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JlaeTcq KpHTHUecKHH 0630p BapHauuit MeccOayspOBCKHX NapaMerpoB (MarHHTHOIO CBEpX-
TOHKOI'O TOJifl, H30MEPHOr0 CMeIeHHs H KBaJPyMOJbHOIO pacllellyieHHs) B 3aBHCHUMOCTH OT
COAEDIKAHHS AJIOMHHHS, 3aMEUIAIOLICTO JKenea0 B KeJNe3HKWX THAPOOKHCIaxXx H OKHCAaX.

Temneparypa nepexofa Moypuna (Ty) n remneparypa Heens (Ty) nokasbiBaloT 3aBHCH-
MOCTEL OT KOJJHUECTBA aJIOMHHHSA B TeTHTE H reMaTHTe. Heynpyroe paccesgnie H WI¥PHHA JHHHH
YBEJHYHBAIOTCA C YBEJHUECHHEM COREpIKaHHs aJIOMHHHA B 00OMX MHHepaJaX. YBelHueHHe He-
YIPYIOroc paccesHHsi BBI3LIBAETCSI YIJOTHEHHEM pelleTKH KaK Pe3yJbTaT YKOPOueHHs cBsizel
H YMeHbLICHHA cpejyell MacCh pelleTKH C yBeJHUCHHEM COJIepKaHHA H30MOPGHOTO aTIOMHHUS.
BapHaunu mMpPHHB JHHUH 3aBHCST OT paclpefefeHHS HaNpsKEHHOCTH MAarHHTHOIO CBepX-
TOHKOro nosa. OHa yMeHbIIaeTCs JHHEHHO C yBeJIHUEHHEeM COJepIKaHHMH aJiOMHHHSA, 9TO ABJA-
ercsl pe3yJbTATOM HJIH HOHMKEHHOTO OOMEHHOrO CBepXNepeHoca, WJIH YMEHBLIIEHHS pPasMepon
YACTH, M/HJH JIOKaJbHHIX HEOJAHOPOAHOCTER B 3JeMEeHTapHHX sueikax. HMameHeHnue B w30-
MEPHOM CMeIleHHE TDH 3aMEl[eHHH jKeJge3a alloMHHHeM npeHeOPeKHMO MaJlleHbKoe. Buiue
Ty BeTHUMHA KBAJIPYIOJABHOTO PACINENJIEHHsl He 3aBHCHT OT COJEPIKAHHSA AJNIOMHHHS, a HUKE
7'M OHa BapbHUpyeT He3aKOHOMepHO. Ee BapHanHH BBHI3BIBAIOTCHA H3MEHEHHSIMH YIJla MexJy C-
OCrI0 M MaTHHTHBHIM MOMeHTOM Fedt H[/HNH HepaBHOMePHLIM YIJOTHEHHEM pCIMETKH BCjel-
CTBHE 3aMelnenHy Fe3t A3+,
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Introduction

The Mossbauer parameters of iron hydroxide and oxide phases are greatly
influenced by aluminium substitution on iron site(s) of these phases and such
a substitutional efiect is well documented in goethite (a-FeOOH) and hema-
tite (a-Fe,O;) among the iron hydroxides and oxides, respectively. Although
a good number of workers are involved in the Mossbauer studies of magnetite
(Fe;O,) and maghemite (y-Fe,Og), the effect of aluminium substitution on
these two phases is yet to be studied in more details than presented in this
review.



Crystal structure of goethite and hematite

Goethite possesses orthorhombic structure with Fe®* occupying the 4C
octahedra of Pbnm space group and are arranged in double rows running pa-
rallel to [001] (Fig. 1). |

Hematite shows a hexagonal structure in which closed-packed planes of
oxygen atoms are stacked along [0001] in which Fe®* occupy the two thirds
of the available octahedral sites leading to the production of dioctahedral ar-
rangement. Each oxygen atom shares four iron atoms and each iron atom is
surrounded by six oxygen atoms (Fig. 2).

For evaluation of the effects of Al-substitution it seems necessary to study
the magnetic behaviour of these minerals.

Magnetic characters of pure goethite and hematite

Goethite orders antiferromagnetically below 393 K(Tﬁ, Neel temperature)
and therefore at room temperature a well defined sextet ought to be found.

Fig. 1. The goethite structure projected on (001). Oxygen atoms are represented by large
open circles, FFe atoms by medium solid circles, and H atoms by small solid circles. Oc-
tahedra are outlined bv solid lines. Hydrogen bonds are indicated by solid and dotted lines
(Eggleton et al.,, 1988) _

@ur. 1. [lpoexnus Ha rroTHTOBaTa CTPYKTYpa BBpXY (001). Kucjopopnure aToMH ca jalieHH
C ToJieMH TPAa3i# Kpbryera, Fe aTOMH — CBC CPeJiHO TOJEMH YEPHH Kpbruera, a I atomun —
¢ MaXkd uepuu Kphruera. C OABTHA JHHHH Ca QUEpPTaHU OKTaefpure. BOmopojiHuTe BpB3KH
ca NOKa3aH® C TWIBTHU H nyHKTHpaH# JuHud (Eggleton et al., 1988)

Fig. 2. The hematite struclure. Oxygen aloms are represenied by open circles, Fe atomg
by solid circles. The projection is along [1120]: solid circles are in the plane, thin open
circles are below the plane, and thick open circles are above the plane of the paper r
@ur, 2. Crpyxrypa Ha xemMaTHTa. KHCJIOPOAHHTE aTOMH Ca jajeHM C MPal3HH Kpbruera, Fe —
¢ uepun gpwruera. [Ipoexnusrta e no [1120]: xpbruerara cbe cpejHa jebeanHa Ha ABMHHATA
Jekar B DABHWHATA Ha JINCTa, C ThHKA JHHMA — [0} Hed, a c jgebena — mnaj Hes
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But at room temperature the Mossbauer spectra frequently show a mixture of
a doublet and a partially resolved sextet which may be due {fo the result of
superantiferromagnetic relaxation of magnetization (Bean, Living-
stone, 1959). In a magnetically ordered substance the magnetization tends
to take certain “easy” direction due to crystalline anisotropy. But in case of
small-sized particles, as a result of superantiferromagneticrelaxation, it iseasy
to change this direction with the supply of an external energy (as for example
thermal excitation). When the relaxation fime is longer compared to Moss-
baver transition time (10-7s), a well resolved sextet will be produced whereas
arelaxed spectrum results when the relaxation time becomes equal to (or smal-
ler than) the Méssbauer transition time. A range of particle sizes will aifect
relaxation and may bring about a broadening of the relaxed spectra which
would be asymmetrical (Mo r up et al., 1976). This effect of superantifer-
romagnetic relaxation is observed to be reduced at temperatures below 77 K.
This relaxation reduces the hyperfine field. Therefore the hyperfine field va-
ries with temperature and below 393 K this change follows the Brillouin func-
tion (Van der Woude, Dekker, 1966) (Fig. 3).

Of the trivalent iron oxides hematite has the highest saturation hyper-
fine field (H(O)=>54, 2T) as well as the highest Neel temperature (Tn=956 K,
below which it is magnetically ordered). Below 260 K (T, Morin transition
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Fig. 3. 3"Fe magnetic hyperfine fields for the weakly ferromagnelic (@) and antiferromag-
netic (Q) spin structures (-.-.-. — Brillouin curve fitted to data below 160 K; -- - _Bril-

louin curve fitted to data above 245 K, De Grave etal, 1983

®dur. 3. MaruuTHH CBPBX(HUHYE NlOJeTa 3a cmaﬁofpelj;omarﬂnmme (®) ¥ anTHOEPOMATHHTHUTE
(O) cnuuosy crpykrypu mna %Fe (-.-.-. — Dpuumoenora Xpupa, nojgbpada 3a JaHHHTE NOJ
%gg'ﬁ(; - - - .— Bpunwenopa Kpusa, no;xépana 3a AaHHMTE Hajg 245 K, De Grave etal,

Fig. 4. Tcmpcrature dependence ol the relative contribution of the WeaLly ferromagneti®
(e) and antiferromagnetic (O) fractions (De Grave et al.,, 1983

®ur. 4. TemneparypHa 3aBMCHMOCT Hd OTHOCHT@JNHOTO YUACTHE Ha CialaTa (QepoMarHETHOCT
{(®) n ua artudepomarnutocrra (Q) (De Grave etal, 1983)
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F-ig. 5. Low temperature saturation values of the magnetic hyperfine fields (a), of the quad-
rupole splitting (b) and of Morin transition temperature (¢) of a-(Fe,_oAl-),05 plotted as
agfunction of the Al-substitution (4 — AF phase, X — WF phase; De Grave et al.,
1988a)

®ur. 5. CrofiHOCTH Ha HaCHILAHE IPH HUCKA TeMiepaTypa Ha MAaTHHTHHTE CBPBXGHUHU Tl0oJeTa
(z), na KBajpynonHOTO pasuenBaHe (b) M ua TemIeparypara Ha npexoja Ha Moypuu (c)

3a a-(Fey_¢Alp)O3 KaTo (QyHKUMA OT CbhAbpmanHeTo Ha Al (A — dasza AF,X — ¢asa WF;
De Grave et al.,, 1988a)

temperature) hematite behaves as antiferromagnetic in which the spins (of
Fe®+) are antiparallel with slight canting (~7°) with the trigonal [111] direc-
tion Morrish etal., 1963). At Tm the spins undergo a sudden 90° flip and
become perpendicullar to the trigonal [111] axis with slight canting and thus
behave as ferrimagnetic (Fysh, Clark, 1982b). '

The magnetic dipolar moments cause the spins to align along the C-plane
but the magnetic anisotropy favours the spins to be aligned along the C-axis
(Van der Woude, 1966). With increasing temperature the influence
of anisotropy decreases rapidly (Fig. 4) and at 260 K (T'm) spin flip causes the
spins to be oriented along the C-axis. But antisymmetrical spin coupling in
the spin Hamiltonian causes a slight canting of the spin resulting in a weak
ferrimagnetism.

Méssbauer spectra of pure phases

Above 393 K (Neel temperature) goethite gives paramagnetic doublet
which is produced by the interaction of quadrupole moment with electric
field gradient and a quadrupole splitting of 0,5 mm/s (Van der Woude, -
Dekker, 1966; Forsyth et al.,, 1968). Below this temperature it is
antiferromagnetic, generating a six line spectrum. A{ room temperature it
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has a magnetic hyperfine field of 38,2 T; its saturation hyperfine field is 50,6 T.

Hematite, identically, shows a paramagnetic doublet above 956 K (Neel
temperature), below which magnetic ordering causes splitting of this doublet
into a six line spectrum. While passing through Morin transition temperature
(260 K) changes ol Mossbauer spectra are noted. A small change of isomer
shift (8) within this transition has been reported by R us k ov et al. (1976)
and Nininger, Schroeer (1978) although some earlier workers
(Van der Woude, 1966) showed that it does change a little. The qua-
drupole splggting within this transition changes and follows the relation (B o-
wen, 197 :

AT>Ty

“aT<r, Y05t

Mossbauer spectra of aluminous phases

In the oxides and hydroxides of iron, Fe®+ (0,67 A) may be isomorphously
substituted by A1+ (0,57 A). Fe3* has five 3d electrons with five Bohr magne-
ton magnetic moments in the high spin state and thus behaves as a paramag-
netic ion whereas electronic structure of Al*+ is similar to neon (Ne) and the-
refore it is diamagnetic. Therefore such a substitution has a considerable effect
on the magnetic properties and as a result on the Mossbauer parameters. Al-
substitution (Als) also changes the Morin transition temperature (De Gr a-
ve et al, 1982, 1983, 1988b) and the effect in hematite is shown in Fig. 5 ¢.
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Fig. 6. The Mdsshauer spectra- of Al-goethites at 4,2 K with Al-substitutions of a—0,00
b—0,05, ¢—0,09 and d) 0,12 Murad, Schwertmann, 1983)

dur. 6. MpocGayeposu cnekrpu Ha Al-rvorutd 1ipu 4,2 K ¥ crofinocTu Ha 3aMectBamdst Al:
a—90,00,6—0,05 ¢—009 5d-—0,12 Murad, Schwertmann, 1983
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Fig. 7. The Miisshauer spectra of Al-goethites at 125 K with Al-substitutions of: a — 0,00,
b — 0,05 ¢— 0,09 and d — 0,12 Murad, Schwertmann, 1983)

®ur. 7. MbocGayeposu crektpu Ha Al-rporutn npu 125 K-u CrofinocTd Ha 3aMeCTBalIMs Al
or g — 0,006 — 0,05, c~—~009nd—0,'2Murad, Schwertm ann, 1982)
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Fig. 8. The Mdssbauer spectra of Al-goethites at room temperature (295 K) with Al-substi-
tufions of @ — 0,00, b — 0,05, ¢ — 0,09 and d — 0,12 (Murad, Schwer tmann,
1983)

@ur. 8. MpocGayepopu cnexTpy Ha Al-ThOTHTH NPH crafina remuepatypa (295 K) n cTOHHOCTH
na samectpamng Al @ — 0,00, b — 0,05, ¢ — 0,09 1 d — 0,12 (Murad, Schwert-
manmn, 1983)
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Fig. 9. Mossbauer spectra of Al-hematites at room temperature for a — 15 mol. 9 Alg
(Fysh, Clark, -1982b); &6 — 17,1 mol 9, Al, (De Grave et al.,, 1982b) and ¢ —
28,2 mol.oy Al; (De Grave et al, 1982h)

@ur 9. Mpocbayeporu criekTpu na Al-xemaTdTH npH cTafiHa TeMmmepaTypa 3a g - 15mol. ¢
Al (Fysh, Clark, 1982b); 17.1 mol.oy Al (De Grave et al, 19828) n ¢ =
28,2 mol.og Al (De Grave et al, 1982h)

In goethite this type of aluminium substitution takes place to an extent of
33 mol. % (Murad, Schwertmann, 1983) and in hematite appro-
ximately 16 mol. % (Muan, Gee, 1956; Von Steinwehr, 1967
Schwertmann etal, 1979 or 32 mol. % (De Gr ave etal.,, 1982Dh).

The elfects of Al-substitution on the Moessbauer spectra of goethite are shown

in Fig. 6 at 4,2 K, in Fig. 7 at 125 K and in Fig. 8 at room temperature.
The similar effects in hematite are shown in Fig. 9 at room temperature and
in Fig, 10 at 4,2 K.

The variation of magnetic properties with aluminium substitution is
important in hematite. At 77 K hematite with less than 4 mol. % Al is an-
tiferromagnetic with the spins nearly parallel to[111]. But for greater than 8 mol.
% Als at that temperature it behaves as weakly ferromagnetic. Inbetween
4--8 mol.% Al both antiferromagnetic and weakly ferromagnetic phases re-
main present but in varying proportions (De Grave et al.,, 1983).

The percentage of Al; may be determined by two important techniques:
1) XRD, and 2) Méssbauer spectroscopy.
As A3+ has lower ionic radius than Fe®*, aluminous phase has lower unit
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Fig. 10. Mdssbauer spectra of Al-hematites at 4,2 K {or ¢~ pure hematite (Fysh, Clark,
1982b) and & — 4,3 mol.o; Alg (Murad, 1988)

®ur. 10. MbocGayeposu cnektpu} na Al-xemaruru npu 4,2 K 3a ¢ — user xematut (F y s o
Clark, 1982h) and & — 4.3 mel.oy Alg (M urad, 1988)
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T 480F 4 77.80kA/m > Fig. 11. Magnetic hyperfine field vs. aluminium

substitution of the goethites at 77K (Fysh,
Clark, 1982a)

| perimol.%4 Al
A70 .

0 5 -I'O 1'5 = 50 @ur. 1l. 3apucuMocT HAa MATHHTHOTO CBPBXGHHO
i e 'y  TOJe OT CHABPKAHHETO Ha AJTYMMHHT B IbOTHTHTE
Aluminium substitution, mol. % npu 77 K (Fysh, Clark, 1982a)

cell and d-spacing compared to pure phases (T hiel, 1963; Jonas, So-
lymar, 1970; Schulze, 1982). Therefore, XRD may be successiully
used for this purpose. But with the samples having less than 10 mol.% Al;
such XRD lines can hardly be used as they get masked by the lines of other
minerals. Mdssbauer spectroscopy, however, can be used both above and be-
low 10 mol.% Als and hence has greater efficiency than XRD in such studies.

Fitting of the relaxed spectra

Two models are primarily used for the fitting of relaxed spectra. M o-
rup et al. (1976) and Govaert et al. {1976) have used the models of
Van der Kraan (1973) in which the distribution of hyperfine field is
parametrized to fit the spectra.

A stochastic model devised by Blume and T jon (1968) is more
used. This model however has some limitations. To derive the equations for
the fit all photons emitted by a nucleus in time of excitaton ¢ are counted,
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Fig. 12. Mossbauer specira predicted for materials with: ¢ — x=0,1,
b —x =05 and ¢ — x=0,9 at several different temperatures (C o-

ey, Sawatzky, 1971b)

dur. 12. Tpejgckasann MbocfayepoBH CHEKTPH 332 MaTepHadH ¢ 4 —
x=0,1, b — x==0,5 u c—x=0,9 ¥ 32 HAKOJIKO DPa3IHUHH TeMIepaTypH

- (Coey, Sawatzky, 1971b)

Fig. 13. Measured hyperfine field (dots) for ®'Fe in dif
ferent environments in (Zng gy Ming,e6) FeyO4. The
solid lines are the prediction of the equations of re-
duced field determination (Coey, Sawatzky,
1971D)

@ur. 13. Mamepenu CTOMHOCTH Ha CBPBX(PHHOTO II0-
Je (rouxu)} 3a %Fe B pasjguuHO OOKPbIKEHHE B
(Z11g, g4Mnp g6) Fe,OQ 4. IlanTHHTE NHHHHE Ca NpejcKasa-
BUTE 3aBHCHMOCTH TIO YPaBHEHHATa 3a ONpejessiHe Ha
penyuupano nose (Coey, Sawatzky, 1971b)

02 04 06 08 10
Reduced temperature

 Reduced hyperfine field

Only a poor {it at room temperature was observed using this model (Golden
et al., 1979). Unless the particle size and magnetic dilution are considered in
the model, qualitative approach to the fitting of spectra becomes a difficult
one. For this reason, the spectra fitted at 300 K are either of completely mag-
netically ordered phase or of the completély relaxed highly aluminous phase.

Particle size effect and magnetic dilution caused by Al*+ are the two main
factors of the relaxation of the Mossbauer spectra. As stated earlier, relaxation
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effect decreases with temperature. Samples with different particle sizes but
containing same aluminium gave identical spectra at 77 K (F ys h, Cl ar k,
1982a). Therefore, at that temperature the influence of particle size on hyper-
fine splitting may be neglected at 77 K. The relaxed shape at that temperature
is due to decreasing Twn with increasing Al-substitution and in goethite this
effect is shown in Fig. 11. The upper broken line and the solid line indicate
the relation of the hyperfine field with aluminium substitution at 4,2 K and
77 K respectively. The lower broken line exhibifs the results of Golden
et al. (1979). This figure shows clearly that hyperiine field values are the same
for both 4,2 K and 77 K up to 4 mol.% Al,. But beyond 7 mol. % Al; the
hyperfine value at 77 K decreases sharply in contrast to the value at 4,2 K.

Prediction of the Mossbauer spectra in a substituted systemn

The Mdossbauer spectra can be predicted on the basis of molecular orbital
theory as suggested by Coey and Sawatzky (1971b) (Fig. 12) which
is in conformity with the experimental observations (Fig. 13) made at different
temperatures except the temperature below magnetic ordering temperature
and at higher percentages of substitution. The molecular orbital theory is
applicable where two ions of different magnetism occur in the same crystallo-
graphic site. Therefore it may be useful for the prediction of Mdssbauer spectra
in aluminium substituted iron oxides and hydroxides. In the molecular or-
bital theory superexchange of iron with its neighbouring cations is considered
as the dominant interaction affecting the hyperfine field. Therefore for the
complex spectra of a substituted system hyperfine field will depend on the
number and type of neighbouring cation (Coey, Sawatzky, 1971b).

Hyperfine field

The hyperfine field reduction due to the substitution of Fe3+ by A3+
is shown in Figs 11 and 14 at different temperatures (F ys h, C1l ar k, 1982a).
At room temperature pure goethite exhibits antiferromagnetic six line spec-
trum. But the samples with more than 12 mol,% Al show paramagnetic doub-
let since this amount of aluminium can lower the Ty of goethite (393 K) to
290 K (Fleish et al.,, 1980). The paramagnetic doublet at temperatures
above Ty has 6Fe=0,36 mm/s and AEq=0,62 mm/s which is characteristic
of Fe?+ in octahedral coordination.

=06 e
‘ 0,052.80 kA/m
™~ per 1mol. % Al
£ H
-
S 5001 .
T . Fig. 14. Variation of hyperfine field with Al-
R substitution in goethites at 4,2K (F ysh,
' 495 L L o Clark, 1982a)
0 3 10 15 20 Bur. 14. Usmenenue Ha CBPHXQHHOTO NOJE B 33~

Aluminium substitution, mol. % 3HCHMOCT OT CBABPpxannero wa Al » rooraTn
npu 4,2 K Fysh, Clark, 1982a)
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Fig. 15, Effect of Al-substitution on the magnetic hyperfine field of goe-
thite at 4,2 K (M ur a d, 1988)

dur. 15. Baugane Ha chabpkanvero Ha Al BBPXY MAaTHHTHOTO CBpBX(bH-
no noJse wa roorHta npu 4,2 K (Murad, 1988)

At varying temperatures Al-goethites show a linear relationship of mag-
netic hyperfine field with mole percentage of aluminium substitution. The
regression equations of this relationship as studied by different workers are

Table 1

Isomer shift (8), quadrupole Splitting (2 &), magnetic hyperfine field (Hpy)
and line width of outer absorption lines (r) for (Fe;_Al),Os; samples
at 77,3 K (De Grave et al., 1982b)

C I 5, mm/s, 2g, mm/s Hui, 80kA/m| », mm/s
0,000 0,239(3) 0,387(6) 538,9(2) 0,41(1)
0,034 0,245(5) 0,334(9) 537,4(3) 0,49(2)
0,040 0,243(4) 0,375(8) 537,8(3) 0,49(1)
0,041 0,240(4) 0,355(8) 537,5(3) 0,56(2)
0,077 0,236(2) —0,146(4) 530,0(2)  0,44(1)
0,081 0,234(4) —0,180(8) 527,1(3) 0,51(2)
0,117 0,238(4) -—0,198(9) 526,8(3) . 0,432
0,171 0,234(3) —0,197(6) 525,2(3) 0,48(1)
0,183 0,240(4) —0,221(8) 524,2(3) 0,47(2)
0,189 0,236(3) —0,212(7) 524,6(3) 0,49(2)
0,237 . 0,228(5) —0,22(1) 524,2(5) 0,47(2)
0,279 0,234(6) —0,22(1) 520,1(4) 0,53(2)
0,282 0,229(4) —0,206(7) 519,5(3) 0,44(2)
0,324 0,227(5) - —0,20(1). 519,3(4) 0,60(2)

Numbers within parentheses represent the errors on last digit.
shown in Appendix A. The most recent study in this line has been made by

Murad (1988) in which the regression equation (Fig. 1) is
Hi(T)=50,65(4)—4,2(3) Al; — 8,7(7)/MCDyy,, =19, r=0,984,
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Table 2
Maossbauer data for Al-substituted hematite at room temperature (Murad, Schwertmann,
1986)

Chemical [XRD data Mossbauer data
Al/ (Al 4+ Fe) MCD, WID, ‘ WID, l WID; ALq ‘ H;
0,000 bulk 0,269 0,273 0,258 —0,187 51,77
0,018 bulk 0,285 0,276 0,267 —0,197 51,60
0,043 bulk 0,302 0,283 0,265 —0,201 51,48
0,049 bulk 0,314 0,296 0,267 —0,200 51,38
0,053 bulk 0,326 0,306 0,262 —0,203 51,33
0,072 bulk 0,341 0,315 0,264 —0,205 51,20
0,095 bulk 0,374 0,326 0,273 —0,214 50,94
0,098 bulk 0,369 0,325 0,278 —0,209 51,00
0,000 40 0,359 0,347 0,319 —0,204 51,02
0,008 53 0,359 0,342 0,288 —0,205 50,97
0,018 T 0,354 0,326 0,277 —0,204 50,96
0,043 55 0,377 0,347 0,288 —0,205 50,95
0,053 67 0,434 0,387 0,294 —0,207 50,65
0,072 51 0,483 0,427 0,330 —0,200 50,33
0,095 27 0,570 0,500 0,353 —0,203 49,92

MCD, are mean crystal diameters parallel to [001] as determined by XRD, bulk indicates no
appreciable line broadening, WID, is half width of lines 1 and 6, WID, is half width of lines 2 and 5,
WID; is half width of lines 3 and 4. AEq is quadrupole splitting, and H; is magnetic hyperfine fielp.

where MCD (calculated from the half widths of XRD line) from [111] line is
more preferable than MCD;,, since it has components in all directions and also
the multiple coefficinet factor is higher (*=0,969) for MCD,;; compared to
MCD ;o (#=0,937). For well crystallized samples (MCD>100 nm), influence
of crystallinity on hyperfine field may be neglected but it becomes significant
with decrease in crystallinity (Murad, Schwertmann, 1983). The
particle size of ~21 nm gives the same hyperfine field (4,2.80 kA/m at 4,2 K} .
“as that due to 10 mol.% Als.

In hematite the magnetic hyperfine field is also influenced by mol.%
Al;. Tables 1 and 2 represent such relations. The gradual decrease of hyperfine
field with increasing Al-substitution is shown in Figs ba, 16, 17 and 18.
The regression equations of different workers are shown in Appendix B. Con-
sidering the eflects of both Al-substitution and crystallinity on the hyperfine
field Mur ad (1988) has shown the regression equation (Fig. 19) at room
temperature as H;(T)==51,72(6) —7,6(10) Als—32(3)/MCDy,: n=15, r=0,974,

Commentary. From the above discussion it becomes evident that the hyper-
fine fields of goethite and hematite decrease linearly with increasing Al-substi-
tution. The question now arises as to how the Al-substitution reduces the mag-
netic hyperfine field. Hyperfine field of iron hydroxides and oxides is produced
mainly due to: interaction of s-electrons with 3d-electrons of Fe®*+ and interac-
tion of s-electrons of Fe®+ with the electrons of next neighbour Fe*+ which is
also referred to as superexchange phenomenon (M ur a d, 1984). In this case,
the electron transfer takes place via the ligands as Fe —O~Fe. In aluminous
phases many aluminium (diamagnetic) atoms act as neighbouring atoms of
Fe3+ resulting in the reduction of supertransfer of electrons and hence causes
the magnetlic dilution. The reduction of hyperfine field with the Al-substi-
tution is therefore primarily due to reduction in supertransfer exchange (S a-
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Fig. 16. Variation of hyperfine field with Al-substitution in hematites. The upper two li-
nes are at 4,2 K, and the lower two are at 300 K (modified from Fysh, Clar k, 1982h)
dur. 16. Mamenensie na cBpbX(UHOTO NMOJE B 3aBHCUMOCT OT ChAbPKaHHETO Ha Al B XemaTHTH.
T'oprute gpe aunuu ca npu 4,2 K, a gonnure ase — npu 300 K (¢ namenenus no F y s h,
Clark, 1982hb)

Fig. 17. Magnetic hyperfine fields at 77,3 K vs. composition C for o-(Fe;_Al-);0;4 in the
weakly ferromagnetic state (De Grave et al.,, 1952b)

@ur. 17. 3aBHCHMOCT Ha MarHHTHOTO CBpBXuHO nose npu 77,3 K or cweraa C 3a
o-(Fey_¢Alp),03 B conabo depomarautro cherosnue (De Grave et al, 1982b)

Fig. 18. Magnetic hyperfine fields at room temperature vs. composition C for a-(Fe;_pAl:),03

(De Grave et al, 1982h) _
®ur. 18. 3aBHCHMOCT HAa MarHHTHOTO CBPBbX(HMHO [0/ IPH cTallHA TeMIlepaTypa OT ChCTaBa

C 3a a-(Fe;_gAlp);03 (De Grave efal., 1982Dh)

watzky etal, 1969; Coey, Sawatzky, 1971a). XRD study and
incongruent dissolution of aluminous goethite in HCl (Schwertmann,
1984) indicate that Fe®+ and Al®+ are distributed in distorted octahedral
sites, Some Fe®+ may have more of Al** and fewer Fe®* as neighbours than
the average thereby producing a cluster of several unit cells. This type of local
inhomogeneity causes the lowering of magnetic ordering temperature and
consequently the lowering of the magnetic hyperfine field.

Reduction in hyperline lield is also due to small particle size effect (V an
der Kraan, Van Loeff, 1966; Tamamoto, 1968, Golden
et al., 1979; Mur a d, 1982a). Particle size effect on hyperfine field resembles
qualitatively those of Al-substitution (Golden et al., 1979) and is solely
due to relaxation phenomena (Fysh, Clark, 1982a). Supermagnetic
(encompassing superparamagnetic, superantiferromagnetic, etc.) relaxation dec
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Fig. 19. Effect of Al-substitution on the magnetic hyperfine field of hematite at room tem-
perature. Squares; samples formed at 70°C; and circles: samples formed at 1000°C (M u-
rad, 1688 .

Gur, 19. B.nlm}me Ha CHALPHKAHHCTO Ha Al BBPXY MaTHHTHOTO CBPBXGDHHO HOJE Ha XeMaTHTa
npu crafiya remmeparypa. Ksajpatuera: npo6u, o6pasysanu npu 70° C; u xpbryeta: npody,
ofpasyeanu upu 1000°C (M urad, 1988)

reases with temperature and this effect is observed down to 4,2 K. With decrea-
se in particle size many Fe?*+ ions come near to the surface and the supertrans-
fer lacks the next nearest neighbour interaction and the hyperfine field is re-
duced (Schroeer, 1970).

The particle size increases with increase in aluminium content (as in goe-
thite, Fysh, Clar k, 1982a). Thus the effect of aluminium substitution can
only be predicted from the hyperfine field reduction when the efiect of particle
size (crystallinity) is known.

Isomer shift

Studies on the isomer shifts at different temperatures could prove no re-
markable affectation by Al-substitution in goethite and hematite. The isomer
shift at 77 K for natural goethite is ~0,49—0,48 mm/s while the room tempera-
ture Mossbauer spectra of aluminous hematite with 0—20 mol.% Als shows
a constant isomer shift value of 0,3640,01 mm/s (Fysh, Clark, 1982b).
In some cases, however, a very slight decrease of isomer shift has been repor-
ted (Table 1) with increasing Al-substitution (De Grave et al., 1982b).

Recoil free fraction

The recoil free iraction of the 14,4 keV gammaray changes with the substitu-
tion of Fe®* by Al** in oxide and hydroxide phasesof iron. FyshandClark
(1982a, b) found that the recoil free fraction (f) increases with increasing Al-
substitution from about 0,69 for pure hematite to 0,82 for 14 mol.% Al stu-
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Table 3 Table 4

Aluminium content and recoil-fre_e Calculated Mossbauer fractions at 80 K
fraction, f, for substituted goethi- and 300 K, relative to the calculated va-
tes at 4,2 K (Fysh, Clark, lue for commercial bulk hematite
1982a) (DeGrave etal, 1985)
Al mol, % f f Al sub- Relative Mossbauer fraction
| stitution
(mol. %) T=80K | T=300K
0,0 0,69+0,02 = ,
6,7 0,70+0,02
ol = 0,0 1,000 1,006
s 0,84--0,02
18,7 0,8910,02 1,5 1,004 1,022
. ‘ ’ ’ 2,9 1,008 1,029
4,0 1,022 1,075
4,8 1,004 1,015
6,3 1,005 1,015
71,7 1,000 1,002
: 1,0 aremn s = : . 1,35}
0,95p :
0,85
Y= 1,231
0,75
08 —5 %15 20 25 1119
Aluminium substitution, mol.%
Fig. 20 |
0,215 0,99+ &
[
» 0,205
E
E 095 .
N 0,87t
N0185 . "
%]
v 0175 '
s—'|<¢ ]
I = 1 1 I R t
Aluminium content of initial ' AL(A ’FD) ’
precipitate, mol. % L+ Fe
Fig. 22 Fig, 21

Fig. 20. Measured recoil free fraction for Al-goethites (00) and Al-hematites (0) at 4,2 K
(Fysh, Clark, 1982b)

®ur, 20. Visamepern CTORHOCTH Ha HeeJaCTHYHMOTO pasceliBaHe 3a aJyYMHHHH-CBABPIKAMH
rsotuTH ([1) ¥ xematuth (Q) npun 4,2 K (Fysh, Clark, 1982b)

Fig. 21. Recoil free fractions vs. Al-substitution. Areas under hematite sextets relative to
those under Fe sextets are recalculated to equal Fe densilies. Circles: 1000° C hematites;
and squares: 70° C hematites M ur a d, 1985)

Gur. 21. 3aBHCHMOCT Ha HEEJaCTHYHOTO pa3cedPaHe OT CBABPIKAHHETO Ha alayMmuuusg. [lro-
IIHTE TOJ XeMATHTOBHTE CEKCTETH Ca HPEH3UUCeHH KM PaBHHU NJABTHOCTH Ha Fe no oruouenne
Ha nuomure noj Fe cekcreru. Kpbruera:xematuth npu 1000°C; u KBajpatuera: XeMaTHTH OpH
70° C Murad, 1985 :

Fig. 22. Variation of quadrupole splitting with Al-substitution at room temperature (F y s h,
Clark, 1982b) _

dur. 22, 3aBucHUMOCT Ha KBaAPYTNOJHOTO pas’uelBaHe OT CBHABPKAHHETO Ha aJyMHHHA NPH
crafina temnepatypa (Fysh, Clark, 1982b)

9 TeoXuMHSA, MHHEDAJOTHS H METPOJIOTHS, KH, 28 17



died at 4,2 K (Fig. 20). The relationship of f iraction with mol. % Al is pre-
sented in Table 3. Increase in [ results from increase in Als-substitution as
well as particle size; both also bring about increase in line width(De Grave
et al., 1985). The calculated Mdossbauer fractions relative to the f-value (ob-
tained from commercial bulk hematite) show a maximum at about 4 mol.%
Als (Table 4) decreasing on either side of this mole content. This, however,
contradicts with the results of Fysh and C1ar k (1982b) giving a gradual
increase of f with Al-content (Fig. 20).

The variation in gamma ray absorption is caused by changes in the re-
coil free fraction, the saturation effects and by its deviation from Lorentzian
line shape. Of these, the récoil Iree fraction dominates in determining the va-
riation of gamma ray absorption. Mur ad (1985) has shown that in hemati-
tes (formed at 70° C with 27 to 40 nm crystalline diameter) the gamma ray
absorption increases from that of Al-free hematite to a maximum near about
4 mol.% Al and then drops again, but in hematites (formed at 1000° C) the
gamma ray absorption increases with Al-substitution (Fig. 21). It should be
noted here that the crystallinity of the 70° C hematites is at an optimum bet-
ween 3—5 mol.% Als and decreases for both higher and lower percentage of
Al-substitution. Therefore the gamma ray absorption depends both on the
crystallinity and Al-substitution. For aluminium substituted hematites of
variable crystallinity Mur ad (1985) has related the gamma ray absorption
with Al-substitution and crystallinity by a regression line (Fig. 22), the equa-
tion of which is

F(h) =1,09(3)-1,7(5)Als—14(1)/MCDqqy, n=14, r=0,954

where f(h) is the ratio of the areas under the hematite sextets divided by those
under the e sextets (recalculated to equal Fe concentrations).

Commentary. Thus, Mur ad (1985) and De Grave et al. (1985)
are of the opinion that the gamma ray absorption initially increases up to
4 mol.% Als and then decreases with increasing Al-substitution. The ambi-

0 0024 0,048 0072 0096 |
|A1'/'(A1+Fe) 0 03 02 .03 OA

Fig. 23. Variation of quadfupole splitting of hematite as a function of Al-substitution.
‘Squares 70° C hematite. Cirlces 1000°C hematite (Murad, Schwertmann, 1986)
Qur. 23. 3aBHCHMOCT Ha KBaJAPYNOJHOTO Da3UelBAaHe NPH XeMATHTA OT CBHABPKAHHETO HA

anymuausa. KsajipaTuera: xemaTHTt npu 70°C. - Kp'brqua xematut npu 1000°C (Mur ad,
Schwertmann, 1986)

Fig. 24. Variation of line width of outer absorption vs. C for a-(Fe;_¢Alp) 0, samples (De
Grave et al, 1982h)

Gur. 24, SaBHCHMOCT HA IWHPHHATA Ha JUHHUTE Ha BbHImIHaTa abcopbuus or C 3a npobu ot
a-(Feq_cAlp),O3 (De Grave et al., 1982h)
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guous results in part of M ur a d’s (1985) experiment only reflect the absence
of influence of crystallinity. The discrepancy in the results of F ysh and
C1lar k (1982a, b) is perhaps due to the fact that they have measured the recoil
free fraction only for Al-free hematite and 14 mol. % Al (Fig. 20) and thus
they have missed to observe the variations at intermediate Al-substitution.

Increase in f-values with the increase of mol.% Al may be explained
as that Al-substitution causes the stiffening of the lattice and thus decreases
the phonon modes. Stiffening may be caused by 1) the decrease in bond length
with increasing Al-substitution since Al**+ (0,57 A) has lower ionic radius
as compared to Fe?+ (0,67 A); 2) decrease in the average mass of the lattice
with increasing Al-substitution.

However, Distanik (1968) interpreted theoretically that change in
mass of non-Mdssbater nuclei in a multicomponent crystal have little effect
on the observed f-fraction. Therefore, lattice contraction is the major cause for
the increase of the f-fraction.

Influence of the particle size on the recoil free fraction is also considerable.
Small particles are not capable to absorb the recoil of incident gamma ray
and therefore for recoilles absorption a cooperative momentum transier to
numerous particles in the powder must be taking place (Van Wierin-
gemn, 1968).

Quadrupole splitting

In iron hydroxides and oxides quadrupole splitting value varies with
temperature and percentages of Al-substitution. The magnitude of quadrupole
splitting with Al-substitution varies differently at different temperature.
Variation of quadrupole splitting with temperature in hematite has already
been discussed. At temperatures greater than Morin transition the quadrupole
splitting value of hematite is independent of aluminium substitution (Sr i-
vastava Sharma, 1972). At room temperature this value increases
with Al-substitution (Fig. 22). At liquid nitrogen temperature, however, the
magnitude of the quadrupole splitting value gradually decreases with increa-
sing Al-substitution up to 32 mol.% (De Gr ave et al., 1982b) (Table 1).
A revised work of those workers (De Gr ave et al, 1988b) has shown that
up to about 3 mol.% Al the quadrupole splitting value increases and decrea-
ses beyond that (Fig. bb). Murad and Schwertmann (1986) have
shown that the quadrupole splitting value varies systematically with Al
but strangely no relation between quadrupole splitting and crystal size could
be established (Table 2). A plot of quadrupole splitting value against Al-sub-
stitution at room temperature (Fig. 23) can be represented by the equations
(in mm/s). |

AEq= —0,198—0,10 (Aly), r=—0,574,
AEq=—0,197—0,10 (Al)) —0,07/MCDygyy, r=0,592.

Commentary. The variation of quadrupole splitting value with Al-sub-
stitution is due to: 1) when Al*+ enters into the iron lattice it changes the
angle between the c-axis and the magnetic moment of Fe®+ leading to the chan-
ge of quadrupole splitting. Even the slight change of the position of iron and
oxygen caused by the Al-substitution changes the EFG value considerably
(Artman et al, 1968); 2) The substitution of Fe’* by AI** causes
inhomogeneous lattice contraction due to smaller ionic radius of AI**
than Fe®* resulting in the variation of quadrupole splitting with Al-substi-
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Fig. 25. Variation of widths of outer
(WID,), second and fifth (WIDy),
and inner (WIDjg) lines of hematites
035} o formed at 70°C (squares) and 1000°C
‘ (circles) as a function of Al-substituti-

0,33¢ on at room temperature (Mur ad,
S - Schwertmann, 1986)

Q ‘
= Q31T dur. 25, Bapuanuy Ha NIHPHHHTE Ha
a pbHIIHaTa (WID,), BTOpaTa u mnerara
0.28F =& . (WIDy) u spTpemnara (WID,) avnus
: ] npu xemaTartH,o6pasysann npu  70°C
(skBappatueta) m 1000°C (xpbruera)
- KaTo QYHKIHS OT CDAbPKAHKETO Ha
0253 0024 0.048 0072 0096 anyMuHWMs TpU cTailga  TemNepaTypa

AL/( AL+ Fe) q ﬁgigg)rad, Schwerimmanun,

tution at room temperature. At 4,2 K the variation of quadrupole splitting with
Al-substitution may be due to small relative changes in atomic position (A r-
tman et al, 1968). |

Mossbauer line widths

The Mossbauer line width increases with the increasing Al-substitution.
De Grave et al. (1982b) have calculated the line widths of outer absorp-
tion lines of hematite and have shown that the line width increases with
increasing Al-substitution (Table 1) (Fig. 24). Mur ad and Schwertmann
(1986) have worked in detail about the variation of six lines of hematite at
room temperature (Table 2). They have plotted the variation of WID; (half
widths of lines I and 6), WID, (half widths of lines 2 and5) and WID, (half
widths of lines 8 and 4) with Al-substitution (Fig. 25) and indicated that all
the widths increase with increasing Al-substitution and decreasing crystal
size. The regression equations of the plots are as follows (in mm/s):
WID,=0,265-1,08 (Aly), r=0,991 (for 1000°C hematite);
WID,=0,254+1,3 (Al)+5,2/MCD_, r=0,976 (for 70°C hematite);
WID,=0,268-4-0,60 (Al), r=0,967 (for 1000°C hematite);
WiD,=0,256-0,8 (Al)-+4,3/MCD_, r=0,976 (for 70°C hematite);



WID,=0,2594-0,14 (Aly), r=0,786 (for 1000°C hematite);
WID,;=0,255--0,19 (Aly)+-2,1/MCD,, r=0,966 (for 70°C hematite).

Similar effects have been reported for goethite by Fysh and Clark
(1982a) where the WID, and WID, are more broadened than the WID,.

Commentary. Mossbauer line widths depend on sample thickness, source
line width, minor instabilities in Mdssbauer drives and most importantly on
the percentage of Al-substitution in the absorber. From the Fig. 25 it is clear
that the effects of Al-substitution and crystal size on Mossbauer line widths
decrease from the outer to the inner lines. Since quadrupole splitting aifects
all lines to an equal extent therefore the variation of line widths is due to the
distribution of hyperiine field which results from the variation of the environ-
ments of the next nearest neighbouring resonant atoms (Murad, Schwer-
tmann, 1986).

Appendix. The equations on aluminium
dependence in hyperfine field

A. Goethite

The equations showing the variation of hyperfine field with the Al-sub-
stitution in goethite at different temperatures (in. 80 kA/m) are as follows:
1. At 125 K for a series of medium crystalline samples, the equation (M u-
rad, Schwertitmann, 1983) is
(1) H;=485,3—-140Al;, r*=0,996.

At this temperature the fitted curves deviate from the Lorentzian shape
which may be due to incipient superparamagnetic relaxation and/or effect
of mol.% A,.

2. At 77 K, considering the surface area (S) of the particles Golden
et al. (1979) have found that
(2) H;=498 136 Al;-0,11 S.

3. At 4,2 K the equatlon (Fysh, Clark, 1982a)is
(3) Hi= 505 —52 Als,

-The samples with constant crystallinity with Al-substitution give the
equation Murad, Schwertmann, 1983)
(4) H;=504,1-44Al, n=7, r*=0,994.

But where crystallinity decreases with mol.% Al;, the equation (M u-
rad, Schwertmann, 1983) becomes
() H;=500,0-52Al;, n=6, r*=0,996.

Considering the surface area (§) and the mean crystalline diameter (MCD)
- of the particles, the relations (Murad, Schwertmann, 1983) are
(6) H;=5b05,4—33Al;~0,036S, n=19, r2—0 967
(7) H;=506,b—42A] —-87/MCD111, n=20, r2—0 969.

The similar relation of the effect of crystalllmty has been also given by
Murad (1988) as (in T)

(8) H;=50, 65(4)—4,2(3)A1;—8,7(7T)/MCD {;1, n=19, r=0,984.

‘B, Hemalite

In hematite the variations of hyperfine field with the Al-substitution at
different temperatures, as studied by different workers, are as follows:

I. At room temperature up to 20 mol.% Al the hyperfme field decreases
linearly with Aly according to the equation (J on as et al., 1980)
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(9) H;=509—1,45 Al,.

Considering both the Al-substitution and crystallinity the relation (M u-
rad, 1988) is (in T)

(10) H;=51,72(6)—7,6(10)Al;—32(3)/MCD,y,, n=1b, r=0,974.

2. At 300 K two types of hematite samples of different crystallinity give
the relation (Fysh, Clark, 1982b) as (in .80 kA/m)
(11) H;=517,9-0,82Al;
and
(12) H;=515,9-0,86Al;.

But Murad and Schwertmann (1986) have given the following
equations of two types of hematite samples formed at 70° C with sample crys-
tallinity from 27 to 40 nm and at 1000° C of bulk crystallinity, respectively
(in T):

(13) H;=51,72—-7,6A1,—32/MCD,, r=0,971,
(14) H;=51,78—-8,2Al;, r=—0,993.

3. At 4,2 K the equations (derived by the present authors from the data
given by Fysh and Clar k, (1982b) of two types of samples of different
crystallinity are (in .80 kA/m)

(15) H;=533—0,05Al;,
(16) H;=536—0,42Al,.
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