modiion number for A}O;-P,O5 glasses when Al-@Al link-
fying role for the AP* ion where its predominant function is ages are not forme¥. In the cases ofc-RP;0y and
to bridge PQ tetrahedra via @AI-O; bonds, thereby c-RP5014,Fg=8, and Eq(15) can be solved fof to give
strengthenint}*?the glass structure. th 4 val £ 2506 and 0% velv. For th
I e - e expected values o 6 an 6, respectively. For the
Karat;ulutg[ a'-PUSEd Al lNMRtO r;:e&:;llérfn_m for tV‘(’jO_ glasses studied in the present neutron-diffraction experi-
series 0 _x glasses wher is a modi- o) . .
fying catict)vr|12cﬁz)xs(er? t(s))ll)exlgﬁ A% or a mixture of the ments, ng=7.5 and the average atomic fractions ang
! ; =0.068,c,=0.024,cp=0.220, ancc,=0.688, whereupon

two. The O:P ratio was fixed at 3.0 for series I, correspond L
ing to x=0.25, or at 3.143 for series Il, correspondingxto fs takes on values of 31% apd 26% for Al-@oordination
numbers of 6 and 5, respectively.

=0.30, and the results were interpreted in terms pfeder- , o
ential bonding of L&* to O; atoms. Since the La-Ocoor- Equation(15) suggests a means of quantifying the con-
nectivity of R-centered coordination polyhedra for the two

dination number is greater than the Al-@oordination num- . .
ber it follows, for a fixed total modifier (L#; and ALO;)  Series of M50),(P,0s):— glasses studied by Karabulut
content, that the replacement of La by Al will increase thet al>* f, was therefore evaluated for the first series, having

number of G atoms available per Al. Hence the Ak@o-  an O:P ratio of 3.0, using the measurgy from NMR along
ordination number should also increase and this trend wawith a fixed value ofnS=7.2 taken from the neutron and
observed in the NMR experiments of Ref. 54. Furthermorex-ray studies of Hoppet al®°% on glassy LagO,. For the

glasses from series Il have, by comparison with those fromyg.qng series, having an O:P ratio of 3.143, the meaﬁgrled

. ; I by
ZTSE)S Ir’];emsejy;e; t;?tn (?o?nvp?;?etgewﬁﬁr 6@?,?2;2:6'2{:: Ie boc:1r Olingfrom NMR.were again used aﬁ? was fixed at the value of
of Or by R®*" ions will therefore leave less Cavailable for 7.5 found in the present work for which 0-R.12. The re-
the AR™ ions, i.e., as observed in the NMR experimetits, sglts! given in Fig. {@), show a ”.‘O”Oton'c dgcrease bj
_ L with increasing AJO; content that is more rapid for the first
the series Il glasses should have redu@p coordination  ¢aries.
numbers. o o _ For each series of glass, the intrinsic connectivity of the
The Al-Or coordination number for the scenario in which hhgsphate network is held constant, i.e., within the Hoppe
there is preferential bonding of{(by R®*" ions can be de- et al®2-®model the P:Q: O ratio is 2:2:4 for series | and
duced as f0||0\:/3V+S. The 3n+umber of;Gatoms available per 5.1 714:4.571 for series II. It is therefore of interest to find
modifier ion R®" or Al*") is 2(co—2cp)/(crtCa) @nd  for each series the dependence of the glass transition tem-
the proportion of these Patoms required byR** ions is perature]T,, on thetypeof modifying cation R%* or Al**)
(1—fg)cgrnQ/(cr+cp) Wherefy is the fraction of @ atoms  that binds to the @ of the PQ tetrahedra. For the
bonded toR** that are shared betwe@acentered coordina- (M ,0,),(P,05);_y glasses, the Al-@:M-Or bond ratio can
tion polyhedra. Thus the number of remaining &0ms per  pe calculated from the expressiannS/(CrNS+cang)
Al can be found and for the case in which thesed®ms are  and, as shown in Fig.(B), it is found to increase most rap-
not shared between othé- or Al-centered coordination iy with Al, O, content for the glasses of series I. As shown
polyhedra(i.e., when Al-G-Al or Al-O+-R linkages do not i Fig. 7(c), this correlates with a more rapid rise Bf with
occup the Al-Or coordination number becomes Al,O; content for the glasses of this series, i.e., the results
- are consistent with a network modifying role for Al in which
nTA’,=2(CO_ ZCP)_(l_fS)CRnR_ (15) it helps to strengthen the glass through the formation of
Cal O1-Al-O7 linkages.
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850 UM - - - increases most rapidly with AD; content onlyafter fs has
800 ¢ / A~ reached a small value. By comparison, the Al:@1-O;
200 [ s bond ratio for each series increases steadily witfOAlcon-
o 750 __’_,,,z:-/-—"' /0 /” tent. Hence it appears that the strengthening of
= 600 [t / S (M,0,)4(P,05);_ glasses with increasing AD5 content is
A OT:M—O/ - J}_/ﬂ/ also dependent on the connectivity of tReentered coordi-
650 :é;::,@-»—ﬁ"a‘”"”'" © 7 nation polyhedra which is reduced by the replacement of La
: : : : : by Al
) tr o0 Series | - /,/ﬂ It is noteworthy that 1,03),(P,05)4_, glasses with the
Q 08 I oo Series Il /@///‘?’ ] highest ALO; content appear to show the maximum chemi-
s 06 o 1 cal durability’* and that this correlates with minimal values
Q 041 /@{f/ﬂ’/ ] of f, i.e., with a removal of the pathwaykinked R-centered
02 g ) - polyhedra along whichR®* ions or water molecules can
0 e : : : : presumably migrate. Small highly charged cations in phos-
03 ___ T phate glasses are also considered to strengthen thgHP-O
02 L \ﬁ‘\@\ ] linkages and form bonds with Qhat are resistant to hydra-
s G N tion, thereby enhancing the chemical durability of the
01 L @\*\% N @ - glass®® It will be interesting to see the extent to which a
\\i [ polarizable, formal charge ionic interaction model can ac-
0 . . . L count for the observed phenoméia?

0 5 10 15 20 25 30

mole % ALO, Finally, there is no evidence from the analysisAdd (r)

for R-R correlations at <3.5 A. This is consistent with the
FIG. 7. For the two series oM ,0;),(P,0s);_ glasses studied  Structures ot-LaP;Oq, c-LaP;0y4, andc-LaPQ, for which

by Karabulutet al. (Ref. 54, whereM3* denotes a modifying ion the minimum La-La distance is 4.10 Refs. 35, 37, and 40

(AI** or R¥"), (a) gives the fractionfs, of O; atoms bonded to and with a host of other experiments on rare-earth phosphate

R3* that are shared betwedhcentered coordination polyhedra as glasses comprising large®" ions®!11214-18n the case of

calculated from Eq(15), (b) gives the Al-G:M-O; bond ratio R-Al-P-O glasses comprisingsmall rare-earth ions, a

accorc?ing to the expression given in the text, &)dyives the glass nearest-neighboR-R distance of 5.65) A has recently
transition temperaturdl,y . All of these parameters are plotted as a been measured by applying the method of isomorphic sub-

function of the AbO; content of the glasses which increases fora .~ . . . -
given series aR,0; is replaced by AJO; at a fixed total modifier stitution in neutron diffraction t0_glassRAlo 3P 0:90.62

M,O; content. Thef, values and Al-@:M-O; bond ratios are whereR** denotes D" or HO>".*°
deduced using the measureg values taken from thé’Al NMR

experiments of Ref. 54 together Witlg values fixed at either 7.2

(series | withx=0.25 and O:P-3.0) or 7.5 (series Il with x VI. CONCLUSIONS
=0.30 and O:P3.143). The curves fofg and the Al-GQ :M-Oy
bond ratios are obtained by interpolating the measaﬁd and the
curves forTy are shown as guides for the eye. The effect of varying
theﬁg values by=+0.2 is shown by the error bars dgin (a), and

it is smaller than the symbol size {b). The inset in(c) shows the
dependence of ; on the Al-Gr:M-Oy bond ratio for both series.

The present work demonstrates that a self-consistent
model, based on that of Hoppe and co-workers;?®for the
structure ofR-Al-P-O glasses comprisingarge rare-earth
ions can be developed by applying the methodomorphic
substitution in neutron diffraction, provided that explicit ac-
count is taken of the Al correlations. In the case of glassy

By plotting T, for the two series as a function of the RAloads 24010121t is found that a network is formed from
Al-O7:M-O; bond ratio, and thereby removing its depen- PO, tetrahedra in which there are, on average(1).83 and
dence with composition on the relative number MtO;  2.2(1) Oy and the network modifying rare-earth ions bind to
bonds formed by Al, it is found thaT, (series I) >T, an average of 7(2) O in a distribution that is both broad
(series ) for ratios<0.33 whileT,, (series ) >T, (series I) and asymmetric. A model for describing the composition de-
for ratios>0.33[see inset in Fig. (¢)]. This crossover of the pendence of the Al-© coordination number is developed
Ty values at Al-G :M-O;=0.33 cannot result from a change using a connectivity parametés which gives the fraction of
|n the intrinsic connectivity of the phosphate network for aO; atoms bonded t&3* that are shared betwe@centered
given series since this is held constant. Also, the number ofoordination polyhedra. The model is applied to the recent
Oy available for bonding by th&1®* ions is fixed for a given  2’Al NMR data of Karabulutet al®* for two series of
series. Consequently, it is a moot point as to whethgr (M,03),(P,05);_4 glasses X=0.25 and 0.3p and it is
depends on the manner in which the network modifying catshown thatf decreases monotonically with increasing Al
ions bind to the phosphate network. Information on the lattecontent. The dependence on compositionTgfis discussed
is provided by the parametég which describes the sharing and is found to increase with the Al{OM-O; bond ratio,
of O; by the R-centered coordination polyhedra. It is there- most rapidly when there is a minimal connectivity of the
fore interesting that, as shown in Fig. T, for each series R-centered coordination polyhedra. Overall, the diffraction
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