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Abstract-S~nthetic, relatively well-crystallized aluminum-substituted maghemite samples, ')I-(AI,. 
Fe,_y)203' wIth y = 0, 0.032, 0.058, 0.084, 0.106 and 0.151 have been studied by X-ray diffraction and 
zero-field Mossbauer spectroscopy in the range 8 K to 475 K, and also with an external field of 60 kOe 
at 4.2 K and 275 K. It was found that there are two different converging models for fitting the zero-field 
spectra of the maghemites with a superposition of two Lorentzian-shaped sextets, both resulting in 
inconsistent values for the hyperfine fields (Hhf) and/or the center shifts (0) of the tetrahedral (A) and 
octahedral (B) ferric ions. From the applied-field measurements it is concluded that there is a constant 
difference of 0.12 ± 0.01 mm/s between OB and 0A, regardless of the Al content. For the AI-free sample 
the center shifts are found as: OA = 0.370 mmls and OB = 0.491 mm/s at 4.2 K and OA = 0.233 mm/s and 
OB = 0.357 mm/s at 275 K (relative to metallic iron), with an estimated error of 0.005 mm/s. Both OA 
and OB are observed to decrease with increasing Al concentration. The effective hyperfine fields for the 
non-substituted maghemite sample are: Heff,A = 575 kOe and Heff,B = 471 kOe at 4.2 K and Heff,A = 562 
kOe and Heff,B = 449 kOe at 275 K, with an errorofl kOe. The B-site hyperfine field remains approximately 
constant with Al substitution, while for the A site a slight decrease with increasing Al content was observed. 

Key Words-AI-Maghemite, Center shift, Maghemite, Mossbauer effect. 

INTRODUCTION 

Maghemite is a cation deficient spinel with 21 and 
V3 Fe(III) ions distributed among eight tetrahedral (A) 
and sixteen octahedral (B) sites of the unit cell; 2 and 
213 sites per unit cell are vacant. It is commonly rep­
resented by the formula (Fe)[FesI3DII3]04' where ( ) 
denotes tetrahedral sites, [ ] octahedral sites and 0 
vacancies. However, some authors also report the va­
cancies to enter both octahedral and tetrahedral sites 
simultaneously (Armstrong et al., 1966; Annersten and 
Hafner, 1973; Haneda and Morrish, 1977). Besides its 
technological importance as a material for recording 
devices, maghemite is of considerable geophysical in­
terest since it occurs in many tropical magnetic soils 
(Schwertmann and Fechter, 1984; Fontes and Weed, 
1991) and is believed to be a significant constituent of 
the Martian surface (Coey et aI., 1990). 

The magnetically split M6ssbauer spectrum of 
maghemite is composed of two sextets, hardly distin­
guishable at room temperature (R T) due to the fact 
that the hyperfine parameters for the two sites are very 
similar in magnitude. Commonly occurring effects such 
as small-particle size distributions and partial substi­
tution of the iron atom by another cation tend to cause 
line broadening and/or a line-shape asymmetry, and 
in many cases the R T spectrum has to be fit with a 
distribution of unresolved A- and B-site hyperfine fields 

(de Bakker et aI., 1991). On lowering the temperature 
it is possible, depending on the crystallinity, to obtain 
a somewhat better resolution of the two sites, but the 
only way to have them sufficiently separated is by ap­
plying strong external magnetic fields (Armstrong et 
aI., 1966). 

In surveying the literature for maghemite it was no­
ticed that an inconceivably wide scatter for the quoted 
center shifts (0) exists, with values at RT ranging from 
0.04 mmls up to 0.30 mmls for the A-site (0.J and 
from 0.04 mmls up to 0.40 mmls for B-site (OB)' all 
relative to metallic iron. At 4.2 K values as high as 
0.48 mmls for OA and 0.62 for OB have been reported 
(Pollard, 1988; Pollard and Morrish, 1987; Collyer et 
al., 1988; Mehner et al., 1990; de Bakker et aI., 1991; 
Nikumbh et aI., 1992). In an attempt to resolve this 
discrepancy, variable-temperature M6ssbauer spectra 
(MS) between 8 K and 475 K, and in addition at 4.2 
K and 275 K with the absorber subjected to an external 
field of 60 kOe, were collected for a number of well­
crystallized maghemite and Al-maghemite samples. The 
spectra have been interpreted using different approach­
es. 

EXPERIMENTAL PROCEDURES 

Al-maghemite samples were prepared by Bryan 
(1993) as follows: approximately 1 g of synthetic Al-
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Figure 1. X-ray diffraction pattern of samples MO and M6. 
Some superstructure lines due to the ordered arrangement of 
vacancies on the octahedral sites of the spinel lattice are in­
dicated by arrows. Peaks at 44.8° and 52.3° (2/1) are due to 
the sample holder. 

hematite was added to an aqueous solution of sucrose 
in such a way that a weight proportion of 1:4 (hematitel 
sucrose) was obtained. Maxim urn mixing was obtained 
by dispersion using a Sonifer, Cell Disrupter W-350 
(Branson Sonic Power Co.), for approximately one 
minute. Afterwards the mixtures were immediately 
quick frozen, followed by freeze drying. The dried 
mixtures were then heated at 450°C for 30 minutes, 
fol1owed by cooling, grinding, milling and reheating at 
250°C. The samples are henceforward named as MX 
(M = 0, 3, 6, 8, 11 and 15; X = 100y), where y stands 
for the aluminum content in ,),-(AlyFel_y)z03. 

Powder X-ray diffraction patterns (XRD) were ob­
tained using a Philips diffractometer with CoKa ra­
diation and a graphite monochromator. The scans were 
done in the range of 15°-80°(211) at a speed ofl/4°min-l, 
and the reflected intensities were recorded in 1024 
channels of a multichannel analyser. The numerical 
patterns were fitted with a sum of pseudo-Lorentz ian 
peak shape functions, two for each reflection in order 
to account for the Kal and Ka2 radiation. Mean crys­
tallite diameters (MCD) were estimated from the full 
widths at half maximum (FWHM) using Scherrer's 
equation with K = 0.9. The instrumental contribution 
to the peak width was evaluated from the diffractogram 

of a well-crystallized commercial hematite sample, an­
nealed at 1000°C in oxygen atmosphere for 24 hours. 
Lattice parameters were determined by the Nelson­
Riley extrapolation method (Klug and Alexander, 
1974). 

Mossbauer spectra of all synthetic samples were col­
lected at a temperature of 8.0 K and between 80-475 
K at steps of 25 K. A time-mode spectrometer with a 
constant-acceleration drive and a triangular reference 
signal was used. The temperature stability of the ab­
sorber in the flow-cryostat/furnace combination was 
better than 0.5 K. All absorbers were prepared by mix­
ing an amount of material with very pure carbon in 
order to achieve a homogeneous thickness of approx­
imately 10 mg Fe/cm 2 • The spectrometer was peri­
odically calibrated using the spectrum of a well-crys­
tallized hematite, prepared after heating a commercial 
hematite sample (Merck) at 1000°C in oxygen atmo­
sphere for 24 hours. External field (Hex,) of 60 kOe 
(Oersted = cm-1I2.gll2·s-l) parallel to the direction of 
the incident ,),-rays was applied at 4.2 K and 275 K. 
For these measurements the calibration spectra were 
recorded simultaneously using another source and 
counting electronics at the opposite end of the trans­
ducer. Center shifts are quoted relative to metallic iron. 
Details about the fitting procedures are given below. 

RESULTS AND DISCUSSION 

Figure 1 shows the XRD patterns for synthetic sam­
ples MO and M6. All observed peaks can be assigned 
to the spinel phase. Some superstructure lines are clear­
ly visible, indicating an ordered arrangement of the 
vacancies on the B sites (Haneda and Morrish, 1977). 
The diffractograms for the other samples all resemble 
those shown in Figure 1. Mean crystallite diameter 
values along the (220) and (311) lattice directions are 
44 and 35 nm for MO, 39 and 41 nm for M6 and 26 
and 23 nm for M 15 samples. The ordered arrangement 
of vacancies seems to be related to the MCD values 
since for samples of particle size less than 20 nm the 
superstructure lines are not observed (Haneda and 
Morrish, 1993). The lattice parameters are 0.8354 nm 
for MO, 0.8327 nm for M6 and 0.8321 for M15 sam­
ples, with an estimated error of 0.0005 nm. The value 
for the non-substituted maghemite sample is some­
what larger than expected due to the presence of a small 
amount of magnetite in the sample (see Mossbauer 
results below). More structural and thermal details for 
the various samples can be found elsewhere (Bryan, 
1993; Bowen et at., 1994). 

In the range of temperatures between 80 K and 475 
K all zero-field MS consist ofa magnetically split sextet 
and a weak doublet (usually less than 2%). This latter 
component was fitted as a symmetric doublet with all 
parameters fixed at: ~EQ = 0.60 mm/s; 0 = 0.36 mmls 
and r = 0.35 mmls, ~EQ and r being the quadrupole 
splitting and line width (FWHM) respectively. These 
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values were chosen on the basis of several trial fits to 
a few selected spectra. This doublet is not due to any 
impurity in the counter or in the cryostat windows, 
but, considering its low intensity and the apparent lack 
of any effect of its Mossbauer parameters on those for 
the maghemite component, no further attention was 
paid to its origin. The magnetic components could be 
fitted with a superposition of two Lorentzian-shaped, 
symmetrical sextets, but two different converging mod­
els appears to be applicable, both leading to similar 
goodness-of-fit (x2

) values. In all cases the following 
parameter constraints were used: quadrupole shift EQ 

= 0 fixed for both sites; three width parameters, equal 
for both subspectra; line-area ratios fixed at 3:2: 1 and 
also fixed B- to A-site area ratio of 62.5:37.5, i.e., as­
suming random Al distribution and vacancies in oc­
tahedral sites only. Allowing the quadrupole shifts to 
vary did not improve the fits significantly. 

A typical experimental spectrum (M6 at 8 K) is shown 
in Figure 2a, together with the fitted subspectra and 
their superposition (full lines). This fit, in which the 
first line (i.e., left-most absorption) of the B-site com­
ponent is at higher absolute velocity than the first line 
of the A-site component, will be called Modell. Some 
relevant parameters for M6, as obtained from this 
model, are given in Table I for a few selected tem­
peratures. The other samples exhibit very similar re­
sults, with the hyperfine fields and center shifts showing 
slight variations with the Al substitution. 

As seen from Table 1, Model 1 yields a nearly con­
stant difference AHhf = Hhf,B - Hhf,A of approximately 
15 kOe, increasing somewhat when the temperature is 
raised to 475 K. In contrast, the difference AD = DB -
DA is 0.10 mm/s at 8 K, 0.04 mm/s at 275 K, and 
-0.06 mm/s at 475 K, i.e., at a certain temperature in 
the vicinity of room temperature, DA seems to become 
larger than DB' This latter phenomenon is totally un­
expected and hard to understand because the cation­
oxygen bond-length is less for A sites than for B sites 
and hence the center shift at any temperature is ex­
pected to be larger for the octahedral ions (Armstrong 
et ai., 1966), as is commonly observed for spinel fer­
rites (Vandenberghe and De Grave, 1989). Moreover, 
the apparently large temperature variation of DA cannot 
be explained by any reasonable value for the charac­
teristic Mossbauer temperature determining the sec­
ond-order Doppler shift in terms of the Debye model 
for the lattice vibrations (De Grave and Van Alboom, 
1991). 

Depending on the initial values of the adjustable 
parameters, the fitting routine was often found to con­
verge to a solution in which the first line of the B-site 
component is at lower absolute velocity than the first 
line of the A-site component, as shown in Figure 2b. 
This type of fit will hereafter be referred to as Model 
2. The as· such obtained X2 is, in many cases, somewhat 
smaller as compared to the values calculated from 
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Figure 2. Mossbauer spectra of some selected samples: a) 
M6 at 8 K fitted with Modell; b) M6 at 8 K fitted with Model 
2; c) MO at 4.2 K and applied field of 60 kOe; d) M6 at 4.2 
K and applied field of 60 kOe. Crosses represent the experi­
mental data, and full lines represent the calculated subspectra 
and their sum. The position of the first lines of A and B sites 
is indicated in Figures 2a and 2b. The arrows in Figures 2c 
and 2d show the positioil oflines 2 and 5. 
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Table 1. Hyperfine fields Hhf,B, Hhf,A and their differences 
a.Hhf in kOe and center shifts OB, OA and their differences ~o 
in mmls obtained from fitting the spectra of sample M6 with 
Model 1 and Model 2. The estimated statistical errors are 2 
kOe for Hhf and 0.02 mmls for 0. 

Temp. 
(K) H".s 

Modell 
8 528 514 14 0.47 0.37 0.10 

80 527 511 16 0.46 0.37 0.09 
275 504 489 15 0.37 0.33 0.04 
475 456 436 20 0.19 0.25 -0.06 

Model 2 
8 525 519 6 0.52 0.29 0.23 

80 524 518 7 0.51 0.28 0.23 
275 499 497 2 0.43 0.22 0.21 
475 448 452 -4 0.29 0.07 0.22 

Modell , but not appreciably so, making it difficult to 
judge which fit model is to be preferred as far as re­
producing the experimental line shape is concerned. 
The parameters for sample M6 as obtained from Model 
2 are also listed in Table 1. 

As can be seen from Figures 2a and 2b both models 
describe the experimental spectra in an equally ade­
quate way. Furthermore, each of the two adjusted pa­
rameter sets are in accordance with some of the liter­
ature data, although considerable differences between 
the hyperfine parameters are obtained by the two mod­
els. Some representative center-shift and hyperfine-field 
data for maghemites at room temperature and 4.2 K 
as quoted in the literature are listed in Table 2. There 
is clearly a wide scatter in these values, and although 
some authors did not specifically show the calculated 
subspectra in their papers, it is believed that this scatter 
is related to the two possible models of fitting as re-

ported in the present paper. It should be stressed at 
this point that convergence to any of the two models 
seems to be totally arbitrary in the sense that the output 
results are determined by the input parameter values. 
It was necessary to try several different input-param­
eter sets in order to arrive at the iterated data as re­
ported in Table 1, because no straightforward corre­
lation between the input parameters and the resulting 
fit could be established. 

In an attempt to reconcile the apparent discrepancies 
concerning the maghemite hyperfine parameters, ex­
ternal-field measurements (60 kOe) at 4.2 K for all 
samples and at 275 K(this was the highest temperature 
which could be applied with the available system) for 
samples MO and M6 have been performed. With such 
a strong field it was possible to separate the two sites, 
allowing the determination of the hyperfine parameters 
with a relatively high precision. The spectra were fitted 
with two main asymmetric sextet components. The 
asymmetry is due to the combined effects of random 
orientation of the hyperfine field with respect to the 
electric-field-gradient's principal axis and a non-zero 
dipolar contribution to the hyperfine field (De Grave 
et al., 1993). For all maghemites at 4.2 K a small he­
matite fraction (less than 3 mole %) could be detected 
in the external-field spectra (Bowen et al. , 1994). The 
MO spectra at 275 K, both with and without the ex­
ternal field, show that this sample in addition contains 
approximately 4 mole % ofa magnetite impurity. This 
magnetite component was included in the fits , its hy­
perfine parameters being fixed at their respective values 
recently found by De Grave et at. (1993) for pure mag­
netite. 

Some representative experimental and calculated 
spectra are shown in Figures 2c and 2d, and relevant 
evaluated parameters are listed in Table 3. Some of 

Table 2. Center shifts (relative to metallic iron, in mm/s) and hyperfine fields (kOe) for non-substituted maghemite as 
reported in literature. For the external-field results, Hhf.A and H hf.B are the effective hyperfine fields (see text). 

Temp. ~B 

RT 0.40 
0.35 
0.04 
0.324 
0.31 

4.2 K 0.47 
0.46 
0.50 
0.62 

0.487 

1 Pollard (1988). 
2 Mehner et at. (1990). 
3 Collyer et al. (1988). 
4 Nikumbh et al. (1992). 
, de Bakker e/ al. (1 99 1). 

6, 

0.20 
0.24 
0.04 
0.304 
0.23 

0.41 
0.42 
0.36 
0.48 

0.356 

• Pollard and Morrish (1987) . 

60 

0.20 
0. 11 
0.00 
0.020 
0.08 

0.06 
0.04 
0.14 
0.14 

0.131 

H hf;A Hllt,B Ref. 

497.2 497 .3 1 
504.9 474.0 1 
493 507 2 
488 501 3 
494.1 496.3 4 

480.0 515 5 
520.4 521.0 1 
570.9 469.8 1 
562 482 6 

554 491 3 

.. The authors did not mention if the quoted values are relative to the source or to metallic iron. 

Comments 

modei 2 
He .. = 16 kOe .. 
model 2 

Hext "" 61 kOe 
Hext = 50 kOe 
Co: 'Y-Fe203 
H." = 42 kOe 
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Table 3. Hyperfine fields (kOe), center shifts (mm/s) and canting angles (J (") of samples MO, M3, M6, M8, MIl and M15 
derived from the 60 kOe applied-field measurements at 4.2 K. Samples MO and M6 were measured at 275 K as well. The 
errors are 1 kOe for Heff, 4 kOe for Hhh and 0.005 mmls for o. 
Sample T(K) H err,B He lf.A u. U, 

MO 4.2 471 575 165 17 
275 449 562 166 20 

M3 4.2 472 575 162 17 
M6 4.2 471 574 162 13 

275 444 557 167 17 
M8 4.2 472 572 161 13 
Mll 4.2 471 572 162 12 
M15 4.2 471 571 162 13 

these data have been reported briefly in an earlier paper 
(Bowen et al., 1994), but are repeated here for the ease 
of the discussion. From Table 3 it can be seen that the 
B-site effective hyperfine field, Hetf,B, at 4.2 K remains 
approximately constant with Al substitution, while for 
the A-sites a slight decrease with increasing Al content 
is found. As argued by Bowen et aI., this variation (or 
lack of variation in the case of B-site ferric ions) is 
consistent with the Al ions occupying the B sites ex­
clusively. Both OA and OB seem to decrease with in­
creasing Al concentration. The variations are weak, but 
believed to be significant. An explanation for it has not 
been found yet. Finally, the solubility limit for the Al 
species in the maghemite structure, as reported earlier 
by Wolska and Schwertmann (1989) to be 10 at %, 
could not be confirmed. 

Another important feature of the in-field spectra for 
the maghemite components is the presence of lines 2 
and 5. These absorptions are expected to be absent if 
the hyperfine fields are completely aligned along the 
external field. From the relative areas A 1•61 A2,5 one can 
determine the canting angle 0, defined as the angle be­
tween Hhfand Hext (Vandenberghe and De Grave, 1989). 
On the other hand, the measured effective hyperfine 
fields are given in the following, well-known equation: 

Thus, knowing the area ratios A,,6/ A2 ,5 one can cal­
culate 0 and H hf. Since the A- and B-site components 
are well separated in the external-field spectra, the ad­
justed Hell' values are not affected by the various re­
strictions imposed to the fit procedure. On the other 
hand, the adjusted values for the spectral areas oflines 
2 and 5 were observed to be dependent to some extent 
on the imposed fitting conditions, so that the canting 
angles 0, and hence the hyperfine fields, cannot be de­
termined with very high precision. For the present ex­
periments, an uncertainty of about 4 kOe for the Hhf 
values given in Table 3 is estimated based on the results 
of numerous trial fits. In a recent paper of de Jesus 
Filho et al. (1993) it was proposed that in AI-substi­
tuted maghemites, comparable to the samples used in 

H hf.9 Hhf,A aHhf 6. 6, 116 

529 518 II 0.491 0.370 0.121 
507 506 1 0.357 0.233 0.124 
529 517 12 0.486 0.371 0.115 
529 515 14 0.481 0.369 0.112 
504 500 4 0.348 0.218 0.130 
529 514 15 0.481 0.365 0.116 
529 514 15 0.478 0.365 0.113 
529 513 16 0.476 0.360 0.116 

this study, the A-site moments are completely aligned 
with He", while those from the B sites are canted by 
about 30°. However, no details about the applied fitting 
procedures were indicated by the authors. The present 
results disagree with that conclusion. According to the 
data of Table 3, which refer to the best fits for any of 
the given samples, the sum OA + OB is close to 180° 
regardless of the Al substitution, meaning that within 
experimental and statistical uncertainties the A- and 
B-site magnetic moments are collinear for all involved 
maghemites. 

In summary. the results listed in Table 3 for the 
synthetic maghemites clearly show that the hyperfine 
parameters obtained from fitting the zero-field MS with 
Model 2 are in serious discrepancy with the more re­
liable and acceptable external-field results, in particular 
as far as the difference of about 0.20 mmls between 
the B- and A-site center shifts is concerned. This dis­
crepancy persists even in the data referring to 8 K. On 
the other hand Modell gives acceptable results at low 
temperatures, but cannot be used to fit high-temper­
ature measurements. For both models the disagree­
ments are more significant for the A-site, probably due 
to the lower intensity of this component. An important 
general conclusion that can be drawn from these results 
is that the application of an external magnetic field is 
absolutely essential if one wants to extract reliable in­
formation from the Mossbauer spectra of maghemites. 
As external-field spectrometers are not routinely ac­
cessible for the vast majority of the Mossbauer labs, 
an alternative way to derive acceptable parameter val­
ues from zero-field spectra might be to keep the dif­
ference between OB and OA fixed in fitting the spectra. 
This procedure will be tested systematically by future 
work in this laboratory on other synthetic, and also on 
various environmental maghemite systems. The prin­
cipal question in that respect is whether the value of 
0.12 ± 0.01 mmls for this difference in center shifts 
is unique or whether it changes depending on the mor­
phology and composition of the samples. 

At this stage, an important finding in favour to the 
above suggested procedure should be mentioned. It 
concerns the results obtained for the maghemite phase 
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present in some Brazilian soils, in which the difference 
between the B- and A-site center shifts were also found 
to be close to 0.12 mm/s. 

CONCLUSIONS 

The Mossbauer parameters extracted from the ex­
ternal-field spectra are beyond any doubt the most pre­
cise that can be obtained for synthetic and natural 
maghemites and substituted-maghemites. The wide 
scatter existing for center-shift and hyperfine-field lit­
erature data as obtained from zero-field spectra, is con­
cluded to be an artifact of the fit procedures. Using a 
60 kOe applied-field it was determined that the center 
shifts for the A- and B-sites are different by a constant 
amount of 0.12 mmls on the average, at least for the 
range of temperatures between 4.2 K-27S K. Slight 
variations of some of the hyperfine parameters with 
the Al content have been observed for the synthetic Al 
maghemites. 
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