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Magnetic ordering in Al-rich goethites:
Influence of crystallinity
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Ansrru.cr

Mijssbauer spectra of two highly Al-substituted goethites of different crystallinities were
taken between room temperature and 4.2 K. Between 4.2 and 100 K, both samples show
similar variations of magnetic hyperfine fields, which decrease approximately linearly from
maxima of about 49.1 T at4.2K.In both samples, magnetically ordered and paramagnetic
components coexist over wide-but different-temperature ranges. The differences in the
magnetic ordering patterns are attributed to the influences of local compositional inho-
mogeneities and sample crystallinities. The onset of magretic order is not marked by one
well-defined N6el temperature; compositional variations on an atomic scale lead to a range
of N6el temperatures. Superimposed upon this variation, superparamagnetic relaxation
can lower magnetic blocking temperatures of poorly crystallized goethites. Poorly crystal-
lized Al-rich goethites may have to be cooled down to temperatures significantly below
77 Kto attain complete magnetic order.

INrnooucrroN

Goethite (a-FeOOH) has an orthorhombic structure in
which Fe3+ occupies the 4c sites of space group Pbnm.
Pure goethite of bulk crystallinity orders antiferromag-
netically at a N6el temperature of about 400 K (van der
Woude and Dekker, 1966; Forsyth et al., 1968; Morup
et al., 1983; DeGrave and Vandenberghe, 1986). The static
magnetic hyperfine field developed below this transition
approximately follows a Brillouin function and amounts
to about 38 T at room temperature, 50 T at 77 K, and
50.6 T at 4.2 K.

Al can substitute up to an extent of about 33 molo/o for
Fe in goethite (Schwertmann, 1985). This substitution of
a diamagnetic ion (Al3+) for a paramagrretic ion (Fe3+)
reduces magnetic interactions and thereby lowers both
the N6el temperature and the saturation hyperfine field.

The influence of Al substitution on the Mdssbauer
spectrum of goethite was first described by Janot and Gi-
bert (1970). About l2 molo/o Al substitution is sufficient
to lower the N6el temperature of goethite below room
temperature (Fleisch et al., 1980) and to reduce the sat-
uration hlperfine field by C.50 T (Murad and Schwert-
mann, 1983).

As particles become smaller, their specific surface area
increases, and consequently surface phenomena attain
more importance. Crystal surfaces, however, can be con-
sidered "huge defects," and themselves introduce further
defects into the interior of crystals (Schroeer, 1970). As
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a result of the high surface areas of microcrystals, a dis-
tinction between effects of particle size and those of crys-
tal defects becomes increasingly obscured as particle sizes
decrease in the microcrystal range. For the materials
studied here (at least for the more finely grained goethite),
the term "crystallinity" is therefore used in the general
sense that deviations from crystalline perfection effect ob-
servable changes in physical behavior (e.g., X-ray diffrac-
tionline broadening) which, however, cannot be un-
equivocally related to either particle-size reduction or
structural defects.

In poorly crystallized material, superparamagnetic re-
laxation can lower the onset of magnetic order to tem-
peratures below the N6el temperature and reduce mag-
netic hyperfine fields at all temperatures. Crystal-size
reduction may thus effect changes in the magnetic prop-
erties that qualitatively resemble those of Al substitution
(Golden et al., 1979). Fysh and Clark (1982) attributed
lower magnetic hyperfine fields observed for goethites of
small particle size to superparamagrretism, indicating that
this hyperfine-field reduction should be absent at ade-
quately low temperatures. Murad and Schwertmann
(1983), however, showed this effect to extend down to
4.2Kand thus to be at least in part due to reduced hy-
perfine-field supertransfer. Ifa hyperfine field lower than
50.6 T is observed for a goethite at a temperature below
about 50 K, the hyperfine-field reduction therefore can-
not be interpreted exclusively in terms of an Al substi-
tution-as has been occasionally done in the past-unless
an influence of crystallinity can be positively ruled out.

One M0ssbauer spectrum-even if taken at a very low
temperature-is therefore not sufficient to characterize
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Fig. 1. Transmission-electron micrographs of goethites 3/30
and 38/33. Both micrographs at the same magnification (given
by scale bar).

adequately an aluminous goethite of poor crystallinity.
The variations of magnetic properties as a function of
temperature as shown by Mrissbauer spectra may, how-
ever, present additional evidence for this purpose. In the
present study Mdssbauer spectra of two Al-rich goethites

of markedly different crystal sizes were taken at different
temperatures to study the influence of Al substitution and
crystallinity on the magretic properties of such samples.

ExpnnruBNTAL METHoD

Sample 38/33 was prepared by storing a mixture of 0.05 M
FeCl, and 0.025 M AlCl, solutions at pH 11.7 and room tem-
perature in a stoppered bottle. This was opened and shaken dai-
ly, thus giving limited exposure to air for Fe2* oxidation. After
94 d the precipitate-mostly goethite-was washed free of salts
and, to remove minor amounts of coprecipitated magnetite,
treated for ca. 2 h with 1.8 MHTSO. at room temperature.

Sample 3/30 was prepared by mixing a solution containing
0.014 M FeCl and 0.006 M AICI3 with an excess of 0.005 M
NaHCO. (Goodman and kwis, 1981). Air was bubbled through
this mixture at room temperature and pH 7-9 for 48 h, after
which the precipitate formed was washed free of salts and dried.
To remove coprecipitated ferrihydrite, the sample was subjected
to three consecutive treatments with acid ammonium oxalate
(Schwertmann , 1964). This sample is the Al-rich endmember of
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Fig. 2. Room temperature Mossbauer spectra
3/30 and 38/33 fitted with one doublet.

of goethites

the goethites of synthesis series 3 and 4 studied at 4.2 K by
Murad and Schwertmann (1983).

For chemical analyses, the samples were digested in concen-
trated HCl. The Fe content of 38/33 was determined colorimet-
rically using sulfosalicylic acid, and that of 3/30 by atomic ab-
sorption (ars). The Al content of 38/33 was determined both
colorimetrically using aluminon and by e,s and that of 3/30 by
ees following dissolution with Na dithionite (Mehra and Jack-
son, 1960).

The samples were further characterized by X-ray powder dif-
fraction using CoKa radiation on a Philips PW 1130 unit
equipped with a ditrracted-beam graphite monochromator, eth-
ylene glycol monoethyl ether (EGME) surface-area measure-
ments, and transmission electron microscopy using a Zeiss EM10
instrument operated at 80 kV.

The majority of Mtissbauer spectra were taken with a micro-
processor-controlled system described by DeGrave et al. (1982).
The system comprised a ca. 50 mCi 5?Co-Rh source mounted
on a drive system operated in the sawtooth mode, with a He-
Ne laser interferometer providing velocity calibration. The ab-
sorbers were cooled to temperatures between 180 and 13 K in a
Displex closed-cycle cryostat. Radiation data recorded with a
proportional counter and laser data were collected simultaneous-
ly and stored in diferent sections of the microcomputer memory
(1024 channels each). Adjacent velocity points were averaged to
provide 432 data points for the analysis. Spectra were run for
an average time of 24 h and analyzed using an IBM 3081 com-
puter by fitting Lorentzian line shapes to the resonant lines. Se-
lected spectra were also analyzed using a modified version
(Amarasiriwardena et al., 1986) of the Wivel and Morup (1980)
hyperfine-field distribution program. Supplementary Mossbauer
spectra were taken at room temperature and with both the ab-
sorber and source cooled down to 78 and 4.2 K in a bath cryo-
stat.

Rrsur-rs
The different crystal sizes of the two samples are ap-

parent from the electron micrographs. These show 38/33
to consist of relatively well-developed cigar-shaped to
platy crystals, about 200 nm long and 40 nm wide, where-
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Fig. 3. Mdssbauer spectra ofgoethites 3/30 and 38/33 at 4.2
K fitted with one sextet.

as almost no particle morphology is evident for 3/30 (Fig.
l ) .

X-ray diffraction showed both samples to consist ex-
clusively of aluminous goethite. The chemical analyses
showed a molar Al substitution, Al, : Al/(Al + Fe), of
0.306 for sample 38/33 and 0.255 for sample 3/30.

X-ray line widths indicate 38/33 to have a mean crys-
tall i te dimension in the [111] direction (MCD,,,) of 74
nm, whereas 3/30 had an MCDrr of only 9 nm. The
surface areas Sof  35 m' .g- ' (38/33)  and328m,.g 1 (3/
30) are in agreement wrth the differences in particle size
observed by electron microscopy and X-ray diffraction.

At room temperature, both samples were paramagnetic
(Fig. 2). Mossbauer spectra taken in an expanded velocity
range showed these to have similar isomer shifts of 0.35
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Fig. 4. Mdssbauer spectra of goethites 3/30 and 38/33 at 78
K. Magnetically ordered components fitted with one sextet each.
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Fig. 5. Relative areas of doublet components (RAR") in the
Mossbauer spectra ofgoethites 3/30 and 38/33 between 25 and
150 K.

mm's-r relative to metallic Fe, typical for high-spin Fe3+
in octahedral coordination. 38/33 had a relatively high
quadrupole splitting of 0.57 mm's I and 3/30 an even
higher quadrupole splittin g of 0.62 mm ' s- I .

At 4.2K, both samples showed complete magnetic or-
der, with rather wide resonant lines (Fig. 3). One-sextet
fits gave quite similar magnetic hyperfine fields of 49.2 T
for 38/33 and 48.9 T for 3/30. Because both Al substi-
tution and poor crystallinity can reduce magnetic hyper-
fine fields down to 4.2 K, the hyperfine fields cannot be
unequivocally interpreted in terms of either of these fac-
tors alone. Line widths were rather high, but noticeably
different (0.72and 0.95 mm's ', respectively, for the outer
lines of 38/33 and 3/30).

At 78 K, 38/33 and 3/30 showed markedly different
Mdssbauer spectra (Fig. a). Sample 38/33 had broad res-
onant lines that indicate slow superparamagnetic relaxa-
tion, but no collapsed component. Sample 3/30, in con-
trast, still had a central doublet that made up about 300/o
ofthe total spectral area. Sample 38/33, however, had a
lower hyperfine field (41.3 T) than that portion of 3/30
that was magnetically ordered (43.5 T). The hyperfine
field of sample 3/30 agrees very well with a value of 44.0
T found by Goodman and Lewis (1981) for a similar
sample at 17 K.

Miissbauer spectra taken in an intermediate tempera-
ture range between 20 and 180 K further emphasize dif-
ferences in the character of magnetic ordering between
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Fig. 6. Hyperfine fields derived from one-sextet fits to mag-
netically ordered components of goethites 3/30 and 38/33 be-
tween 4.2 and 140 K. Open symbols indicate measurements car-
ried out in a bath cryostat.
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Fig. 7. Mrissbauer spectra ofgoethite 3/30 at 80 and 13 K
fitted with distributions of magnetic hyperfine fields.

the two goethites. Sample 38/33 first shows a paramag-
netic component at 76 K, whereas for 3/30 a doublet is
developed from 29 K onward. The relative areas ofthe
doublets increase approximately linearly with similar
slopes as temperatures increase (Fig. 5), and the doublet
components make up 500/o of the areas under the M0ss-
bauer spectra at about 165 and I l0 K for samples 38/33
and 3/30, respectively. Those portions ofthe spectra that
are magnetically ordered, however, show reasonably sim-
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Fig. 8. Mcissbauer spectra ofgoethite 38/33 at 80 and 13 K
fitted with distributions of magnetic hyperfine fields.
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Fig. 9. Distributions of magnetic hyperfine fields in goethite
3/30 at 80 and 13 K.

ilar trends of hyperfine fields (for one-sextet fits) with
temperature (Fig. 6).

The fact that-often asymmetrically-widened reso-
nant lines are observed, especially for spectra taken at
higher temperatures, indicates the existence of not just

one disarete hyperfine field (as one-sextet fits would im-
ply) in the magnetically ordered state, but rather distri-
butions of magnetic hyperfine fields (Wivel and Morup,
1980; Murad, 1982). This is supported by the observa-
tion that outer lines were considerably wider than the
inner ones down to 4.2 K. Fitting hyperfine-field distri-
butions to the 13 and 80 K spectra (Figs. 7, 8) results in
a significantly better delineation of the data than if one-
sextet fits are used. With increasing temperatures, these
distributions generally become broader, and the fields of
maximum probability are shifted to lower values (Figs.
9,  l0) .

By analogy to spectra of magrretically ordered goethite
taken between room temperature and about 120 K, these
distributions can be characterized by the fields of maxi-
mum probability and the half-widths to the left and right

H r  l T l

Fig. 10. Distributions of magnetic hyperfine fields in goethite
38/33 at 80 and l3 K.
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Table 1. Hyperfine field distribution parameters of
magnetically ordered portions of aluminous

goethites 38/33 and 3/30 at 13 and
8 0 K

Temperature Sample Hmax HW, HW,

The contribution of a doublet component to the Mdss-
bauer spectra of 38/33 increases from 0 to 500/o between
76 and 165 K. In well-crystallized substances, magnetic
ordering usually takes place within a relatively narrow
temperature range (typically within a few percent of the
N6el temperature). The fact that magnetic ordering of
sample 38/33 takes place over such a wide temperature
range thus would indicate a pronounced influence of crys-
tallinity at first sight. Because this sample consists of quite
large, compact crystals, superparamagnetic relaxation can,
however, be ruled out. The doublet therefore originates
from a genuinely paramagnetic constituent, and its per-
sistence over the observed wide temperature range must
be an inherent property ofAl-rich goethites.

In the two goethites described here (and in numerous
other aluminous goethites studied al 4.2 K), no sign of
cation ordering (e.g.,superstructure lines observable in
X-ray diffraction) could be detected. This and the con-
gruent dissolution of aluminous goethite in HCI
(Schwertmann, 1984) indicates a disordered distribution
ofFe3+ and Al3* ions on the octahedral sites ofthe goe-
thite structure.

The probability that any Fe3* in an aluminous goethite
will have an Al3* ion as neighboring cation increases with
the degree of Al substitution. In sample 38/33, almost
one out of three Fe3+ sites is occupied by an Al3+ ion. In
the absence of cation ordering, this Fe/Al ratio will, how-
ever, not be precisely reflected on an atomic scale, i.e.,
some Fe3+ ions will have more Al3* and fewer Fe3+ ions
as neighbors than the overall average. The substitution
of Fe3* by Al3* thus creates a large number of new crys-
tallographic sites with different nearest-neighbor config-
urations. Such local compositional fluctuations may also
extend into clusters comprising up to several unit cells,
i.e., it can be expected that some such clusters in a higltly
Al-substituted goethite will be richer in Al than others.
This local variability in composition will be reflected in
properties that are sensitive to short-range structural or-
der-disorder phenomena, e.g., magnetic ordering temper-
atures and magnetic hyperfine fields. The existence of such
local heterogeneities is, for example, particularly evident
in aluminous hematites where, within certain composi-
tional limits, phases that have and have not passed
through a Morin transition can coexist over considerable
temperature ranges (DeGrave et al., 1983).

Because the N6el temperature of goethite is lowered by
Al substitution, clusters within a crystal that have a high
Al substitution may still be paramagnetic at temperatures
at which other, less highly Al-substituted clusters are al-
ready magnetically ordered. This leads to the develop-
ment of coexisting paramagnetic and magnetically or-
dered components over a N6el temperature range resulting
from local compositional variations. Mdssbauer spectra
ofsuch a substance comprise both a doublet and a sextet
in this transitional temperature range.

Thermal scanning data of Fleisch et al. (1980) indicate
that an aluminous goethite with Al" : 0.306 should have

1 3 K

8 0 K

38/33
3/30

38/33

48.2 2.1
4 8  1  2 1
43 .6  11 .6
44.1 6.8

2.4
2.5
3.2
q q

Note: Hlmax: hyperfine field of maximum probability (T).
HW, : 6.6-*O,n of hyperfine field distribution below Hmax.
HW.: half-width of hyperfine field distribution above Flmax.

. Spectrum also contains a doublet with a distribution of
quadrupole splittings.

of this maximum (Murad, 1982). For samples 38/33 and
3/30, these coefficients show no significant diferences at
13 K. At 80 K, both samples have hyperfine-field distri-
butions that are strongly skewed toward lower fields (Ta-
ble l). The smaller magnetically ordered portion of 3/30
at 80 K results in greater scatter for its probability dis-
tribution (Fig. 9), but both samples have significant con-
tributions from fields much below the half-widths of the
distributions.

DrscussroN

The quadrupole splitting of sample 38/33, and more
so that of 3/30 at room temperature (0.57 and 0.62 mm.
s ', respectively), is higher than that usually observed for
paramagnetic goethite (ca. 0.52 mm.s-'). In agreement
with the small particle size revealed by X-ray diffraction-
line broadening and high surface area, this indicates a
higher site distortion in 3/30 than 38/33.

Knowing the Al substitutions and surface areas or mean
crystallite dimensions of samples 38/33 and 3/30, it is
possible to predict the magnetic hyperfine fields that these
should have at 4.2 K using Equations 7 and 8 modified
from Murad and Schwertmann (1983): Hi : 50.54 -

3.3A1. - 0.00365, andF4 : 50.65 - 4.2A.1"- 8.7/MCD,,,.
On the basis of these equations, Al substitution decreases
the hyperfine field of 38/33 by l.l5 T and that of 3/30
by 0.96 T, whereas particle-size effects decrease the hy-
perfine fields of these samples by 0. 12 and 1.07 T, re-
spectively, below the maximum of 50.6 T. Sample 38/33
should therefore have a hyperfine field of49.3 T and 3/30
a field of 48.6 T. These values compare very well with
the actually measured fields of 49.2 and 48.9 T at 4.2 K.

The most obvious differences in the magnetic proper-
ties of the two goethites studied are the temperature ranges
over which paramagnetic and magnetically ordered phas-
es coexist. The magnetic properties of these phases are
apparent from their contributions to Mijssbauer spectra
taken in the corresponding temperature ranges. Two phe-
nomena can be expected to exert a major influence on
the magnetic properties of goethite in this context: an
effect of high Al substitution and an effect of small crystal
slze.
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a minimum absorption for the 14.4-keV 57Fe gamma-ray
at about 210 K. This temperature corresponds to the on-
set of magnetic order, i.e., the temperature at which the
paramagnetic doublet begins to give way to a sextet, and
is therefore not in conflict with our observation of 500/o
magnetic order for sample 38/33 aI 165 K.

A paramagnetic doublet persists to much lower tem-
peratures in sample 3/30 than in 38/33, in spite of the
fact that 3/30 is not as highly Al-substituted. The most
likely cause for this is the smaller crystal size of 3/30, i.e.,
in this sample the influence of small crystal size has been
superimposed upon that of high Al substitution. As a
result of this, the range of temperatures within which 3/30
orders magnetically has been smeared out more broadly
than in 38/33, and a partial relaxational breakdown of
magnetic order remains in 3/30 down to 29 K.

The observation that the average hyperfine fields ofthe
magnetically ordered portions of 3/30 and 38/33 do not
differ significantly up to about 100 K (although 3/30 has
a superparamagnetic component from 29 K onward,
whereas 38/33 is completely magnetically ordered up to
76 K) seems somewhat surprising at first sight. There are
probably two causes for this: (l) in this temperature range
(as at 4.2 K), the magnetic hyperfine field is a function of
both Al substitution and particle size, i.e., the higher Al
substitution of 38/33 is to some extent compensated by
the smaller particle size of 3/30, and (2) only those por-
tions of the samples that are well enough crystallized to
be magnetically ordered contribute to the magnetic hy-
perfine-field distributions at any temperature, i.e., the to-
tal spectrum ofparticle sizes (this concerns in particular
the most poorly crystallized components of 3/30) does
not come to bear until complete magnetic order has been
reached (at29 K in 3/30).

These results are supported by the hyperfine-field dis-
tributions: There are no noticeable differences between
samples 38/33 and 3/30 at l3 K or at 80 K, even though
a significant portion of the 3/30 spectrum (-24o/o) has
collapsed to a doublet at 80 K.

CoNcr-usroNs

In pure goethite, Fe3* occupies a single crystallographic
site. Substitution of Fe3+ by a diamagnetic ion like Al3*
reduces magnetic hyperfine-field supertransfer and there-
by reduces average magnetic hyperfine fields. Ifthis sub-
stitution takes place without ordering of Al3*, it also
creates a variety of new nearest-neighbor configurations
and thus new Fe sites. This will lead to ranges of N6el
temperatures. These changes in magnetic properties can
be observed by Mdssbauer spectroscopy.

If aluminous goethites are poorly crystallized, effects of
superparamagnetism will be superimposed upon the
above-mentioned effects of Al substitution and may thus
obscure the latter. A distinction of these two effects is
rather complex, but Mdssbauer spectra taken over a range
of low temperatures enable clarification of the relative
contributions of these effects.
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