American Mineralogist, Volume 84, pages 555-563, 1999

In-situ neutron diffraction study of non-convergent cation ordering in the
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ABSTRACT

Non-convergent cation ordering in the {8g,.(MgAl,O,), solid solution was investigated us-
ing in-situ time-of-flight neutron powder diffraction. The approach to equilibrium in a sample with
x = 0.75 was observed at 923 K by performing in-situ structure refinements at intervals of 5 min,
and the ordering behavior was traced through the time-dependence of the lattice parameter, the
cation-oxygen bond lengths, and the cation-site scattering lengths. The data are consistent with a
two-stage kinetic process in which relatively rapid exchange dfwith Mg and Fé& between
tetrahedral and octahedral sites was followed by slower exchange of Mg with Al. *Tleatitns
are shown to order onto tetrahedral sites, contrary to the predictions of thermodynamic models for
the solid solution.

Equilibrium cation distributions in samples witkr 0.4, 0.5, and 0.75 were determined between
1073 and 1273 K by combining the structure refinements with measurements of saturation magne-
tization in quenched material. The adopted cation distribution was a compromise between the nor-
mal and inverse distributions observed in the end-members. The conflict of site preference between
these two ordering schemes resulted in a simple behavior in the middle of the solid solution in
which Al occurred predominantly on octahedral sites and the Mg, &el F& cations were dis-
tributed randomly over the remaining sites. The ordering scheme adopted away from the middle of
the solid solution was obtained by combining this pseudo-random scheme with a tetrahedral site
preference of Ferelative to Mg and P& Comparison of the structure refinements with published
thermodynamic models demonstrates that quantitative agreement was poor between calculated and
observed behavior in this system. Qualitative agreement with the O’Neill-Navrotsky thermody-
namic model was found near the middle of the solid solution.

INTRODUCTION tween an ordered and a totally disordered spinel), such a com-
The 2-3 class of oxide spinels (space grBdm)is repre- p!etely random distrib.ution would only be anti.cipated a}t infi-
sented by the general formula unit A/ where A is a divalent !’ute temperature and is approached asymptotically on increas-
cation and B is a trivalent cation. The oxygen anions form ¥ teémperature. ) )
approximately cubic close packed arrangement, and the cations! '€ end-members magnetite {Bg and spinel (MgAO,) -
distribute themselves over one tetrahedral site and two octafi@0Pt the inverse and normal cation distributions respectively
dral sites per formula unit, according to the general scheme@t low temperature (Millard et al. 1992; Peterson et al. 1991;
Wood et al. 1986; Wu and Mason 1981). Cation ordering in
] O their solid solutions is expected to be a complex function of
ArB HALZBPLZHZO“ composition, due to the conflict of site preference displayed by
Mg and Fé cations in the end-members (O’Neill and Navrotsky
where brackets represent cations on octahedral sites. The vi#R4)- Experimental determination of the ordering is made dif-
ablei is referred to as the inversion parameter. Two orderigult by several factors. First, the experiments have to be per-
configurations of the spinel structure can be adopted at low tefdfmed in situ, due to the unavoidable problem of cation redis-
peratures; the normal configuration witk 0 and the inverse tribution during quenching from high temperature (Wood et al.
configuration withi = 1. At elevated temperatures, the cation%986_? Millard et_al_. 1992; !_arsson et al. _1994_? Harrlson_a_nd
became increasingly randomly distributed over tetrahedral aRHtnis 1996). This is especially a problem in spinels containing
octahedral sites. A value of 2/3 corresponded to a completelyF€" and Fé cations, because these can exchange with each
random distribution of A and B over the three cation sites pgiher refatively rapidly by the transfer of an electron. Second,
formula unit. Because the order-disorder process in spinel isla¢ xperiments have to be performed either under high vacuum
the non-convergent type (there is no symmetry difference t¥-controlled oxygen fugacity to prevent oxidation of'Re
Fe*. Finally, because of many independent variables needed to
*E-mail: harrisr@nwz.uni.muenster.de describe the cation distribution, a combination of several inde-
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pendent experimental observations is required to obtain unidgedals for all syntheses were 99.9% purgdzeand MgO, and
values for all the cation occupancies. Al,O; prepared by firing AIGI6H,0O for 2 h at 673 K, 5 h at 973
The difficulty in determining cation distributions experimenkK, and 1 h at 1173 K. The oxides were weighed in stoichiometric
tally prompted several theoretical studies of cation ordering pnoportions, ground together, and pressed into pellets of 13 mm
this system (O’Neill and Navrotsky 1984; Lehmann and Rouadius and thickness 2 to 4 mm. Five pellets at a time were then
1984; Nell and Wood 1989; Sack and Ghiorso 1991). These medspended in a platium-wire basket (to minimize the contact be-
els allow calculation of the cation distribution as a function déveen the Pt and the sample) and fired at 1673 K for 24 h in a
temperature and composition and are commonly used to ascertairical-tube gas-mixing furnace under controlled oxygen fugac-
oxygen fugacities in the upper mantle (O’'Neill and Wall 1987ty (Nafziger et al. 1971). A value of ldg() = —4.2 was chosen to
Woodland 1988; Wood 1990). To date, only one in-situ study e)eld stoichiometry in the magnetite component of the solid solu-
ists with which to test these theoretical models: Nell et al. (198%)n (Dieckmann 1982). Samples were quenched from 1673 K by
which measured in-situ cation distributions using the electricdopping directly from the furnace into water. Each batch of five
conductivity/Seebeck-effect technique (Mason 1987). We depellets was then ground together and fired for an additional 24 h
onstrate in this study, however, that inconsistencies exist betweeder the same conditions. The samples were then examined us-
the experimental measurements of Nell et al. (1989) and the satg-a Phillips X-ray diffractometer. All samples were single-phase
ration magnetization measurements of Harrison and Putnis (199Binels with sharp peaks. No trace of unreacted oxides were found
and Harrison (1997). in either the X-ray traces or in the subsequent neutron diffraction
This study aims to provide a new experimental constraint emperiments. Compositions of the samples were checked using
the cation ordering in the (E®,).,(MgAl,O,), solid solution electron microprobe analysis on a CAMECA SX50 using an en-
through in-situ structure refinements using time-of-flight neutrcgrgy dispersive detector (Table 2).
powder diffraction (Peterson et al. 1991; Redfern et al. 1996).
Time-of-flight neutron scattering is an ideal probe of cation oNeutron diffraction procedures

dering in this mineral, due to the good contrast between the neu-the neutron powder diffraction data were collected using the
tron scattering lengths of Fe, Mg, and Al (Table 1), the ability {qgh-intensity POLARIS time-of-flight diffractometer at the ISIS
perform the experiment in-situ under high vacuum, and the abjlsajation neutron source (Rutherford Appleton Laboratory, U.K.).
ity to record thg entire diffraction pattern rapidly (hlence reducinghe sample powder was loaded into a thin-walled vanadium can
the amount of time the sample was annealed at high temperatyfg; suspended inside a vanadium element furnace, which was
which lowers the probability of exsolution occurring at temperayacuated to a pressure ofél@bar. The temperature was mea-
tures below 1000C). AIthou+gh the data did not allow the spegyred and controlled using type K thermocouples. The sample and
cific distribution of Mg, Al, F€', and F& to be calculated uniquely, fyrnace thermal mass ensured good thermal stability throughout
the highaccuracy and precision of the results permitted evalugach data collection. The neutron diffraction patterns were col-
tion of various thermodynamm thgorles of the cation orplenng Picted for flight times between 2.5 and 19.6 ms, corresponding to
cess. With appropriate assumptions, we propose a simple cafjadhacings between 0.4 and 3.2 A. This range of data included
ord_erlng scheme that is consistent with both t_he in-situ s_truc_tlér,%und 250 independent Bragg reflections, giving 140 individual
refinements and the measurements of saturation magnetlzatlog,lggg peaks in the powder diffraction pattern when accounting

quenched material. for different reflections having identicdispacings. The data from
individual detectors were corrected for electronic noise, normal-
EXPERIMENTAL PROCEDURES ized against standard spectra from a sample of vanadium, and fo-
Sample synthesis cused using in-house software. No corrections were made for beam

Samples of the (58.)..(MgAl,O,), solid solution withx = attenuation by the furnace or sample, because these were found to

0.4, 0.5, and 0.75 were synthesized from the oxides using the g negligible.

nique described by Harrison and Putnis (1995). The starting ma_-The crystal structures were refined from the data using the
Rietveld method with in-house software. The background signal

was modeling using Chebyshev polynomials. The crystallographic
TABLE 1. Lndévi(?ual scattgrin IIengttr?s and room temperature tetra-  variables were the unit cell parameters, the coordinates of the O
edral-oxygen bond 'engths atoms, the occupancies of the tetrahedral and octahedral sites, and

Cation b (fm) R (AT the temperature factors (space grégBm). The site occupan-
Mg 5.375 1.965 cies were handled by refining the neutron scattering length asso-
Al 3.449 177 ciated with each site, subject to the constraint that the sum of the
Fe? 9.45 1.995 . : .
Fe¥ 9.45 1.865 scattering lengths should remain at a constant value. The aniso-
*Sears (1992). tropic temperature factors of the oxygen sites were refined using
TFrom O'Neill and Navrotsky (1983). two independent parameters, but it was found that no improve-
TABLE 2. Microanalysis of synthetic samples

Mg Al Fe O
Sample (mol%) (mol%) (mol%) (mol%) Mg Al Fe Sum
NS75 10.9(2) 21.6(2) 10.7(2) 56.7 0.77(7) 1.52(9) 0.76(10) 3.05
NS50 6.9(1) 13.7(2) 22.2(2) 57.2 0.48(6) 0.96(9) 1.55(10) 2.99

NS40 5.4(1) 11.1(2) 26.2(3) 57.22 0.38(7) 0.8(1) 1.8(1) 2.98
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ment in the refinement could be obtained using anisotropic tem-*f— T B ' L
perature factors for the atoms on the octahedral and tetrahedral: ~ 1,
sites, so these were treated using isotropic temperature factors : )
All three samples were paramagnetic at the temperatures |nv&stl- ! ' h i i1k ]

gated, and hence there were no contributions due to magnetic %atl UH }\1 1 l& & H S ]
NRIVIRINE RS |

tering in the diffraction patterns. An example of a fitted dlffrac i
are listed in Table 3. F i *_J{ ; a L Jl\__

tion pattern is given in Figure 1, and the results of the refinements
o n._..*‘«-ml—-w—”\—dw\. o N - f’“
RESULTS AND DISCUSSION T BT w mn wu uo |m wxr)

Time-of-flight (ms) Time-of-flight (s}

. . Lo . FIGURE 1. Time-of-flight neutron diffraction pattern for synthetic
Ordering behavior during isothermal annealing spinel. There is a linear relationship between time-of-flight and the
As mentioned earlier, the cation distribution partially reordefsterplanar d-spacing. In this case, the limits correspone)t.65—1.3
during quenching until it becomes frozen-in below some closukeand b) 1.3-3.17 A.

temperature. If this quenched material is annealed below the clo-

sure temperature there is a thermodynamic driving force for or- *** P wal B ARARARRARRS
dering, and the cations attempt to move onto their preferred sites™**'F FEEES N '

(Redfern et al. 1996). The way in which the {58, (MgAl,O.), fap A3 E Lozt {

solid solution approached equilibrium was investigated at 923K %**#F ERE

and compositiorx = 0.75 by annealing the sample in the™ *#f E H {
diffractometer and performing in-situ structure refinements as a **®f E R }\

function of time. The relatively high neutron flux of the POLARIS  #2¥3F ;‘“ E L]

diffractometer and the ability to collect the whole diffraction pat- &0 Lh oLl ] o T,
tern at once allowed structure refinements to be obtained with a Tirme is Tunm: i)

counting time of 5 min. This counting time was a satisfactory com-

promise between obtaining good counting statistics and minimiz- ARRARERARES RARSRRSSRSE S Flp T .

ing error due to the change in the cation distribution with time. At ""*f ¢ ] d

this bulk composition and temperature, the system lies outside ., ]

the coherent solvus. Although incoherent exsolution is thermody- ]

namically feasible under these conditions, no evidence of v H/H/}f I ]

exsolution was seen in the diffraction patterns. - H ]
The variation in the lattice parameta) @s a function of an- ]

nealing time for the composition= 0.75 is shown in Figure 2a. T 40'[]“' T

During the first 1400 s of the measuremensharply increased,

after whicha increases at a very much slower rate. This slowing

down in the rate of change afis often interpreted as the cation FiGuRE 2. Time dependence oé) lattice parameterp] tetrahedral-

distribution approaching equilibrium. This is not the case here @ggen bond lengthg) octahedral-oxygen bond length, aditetrahedral

shown by the corresponding changes in tetrahedral and octsig@ttering length during isothermal annealing at 923 Kxan@.75. Solid

dral site bond lengttR.;andR..) during the experiment (Figs. 2blines are guides to the eye.

and 2c). Although the error bars are large (due to the short count-

ing times), significant changes R and R, clearly occurred

between 1400 and 4000 s. Despite the very small changes @t itis possible for the system to reach various intermediate equi-

during this period, cation exchange between tetrahedral and odfium states during annealing where each intermediate state is

hedral sites was still occurring, and the sample had not reacH&éined by minimizing the free energy of ordering with respect to

equilibrium. some, but not all, of the cation occupancies (Sha and Chappell
One possible explanation for the lattice parameter behavi?96). When an intermediate state is approached, the cation ex-

can be obtained by treating the data obtained during the first 14@nge process responsible for reaching that state slows down,

s (stage 1) separately from the data obtained subsequently (s@étfethe other cation exchange processes continues until the next

2). The sharp increase anduring stage 1 was accompanied by gtate of equilibrium is reached. This leads to a changeover of the

small decrease iR, and a small increase R,, whereas the dominant cation exchange reaction and hence a change in the trends

slow increase ia during stage 2 is accompanied by an increase® & Rew Ro, andbe vs. time.

Reand a decrease Ry, Simultaneously, the tetrahedral site scat- The dominant cation exchange reactions responsible for the

tering length B, very slightly increases during stage 1, after whichvo stages of the isothermal annealing experiment can be deter-

b remains essentially constant. These observations suggest fitiged using Table 4, which summarizes the chang@s andbi

each of the two stages is associated with a different cation &{-the six possible cation exchange reactions (the additional six

change reaction (or combination of reactions). Because mobifverse reactions are not germain). The decreaBg.iand in-

ties of the various cations in the solid solution can be very difféitease irbe during stage 1 is consistent with the first two cation

Iy, 100}

Tinw [¥1 Tume (51
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TABLE 3. Results of structure refinements

X T (K) a (A) H B(el (fm) R(el (A) Roc( (A) B(e( Boc( Time (S)
0.4 873 8.34380(2) 0.25929(4) 8.51(3) 1.9407(6) 2.0114(6) 1.05(2) 0.779(2)

0.4 923 8.34863(2) 0.25933(4) 8.53(3) 1.9424(6) 2.0123(6) 1.12(2) 0.816(2)

0.4 973 8.35362(2) 0.25942(4) 8.49(3) 1.9449(6) 2.0128(6) 1.17(2) 0.893(2)

0.4 1023 8.35932(2) 0.25960(4) 8.55(3) 1.9488(6) 2.0128(6) 1.26(2) 0.942(2)

0.4 1073 8.36430(2) 0.25958(4) 8.55(3) 1.9497(6) 2.0141(6) 1.33(2) 0.979(2)

0.4 1123 8.36931(2) 0.25957(4) 8.55(3) 1.9507(6) 2.0154(6) 1.39(2) 1.030(2)

0.4 1173 8.37430(2) 0.25957(4) 8.54(3) 1.9519(6) 2.0166(6) 1.46(2) 1.071(2)

0.4 1223 8.37944(2) 0.25960(4) 8.50(3) 1.9535(6) 2.0176(6) 1.53(2) 1.127(2)

0.4 1273 8.38412(2) 0.25955(4) 8.50(3) 1.9539(6) 2.0191(6) 1.62(2) 1.186(2)

0.4 1173 8.37466(2) 0.25963(4) 8.57(3) 1.9529(6) 2.0162(6) 1.46(2) 1.066(2)

0.4 1073 8.36514(2) 0.25964(4) 8.59(3) 1.9508(6) 2.0139(6) 1.33(2) 0.961(2)

0.5 873 8.31646(2) 0.25985(4) 7.94(3) 1.9425(6) 2.0006(6) 1.04(2) 0.909(2)

05 898 8.31887(2) 0.25984(4) 7.96(3) 1.9429(6) 2.0012(6) 1.08(2) 0.924(2)

0.5 923 8.32133(2) 0.25979(4) 7.95(3) 1.9427(6) 2.0022(6) 1.12(2) 0.945(2)

0.5 948 8.32381(2) 0.25983(4) 7.94(3) 1.9439(6) 2.0025(6) 1.13(2) 0.988(2)

0.5 973 8.32629(2) 0.25988(4) 7.97(3) 1.9452(6) 2.0027(6) 1.19(2) 0.986(2)

0.5 998 8.32876(2) 0.25996(4) 7.95(3) 1.9469(6) 2.0027(6) 1.20(2) 1.020(2)

05 1023 8.33129(2) 0.25995(4) 7.94(3) 1.9474(6) 2.0034(6) 1.24(2) 1.050(2)

05 1048  8.33387(2) 0.26001(4) 7.96(3) 1.9488(6) 2.0035(6) 1.27(2) 1.060(2)

0.5 1073 8.33639(2) 0.26008(4) 7.99(3) 1.9504(6) 2.0036(6) 1.31(2) 1.080(2)

05 1098  8.33872(2) 0.26005(4) 7.97(3) 1.9505(6) 2.0044(6) 1.33(2) 1.100(2)

05 1123 8.34105(2) 0.26000(4) 7.94(3) 1.9504(6) 2.0053(6) 1.34(2) 1.130(2)

0.5 1148 8.34339(2) 0.25999(4) 7.95(3) 1.9508(6) 2.0060(6) 1.41(2) 1.170(2)

05 1173 8.34569(2) 0.25998(4) 7.94(3) 1.9512(6) 2.0066(6) 1.44(2) 1.180(2)

05 1198 8.34803(2) 0.25997(4) 7.91(3) 1.9516(6) 2.0072(6) 1.44(2) 1.230(2)

0.5 1223 8.35039(2) 0.25997(4) 7.93(3) 1.9521(6) 2.0078(6) 1.49(2) 1.240(2)

05 1248 8.35268(2) 0.25992(4) 7.92(3) 1.9519(6) 2.0087(6) 1.54(2) 1.260(2)

05 1273 8.35495(2) 0.25993(4) 7.89(3) 1.9526(6) 2.0092(6) 1.56(2) 1.310(2)

0.5 1173 8.34556(2) 0.26004(4) 7.94(3) 1.9520(6) 2.0061(6) 1.43(2) 1.180(2)

05 1073 8.33628(2) 0.26012(4) 8.01(3) 1.9510(6) 2.0033(6) 1.30(2) 1.070(2)

0.75 923 8.23029(8) 0.26098(7) 6.66(5) 1.938(1) 1.971(1) 0(10)
0.75 923 8.23138(8) 0.26099(7) 6.64(5) 1.939(1) 1.972(1) 360(10)
0.75 923 8.23192(8) 0.26094(7) 6.72(5) 1.938(1) 1.972(1) 720(10)
0.75 923 8.23224(8) 0.26101(7) 6.72(5) 1.939(1) 1.972(1) 1080(10)
0.75 923 8.23253(8) 0.26090(7) 6.76(5) 1.938(1) 1.972(1) 1440(10)
0.75 923 8.23253(8) 0.26096(7) 6.72(5) 1.939(1) 1.972(1) 1800(10)
0.75 923 8.23254(8) 0.26102(7) 6.70(5) 1.940(1) 1.972(1) 2160(10)
0.75 923 8.23275(8) 0.26103(7) 6.71(5) 1.940(1) 1.972(1) 2520(10)
0.75 923 8.23271(8) 0.26116(7) 6.74(5) 1.942(1) 1.971(1) 2880(10)
0.75 923 8.23279(8) 0.26106(7) 6.63(5) 1.940(1) 1.971(1) 3240(10)
0.75 923 8.23294(8) 0.26115(7) 6.71(5) 1.942(1) 1.971(1) 3600(10)
0.75 923 8.23280(8) 0.26111(7) 6.72(5) 1.941(1) 1.971(1) 3960(10)
0.75 938 8.23390(2) 0.26113(4) 6.72(3) 1.9414(6) 1.9711(6)

0.75 953 8.23544(2) 0.26111(4) 6.73(3) 1.9415(6) 1.9716(6)

0.75 968 8.23681(2) 0.26111(4) 6.73(3) 1.9418(6) 1.9719(6)

0.75 983 8.23816(2) 0.26103(4) 6.74(3) 1.9410(6) 1.9729(6)

0.75 998 8.23935(2) 0.26117(4) 6.75(3) 1.9433(6) 1.9721(6)

0.75 1013 8.24059(2) 0.26111(4) 6.71(3) 1.9427(6) 1.9729(6)

0.75 1028  8.24186(2) 0.26112(4) 6.77(3) 1.9432(6) 1.9731(6)

0.75 1043 8.24310(2) 0.26115(4) 6.74(3) 1.9439(6) 1.9732(6)

0.75 1058  8.24436(2) 0.26110(4) 6.75(3) 1.9435(6) 1.9738(6)

0.75 1073 8.24573(2) 0.26108(4) 6.75(3) 1.9435(6) 1.9743(6)

0.75 1088 8.24702(2) 0.26106(4) 6.73(3) 1.9435(6) 1.9748(6)

0.75 1103 8.24828(2) 0.26115(4) 6.72(3) 1.9451(6) 1.9744(6)

0.75 1118 8.24972(2) 0.26108(4) 6.71(3) 1.9444(6) 1.9753(6)

0.75 1133 8.25120(2) 0.26111(4) 6.70(3) 1.9452(6) 1.9754(6)

0.75 1148 8.25259(2) 0.26115(4) 6.76(3) 1.9461(6) 1.9754(6)

0.75 1163 8.25402(2) 0.26115(4) 6.77(3) 1.9465(6) 1.9758(6)

0.75 1178 8.25525(2) 0.26110(4) 6.74(3) 1.9460(6) 1.9764(6)

0.75 1193  8.25664(2) 0.26111(4) 6.75(3) 1.9465(6) 1.9767(6)

0.75 1208  8.25782(2) 0.26104(4) 6.71(3) 1.9458(6) 1.9775(6)

0.75 1223 8.25901(2) 0.26098(4) 6.71(3) 1.9452(6) 1.9782(6)

0.75 1238 8.26002(2) 0.26095(4) 6.68(3) 1.9450(6) 1.9787(6)

0.75 1253  8.26120(2) 0.26091(4) 6.70(3) 1.9447(6) 1.9793(6)

0.75 1263  8.26189(2) 0.26091(4) 6.67(3) 1.9449(6) 1.9794(6)

0.75 1273 8.26270(2) 0.26095(4) 6.64(3) 1.9456(6) 1.9793(6)

0.75 1223 8.25836(2) 0.26101(4) 6.73(3) 1.9455(6) 1.9779(6)

0.75 1173 8.25410(2) 0.26108(4) 6.76(3) 1.9455(6) 1.9763(6)

0.75 1123 8.24985(2) 0.26105(4) 6.70(3) 1.9440(6) 1.9755(6)

0.75 1073 8.24569(2) 0.26114(4) 6.74(3) 1.9444(6) 1.9739(6)

0.75 1023 8.24145(2) 0.26112(4) 6.70(3) 1.9431(6) 1.9730(6)

0.75 973 8.23735(2) 0.26115(4) 6.71(3) 1.9425(6) 1.9718(6)

Notes: Space group Fd3m.
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exchange reactions in Table 4, both of which involv& &ations 1974

ordering onto tetrahedral sites, displacing Mg an#t Eations

onto octahedral sites. The time taken to reach this state agrees

well with experimental data on the rate of Mg¥Fexchange in

MgFe0, (O’Neill 1994). The increase R, during stage 2 of the 73

ordering is consistent with any of the other four forward reactions

in Table 4. The negligible increasely, suggests that the most

appropriate reaction involves Al cations ordering onto octahed¢al

sites, displacing Mg cations onto tetrahedral sites. T
The reason that the changeaiduring stage 2 is smaller than =

in stage 1, despite the fact that the chand®.jiis larger, can be

seen by examining the relationship between cell parameter and

oe

bond length: 1971
40Rtet +8’\/ 33Ruc1 _8Rt2et
a= (1)
113 1.970 A
1937 55y Ly 1040 Lol 1942
Equation 1 is plotted as a contour diagram in Figure 3. The R (A)

solid arrows show the observed paths takeRbgndR, during ) ) ) ) ]
the annealing experiment (obtained by plotting the solid lines in FIGURE 3. Contour diagram illustrating the relationship between the

Figs. 2b and 2c against each other). The exchange*ofvit lattice parameter gnd the tetrahedral-oxygen and ogtahedral-oxygen bond
Iengqths. Dashed lines are contours of constant lattice parameter (labeled

Mg and Fé' durlng.the first stage causes .the system to cut acrgs ngstroms). Solid arrows show the observed variatioRandRy,
the contours, leading to a large change.ifihe exchange of Al' ying isothermal annealing at 923 K and 0.75. Dotted arrow shows

with Mg during the second stage causes the system to move@g®variation irRe, andR. that would be caused by reduction of‘Fie
proximately parallel to the contours, leading to a much smalleg+,

increase ir. Thus, measurements afalone gives a false im-
pression that the cation distribution is approaching equilibrium.
In solid solutions where different cation exchange processes oc- o ]
cur at different rates, more detailed measurements are requiret/ §§S€ I8 is caused by the reduction of*Feo Fé", one would
distinguish between the various states of intermediate and gldB41ect bottRe andRy to increase in the manner shown by the
equilibrium. dotted arrow in Figure 3, rather than in the observed manner (shown
Alternatively, increasing lattice parameter can be explained By the solid arrows). Furthermore, one would expect the increase
a change in the oxidation state of the sample as it is annedfe@0nd length to be rapid at first and slow down as the sample
under vacuum (R.C. Peterson, personal communication). The rdfiached equilibrium. Because the opposite is observed during an-
increase in lattice parameter is consistent with conversiortof Faealing, we favor the interpretation presented above based on the
to Fé* as the sample adjusts to the new redox conditions of #rchange of cations between tetrahedral and octahedral sites.
annealing experiment. The rate of change ofecreases as the ) )
sample approaches the equilibriun? e ratio for the new High-temperature ordering behavior
oxygen fugacity. This explanation is consistent with the overall The high-temperature cation ordering behavior of samples with
rate of increase ia and the small change ip; observed during x=0.4 and 0.5 was investigated at temperatures between 873 and
annealing. We feel, however, that it is not consistent with the dt273 K. The high-temperature cation ordering behavior of the
served changes in bond length during annealing (Figs. 2b, 2c, aathple withx = 0.75 was investigated at temperatures between
3). We demonstrate in the next section thdt &ecurs in approxi- 923 and 1273 K, after isothermal annealing at 923 K for 4000 s
mately equal proportions on tetrahedral and octahedral sitegdae previous section). All measurements were started at low tem-
this sample at this annealing temperature. Therefore, if the perature, and diffraction patterns were collected every 45 min
) . during heating up to 1273 K (30 min collection time plus 15 min
TABLE 4. SSS ?332{{2,}?53?&5&3’.50”‘1 lengths and scattering lengths heating time). Measurements were made in 50 K steps=6r4,
Forward cation exchange reaction b, (fm) Rt (A)* 25 K steps forx = 0.5, and 15 K steps for= 0.75. A limited
number of diffraction patterns were collected during cooling, but

Fet + Feti = Feii + Fet constant (0) decreases (-0.13)  g\jidence of exsolution began to appear at temperatures below 1073
Fedt + Mg = Fell + Mg increases (4.2)  decreases (-0.1) K in samples withx = 0.4 and 0.5 (distinct broadening at the base
Fedt, + Al = Fed + Al increases (6.1)  increases (0.095) of the diffraction peaks). No evidence of exsolution was detected
Fedt + Mg = Fef + Mgoq increases (4.2) increases (0.03) du”r,]g the heating EXpe”mentS'

Figure 4 shows the variation bf; vs. T for the three samples
Fela + Ale = Felii + Alou increases (6.1)  increases (0.225) gy djed. In all three cases the observed valués, ofere greater

M@oot + Aliet = MGier + Alogt increases (1.9) increases (0.195) than the hypothetical value associated with a completely disor-
*Number in brackets gives the change for the forward reaction. dered cation distribution (7.31 fm, 6.77 fm, and 5.43 fmxfer
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FIGURE 4.The tetrahedral scattering
length, as a function of temperature for
compositions &) x = 0.4, ) x = 0.5,
and €) x = 0.75. Solid lines show the
proposed equilibrium variation Iy, as
a function of temperature. Solid symbols
= measurements during heating. Open
symbols = measurements during
cooling.
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0.4, 0.5, and 0.75, respectively). Therefore, a decreasing valu€ofnparison with existing thermodynamic models
b is associated with the system moving to a more disorderedTne (Fg0,), (MgAl,O,), solid solution is a ternary, which re-

state (and vice versa). This behavior is characteristic of that sggftes three parameters to fully describe the cation distribution:
in all non-convergent systems when quenched material is heated

(Harrison and Putnis 1996; Harrison et al. 1998; Redfern et al.

1996; Sujata and Mason 1992). The starting valu®.0$ deter- Al Fet*Mg, Fe?* [AI @)
; ; fetri ; ; : P’ ~q r Ml-p-q-r

mined by the cation distribution obtained after quenching from

1673 K. This cation distribution is disordered with respect to the The neutron structure refinements provides two resultsid

equilibrium cation distribution (indicated by the solid line), ang ) pertinent to the cation distribution. However, because in-situ
hence there is a driving force for ordering as the material is heaiges for the individual cation-oxygen bond lengths are unknown,
At low temperatures, the kinetics are too slow to allow ordering, cannot be used as a quantitative constraint. The measurements
to occur, and. remains constant. On heating to higher tempergt b, can be used, however, to provide an empirical test of any
tures the rate of ordering increases, and the cation distributiaden cation distribution model for the solid solution. Two mod-
begins to change. At some “relaxation temperattiigethe cation g|s of O'Neill and Navrotsky (1984) and Nell and Wood (1989),
distribution rapidly approaches equilibrium. This is seen as thgs discussed here.

increase irb, onto the equilibrium curve at around 1073 KXor  The o'Neill and Navrotsky (1984) model is applicable to bi-

= 0.4 and 0.5, and at around 1140 K ¥or 0.75. AboveT, the  nary solid solutions. To reduce the 89),,(MgAl,0,), solid so-
system begins to disorder. It may be assumed that the sampleqa#h to a binary, we assumed that Mg and*Fad equal site

at global equilibrium at temperatures abdveThe maximum in preference energies (i.e., no partitioning of Mg relative & Fe
B, which occurrs at 1030 K in Figure 4c may be a non-equiliBetween tetrahedral and octahedral sites). This assumption is jus-
rium relaxation temperature, which occurs when a stage of intgfizq by the comparison of cation ordering in the end-members
mediate equilibrium is approached on heating (similar to the Wl‘gAI ,0,, FeALO,, MgFeO,, and FgO, (Harrison et al. 1998;

fect seen duriqg isothermal annealing of this sample). In this cageneill et al. 1992; Wu and Mason 1981; Redfern et al. in prepa-
the decrease ib. between 1030 K and 1140 K corresponds tation), and by the observation of ordering in thgCFégFe,0,
metastable disordering of the sample before global equilibriumgisjig solution (Nell et al. 1989). Under this assumption, the Mg

reached abové. o _ and Fé&* distributions are determined by the overall degree of in-
The corresponding variations R, (Fig. 5) at temperatures yersjon p + ) and the bulk compositiomx)
below T, are due mainly to thermal expansion. Abdy¢here is

an additional contribution due to the disordering cation distribuy 2+ 3+ 2+ ]

tion. This contribution is negative in all three cases, leading tctA 711” Felontira| AlorsF o2 Mo e |00 (3)
decrease in the slope of tRg, vs. T curve. This allows a more  The free energy of the solid solution is given by combining the
accurate determination @fthan using the scattering lengths thementhalpy change due to ordering with the configurational entropy:
selves. This decrease is caused mainly by the exchange of Al cat- o

ions onto tetrahedral sites, displacing the larger Mg afidcae AG(p, ) = aaip+ fAp? +ared + Ba’ +206pq + RTS N;X! InX! (4)

ions onto octahedral sites (Yamanaka and Takéuchi 1983). L

FethquM gxfr Fez+

p+q+rfx]o4 .

2x-p

Fef;ng(

1-p-q)

T L T L T T T FIGURE 5. The tetrahedral-oxygen
oSSl o I e e B ; 71  bond length as a function of temperature
. i ] §§;§§552 1046 i TlI 4 for compositions &) x = 0.4, p) x = 0.5,
PR N ¢ T e i 7 LT Pg and €) x = 0.75. Solid symbols indicate
Pl . el Iif | e @ﬁﬁ " measurements during heating. Open
s IHI Loaal }ﬁ - ] sympols indicate measurements during
Lol T Loanl | 1 cooling.
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o T T o T T Nell and Wood (1989) model predicts that*F@ders onto octa-
op . hedral sites fox = 0.75.

R

a3k 04 4 -u-
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e PROPOSED ORDERING SCHEME

E RORUS mmw smgama ] E HOHOS EEmeme T
N o 1 =t ] Despite the limited temperature range over which equilibrium
=) (XMl and Nonvuishy ol W) = L e and Wl 1050 . . .
- N L | data were collected, the lack of agreement with the existing mod-
H_'U'Tﬁ"""““-'-*-rm. - sl tmesseslmo s suggests a need to re-examine the ordering behavior of the
’ ‘ . ‘ ] solid solution. To provide a more intuitive basis for comparing
1 L 6.0 . o g .
“lee e 1w ow we e e o e the observed data with the predictions of the thermodynamic mod-
Tompursture K Tempersiers iK1 els, we propose a possible cation ordering scheme that is consis-

) ) tent with the in-situ neutron refinements. We assume that Mg and
y )F'GU_?hE 6.|Compa:|solnt01:jobs_ervetirj1te:Lahedrzl scattering ('jenlg’tf)g?’(Fe?+ have equal site preferences, which reduces the number of
m), with values calculated using € thermodynamiC modadels, i . : . :
O’Neill and Navrotsky (1984) andb) Nell and Wood (1989). Data points parameters describing the cation distribution io_twmiﬁd a)-
These parameters can be calculated by combining the measure-

show the observed equilibrium valuestgf for compositionsx = 0.4 . . ) : .
(triangles), 0.5 (squares), and 0.75 (circles). The size of the Symbg]gnts oth with an additional experimental constraint, provided

indicates the uncertainty. Only the equilibrium data points measured®¥t measurements of saturation magnetizati. (In the major-

temperatures greater th@nare shown. Solid lines indicate calculationdty of spinels, the magnetic moments associated with tteaRd

using the thermodynamic models. Dashed lines indicate our propofe* cations adopt a co-linear arrangement below the Curie tem-

equilibrium variation irb as a function of temperature. perature, with moments on tetrahedral sites aligned antiparallel to
those on octahedral sites. In this case, the net saturation magneti-
zation is given simply by the difference between the octahedral

whereay, 0, andP are constants is the fraction of cationon and tetrahedral sublattice magnetizations:

sitej, andN, is the number gtsites per formula unit. O’Neill and

Navrotsky (1983) argued th@tis similar for all 2-3 spinels with _ oct ety _ o _ et

an average value @ = —20 kJ/mol and obtained valuesogf = M = 2(ees Xreat Heer XFeze) = Hreo X res. = Hrea Xz (5)
56 kJ/mol andie, = 20 kJ/mol by fitting to the cation ordering

behavior in the end-members. The equilibrium cation diStribUti%hereuFé* anduFe
is defined by the global minimum of Equation 4. This yields WO.4 Fe
equations that can be solved simultaneously to yielddg. The Am?).

full cation distribution is then calculated from Equation 3, land There are two main problems involved in using measurements
is calculated from the scattering lengths of the individual catiogg \; o constrain cation distributions. First, the measurements

(Table 1). o ) had to be made on quenched material, and hence there is the pos-
Two main discrepancies occur between the curves calculai@giv that the disordered cation distribution is not maintained

using the O'Neill and Navrotsky (1984) model and the results gf;ing quenching. This problem is serious for spinels containing
our structure refin.ements (Fig. 6a).. First, the magnitudes of tﬁ& and F&, because these cations can exchange rapidly with
calculated scaitering lengths are higher tiian observed. Secdy, other simply by the transfer of an electron. Second, we as-
the model predicts that far= 0.75 the F& cations order onto the g, that the ideal collinear spin structure is adopted in all com-
octahedral sites. This is contrary to our observation in the Préybsitions of the solid solution. Although this is reasonable for
ous section the_\t F*'Eord_ers onto the tetrahedral site during 'Soﬁiagnetite-rich spinels, it becomes less certain when the magne-
thermal annealing of this sample bel@wHowever, good agree- yiio component is diluted and the relative size of the inter- and
ment exists between the observed and calculated slopestif the, o site magnetic interactions changes (Blasse 1964). If the as-
vs. T curves for the compositions=0.4and 0.5. sumptions are valid, measurementsvifprovided a precise and
The Nell a+nd \{VOOd (1989) model can be applied _direc_tly_%ry sensitive constraint on the cation distribution. However, given
the Mg-AI-Fé -F&” ternary solid solution without assuming SiMlyn e yncertainty regarding maintenance of the disorderisdree
lar properties for Mg and Fe The enthalpy due to ordering iSyistihytion during quenching, the following analysis is not quan-

formulated as a second-order Taylor expansion in the three caiplyiye our intention is to provide a qualitative picture of order-
distribution parameters and two compositional parameters reqwﬁq& in the solid solution

to fully describe the cation distribution. This is combined withthe "= + = 1173 K we useds determined by Harrison (1997)

configuratioriai entropy as before, and equilibrium is defined _l?éfr the (FgOs)1(MgAl,0,), solid solution quenched from 1173 K
the global minimum O_f th_e free energy W'th respect to the Cat'ﬁeing hysteresis loops measured at 4.4 K and in a maximum field
order parameters. This yields three equations that are solved,piry 1 (Harrison and Putnis 1995, for experimental details). Val-

multaneously to give, g, andr. There are 18 coefficients in theues ofV, = 1.32, 0.88, and 0.025 were determined for samples

free energy expansion, which were determined by fitting t0 vajjs, y = 0.4, 0.5, and 0.75 respectively. The cation distribution at
ous cation ordering and phase equilibrium constraints. The PEer temperatures is derived from thedata using the follow-

dicted values ob using this model (Fig. 6b) also agree poorly, fitting procedure. The variation gfandq as a function of

with observed scattering lengths for a_II three samples. In parti(fé'r'nperature is calculated using the thermodynamic model of Car-
lar, the calculated slopes ?f the ordering curves are much gregigtior ot al. (1994). The starting values of the coefficients in the
than observed. As in the O’Neill and Navrotsky (1984) model, tlﬁ‘?odel were set equal to the values for the end-members,RgAl

are the 0 K magnetic moments of thé*Fe
cations (5ug and 4y respectively; Jug = 9.27x 1024
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and MgFeO, (Harrison and Putnis 1997; Redfern et al., in prepéarge discrepancy between thé*faistributions. This discrepancy
ration). From this starting model, the corresponding variation i;m also evident from the saturation magnetization measurements.
b as a function of temperature is calculated and compared to finem the data of Nell et al. (1989), we calculated average satura-
observed values. The coefficients in the thermodynamic modiein magnetizations d¥l; = —1.38u; and —2.6%4; for x = 0.5 and
were then varied in a least squares procedure until the calculdeth, respectively (Eq. 6). These differ from observed values of
b, curve best fit the observed data, and the valugsanfdq at M = 0.88; and 0.0251s (Harrison 1997), indicating that the
1173 K passed through those calculated fromMheata. The use measurements of Nell et al. (1989) overestimated the amount of
of the Carpenter et al. (1994) model to fit the data (and the val#&Z' on tetrahedral sites.

of the coefficients extracted) has little thermodynamic significance

other than to ensure thatindq vary with temperature in a man- DiscussioN

ner that is physically reasonable. No constraints on the cation dis-The calculated slope ime with T (Fig. 6) is very different for
tribution at 0 K were applied. The results of the fits are shown @ o’Neill and Navrotsky (1984) and Nell and Wood (1989)
the solid lines in Figure 4 and as the dashed lines in Figure 6.models, and the slopes calculated with the O’Neill and Navrotsky
In Figure 7, the solid lines show the tetrahedral cation oc '984) model are very similar to the observed slopesg fo0.4
par_lcies c_extracted using thg fitting procedu_re descr_ibed above. THA 0.5. The reason for this can now be investigated by compar-
cation with the strongest site preference is Al, which occurs pig the calculated cation occupancies for the two thermodynamic
dominantly on octahedral sites in all three cases with a slovhggels with our proposed cation ordering scheme.
increasing amount on tetrahedral sites at high temperatures. Therhe solid lines in Figure 8a show the calculated behavior us-
ordering scheme adopted by the other cations is a compromgethe 0’'Neill and Navrotsky (1984) model for the composition
between the normal and inverse ordering schemes adopted intheq 5 The dashed lines show the ordering scheme from this
end-members. According to the normal ordering observed dfuidy, obtained by fitting tbe, andM,. The two ordering schemes
MgAI;O,, we expect Mg (and Fg to show a strong tetrahedralare very similar, both being almost exactly described by the pseudo-
site prefer_ence relative to Al. According to the inverse orderiRgndom scheme. For example, taking the Al distribution calcu-
observed in F©,, we expect F’63 (and Mg) to show an octahe-|ateq by the O'Neill and Navrotsky (1984) model, we see that at
dral site preference relative to°Feln the solid solution, there- gog K the 1 Al cation pfu resides exclusively on octahedral sites.
fore, there is a conflict between placing Mg and'Eations on  The 1 Fer, 0.5 Fé*, and 0.5 Mg cations pfu are then distributed
octahedral or tetrahedral sites. The simplest solution to this CRandomly over the remaining two sites, yielding tetrahedral occu-
flict is to distribute the cations randomly between those sites t?féltncies of 0.5 P& 0.25 Fé&, and 0.25 Mg. According to the
are not already occupied by Al. This “pseudo-random” orderifgedo-random scheme, the temperature dependence of the cat-
scheme is indicated by the dashed lines in Figure 7. These liggSdistribution as a whole is controlled by the rate of exchange of
were calculated by fixing the Al distribution equal to the Al distria| petween sites. Because only small amounts of Al disorder onto
bution extracted from the fitting procedure, then distributing thgtranedral sites, the temperature dependence of the cation distri-
other cation randomly over the remaining tetrahedral and octaggion in the solid solution is greatly reduced. This is responsible
dral sites. There is almost exact coincidence between this schggmene very small slopes of the calculategcurves in Figure 6a.
and the fitted cation distribution far= 0.5 (Fig. 7b). In the other | a5 similarity exists between the Nell and Wood (1989) model
tv.vo.composmons, the overall values of the occupancies are al$gy our proposed ordering scheme (Fig. 8a). This model predicts
similar to the pseudo-random scheme at low temperatures. Fhgronounced temperature dependence of tie dratribution,
fitted occupancies for these two compositions at higher tempeggich is responsible for the steep slope of the calculatedirves
tures is obtained by exchanging tetrahedrdf téth octahedral Figure 6b.
Mg and F&, consistent with the Fetetrahedral site preference ob-  \ye conclude that our structure refinements are broadly con-
serV(_ed in the isothermal anneallng experiment described earlier. gistent with the thermodynamic model of O’'Neill and Navrotsky
Figures 7b and 7c show the distributions of Bed F& (Nell  (19g4) for compositions close to the center of the solid solution.
et al. 1989) using the in-situ electrical conductivity/Seebeck-f; this composition, the conflict between the normal and inverse
fect technique (Mason 1987). For both compositions there is rg@qering schemes is greatest, leading to a compromise distribu-
sonable agreement between the observéd(Rell et al. 1989) tjon with very little change in the cation occupancies as a function
and the fitted Fe distribution of this study. There is, however, g temperature. The small magnitude of the changés.inb-

Lo T T ; 7 Lo \ T T T 10 T T T T FIGURE 7. Proposed tetrahedral site
= osb & x=04 | sl b x=05 | C x=0.75 occupancies as a function of temperature in
z compositionsd) x= 0.4, p) x= 0.5, and¢)
§OMLRT 051" FDM “““““““ . x = 0.75. Solid lines indicate occupancies
oL 1 N L] e S obtained by fitting to the in-sitio, data and
2 | R — | Mee™ o e the quench magnetization data. Dashed lines
g 02 L . BN indicate occupancies that would be obtained

-, A by distributing Mg, F&, and Fé&*' randomly

M0 e 200 vam 1600 1800 %00 1000 1200 Lew 1500 T80 S0 weo 20 1w 1w 1m0 between the sites not occupied by Al. The

Temperature (Ki Temperature (K} Temperature (K) data pOintS il andc show the distributions
of Fe* (circles) and F& (squares)
determined by Nell et al. (1989).
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L. . . . . . . American Mineralogist, 74, 1000-1015.
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before applying it to the Mg-Fe-Al spinel system. Redfern, S.A.T., Henderson, C.M.B., Wood, B.J., Harrison, R.J., and Knight, K.S. (1996)
Determination of olivine cooling rates from metal-cation ordering. Nature, 381,
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