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INTERVALENCE ELECTRON TRANSFER AND MAGNETIC EXCHANGE 
IN REDUCED NONTRONITE 
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Abstract- The effects ofchemical reduction ofstructural FeH in nontronite SWa-1 (ferruginous smectite) 
on intervalence electron transfer (IT) and magnetic exchange were investigated. Visible absorption spectra 
in the region 800-400 nm of a chemical reduction series of the SWa-1 nontronite revealed an IT band 
near 730 nm (13,700 cm-I). 80th the intensity and position ofthis band were affected by the extent of 
Fe reduction. The intensity increased until the FeH content approached 40% ofthe total Fe, then decreased 
slightly with more Fe'+. The position of the band also shifted to lower energy as the extent of reduction 
increased. 

Variable-temperature magnetic susceptibility measurements showed that the magnetic exchange in 
unaltered nontronite is frustrated antiferromagnetic, but ferromagnetic in reduced sam pies, Magnetic 
ordering temperatures are in the range 10-50 K, depending on the extent of reduction. The ferromagnetic 
component in the magnetization curve increased with increasing Fe2+ in the crystal structure. The positive 
paramagnetic interaction likely is due to electron charge transfer from Fe2+ to FeH through such structural 
Iinkages as Fe2+-O-Fe3+ (perhaps following a double exchange mechanism), which is consistent with the 
visible absorption spectra. 
Key Words-Intervalence electron transfer, lron, Magnetic susceptibility, Nontronite, Reduction, UV
visible spectroscopy, 

INTRODUCTION 

As reviewed by Stucki (1987), the oxidation state of 
Fe in smectites affects many important c\ay properties, 
but the molecular reactions and mechanisms governing 
these relationships are poorly understood. To under
stand better the specific processes that occur, the pres
ent study was undertaken to examine the changes in 
optical (electronic) and magnetic properties of non
tronite that accompany chemical reduction of struc
tural FeH, The visible spectra (800-400 nm) of both 
unaltered and reduced nontronite sam pies were ob
tained to identify the intervalence electron transfer (IT) 
transitions and to determine the effect of FeH content 
on the intensity of the IT transitions. Magnetic sus
ceptibility and magnetization measurements were used 
to assess the magnetic ordering and exchange inter
actions. 

BACKGROUND 

Intervalence electron transfer 

In any mixed-valence compound ofthe type AHB2+, 
the potential exists for an electron in the B site to 
transfer to the A site, creating A2+B3+, Mineralogical 
examples of mixed-valence compounds inc\ude mag
netite, ilvaite, and vivianite. Such intervalence electron 
transfer can be used to enhance understanding of the 
properties of mixed-valence minerals, wh ether natu
rally occurring or chemically produced. 

IT transitions in minerals are observed as charge
transfer bands in the optical spectra of minerals con-

taining FeH and FeH in their crystal structures (Rush, 
1967). The reduction of structural FeH in nontronite 
results in a color change from yellow to green or blue
green. This green or blue-green color has been identi
fied as a charge-transfer transition and attributed to 
the presence of FeH and FeH in the mineral structure 
(Anderson and Stucki, 1979). 

IT transitions occur via vibronic coupling of two 
states in a mixed-valence system (Schatz, 1980). Vi
bronic coupling may be understood as the overlap of 
the vibrational potential energy wells oftwo symmet
rical states, i.e. , (FeH FeH) and (Fe2+FeH), and is illus
trated by the vibrational potential energy diagram pre
sen ted in Figure I for electron transfer in one of the 
normal modes (i.e. , an internal molecular coordinate 
along which an independent vibration ofthe molecule 
occurs) of the system. The particular normal mode of 
the potential energy wells shown is intended to rep
resent the symmetrical breathing mode involving Fe
o at a given Fe center. The potential energy wells for 
the two states are displaced from one another because 
the Fe2+-O equilibrium distance differs from the FeH-
o distance. By virtue ofvibronic coupling, the electron 
transfer between Fe centers occurs through a vibra
tionally excited state (B*) of the molecule rather than 
through an electronically excited state, and the elec
tronic ground state for (FeHFe2+) is the same as for 
(Fe2+Fe3+). The amount of optical excitation required 
for the transition (Eop = EB * - EA ) depends on the 
equilibrium displacement, or ditference in the position, 
of the two potential energy curves. The ditference is 
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referred to as the vibronic (or electron-phonon) cou
pling parameter and is denoted by A. The point of 
intersection (B) between the two curves defines the 
dassical energy of activation required for thermal elec- I 
tron transfer (Eth = EB - E.J. For a symmetrical mixed
valence system, Eop exceeds Eth by a factor of 4 (Hush, 
1967). 

Magnetic ordering 

Magnetic ordering is the directional alignment of 
atomic magnetic moments due to interactions between 
atomic centers. In materials which order magnetically, 
spontaneous ordering occurs only ifthe sampie is below 
some critical temperature (which varies widely among 
minerals) such that the magnetic interactions over
come random fiuctuations. In phyllosilicates, magnetic 
ordering is due to the presence of paramagnetic ions 
in the crystal structure, mainly high-spin Fe3+ and Fe2+ 
which have atomic magnetic moments due to five and 
four unpaired electrons, respectively. In iron-rich min
erals such as nontronite, the type of exchange coupling 
between magnetic cations on adjacent sites determines 
whether the moments ofneighboring cations are aligned 
parallel (Tl) or anti parallel Cl l). The method of exchange 
via an intervening anion (i.e., a shared 0 2-) is called 
superexchange (Kramers, 1934; Anderson, 1950, 1959). 
In oxides and day minerals, the Fe2+-O-Fe2+ exchange 
interactions are often ferromagnetic with the atomic 
moments aligned parallel, and Fe3+-O-Fe3+ exchange 
interactions are generally antiferromagnetic, with the 
moments aligned antiparallel (Goodenough, 1963; Bal
let and Coey, 1982). For mixed-valent Fe2+-O-FeJ+ 
pairs, the magnetic coupling is ferromagnetic and may 
be due to a charge-transfer process called double ex
change (Zener, 1951). 

MATERIALS AND METHODS 

Materials 

The nontronite used in this experiment was the <2-
~m fraction offerruginous smectite SWa-l (Source Clay 
Minerals Repository ofThe Clay Minerals Society) from 
Grant County, Washington. It has a total Fe content 
of 20.08% (3.595 mmole/g) and a structural formula 
according to Goodman et al. (1976), of: 

Nao.7s(Si730Alo.7o)(AI, 06Fe2.73M&.26)02o(OH).. 

No Fe was assigned to tetrahedral sites because, even 
though Mössbauer work by Goodman et al. (1976) 
reported small amounts in nontronites SWa-1 (6% of 
total Fe) and Garfield (9% of total Fe), a more recent 
study by Bonnin et al. (1985), employing a variety of 
spectroscopic techniques, cast doubt on the presence 
of tetrahedral Fe in these nontronites. Further, room
temperature Mössbauer spectra of sam pie SWa- l (Lear 
and Stucki, unpublished), in which the c* axis of the 
sampie was oriented at 54.70 relative to the -y-ray, re-
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Figure I. Vibrational potential energy vs. configurational 
coordinate for electron transfer via vibronic coupling between 
two symmetrical states of a single oscillator. A, initial state; 
B*, vibrationally excited state; B, thermally excited state; A, 
vibronic coupling parameter; Eop , optical transition energy; 
El h , thermal transition energy. Energy ofinitial state (left-hand 
weil) is same as final (right-hand weil) state (from Hush, 1967). 

quired only two octahedral FeH doublets to obtain a 
statistically acceptable fit (x2 = 0.92 with 3 million 
counts per channel). The day was Na+-saturated, di
alyzed, and freeze-dried before use. 

Methods 

Suspensions ofsample SWa-l in a citrate-bicarbon
ate (C-B) buffer solution were chemically reduced with 
sodium dithionite (Na2S20.) salt as described by Lear 
and Stucki (1985). Ferrous iron was determined as de
scribed by Stucki (1981); total Fe was determined by 
atomic absorption. 

All visible spectra were measured at room temper
ature using a Beckman model 5230 UV-visible spec
trophotometer equipped with a scattered transmission 
accessory. A peristaltic pump circulated the day sus
pension (2.2 mg of day/ml) through a fiow cell to keep 
the colloids suspended. The scattered transmission ac
cessory virtually eliminated possible light-scattering 
differences that were due to variations in partide size 
among sam pies. Magnetic susceptibility and magne
tization measurements were obtained using a SQUID 
(superconducting quantum interfering device) mag
netometer from SHE Industries for powders of both 
the reduced and nonreduced nontronite sampies. 

RESUL TS AND DISCUSSION 

Stuck i et al. (1984) recently reported that treatment 
with C-B solution removes significant amounts of Al 
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Figure 2. Visible absorption spectra for reduced and.unal
tered suspensions of sampie SWa-1 (2.2 mg clay/ml) m the 
region 800-400 nm. Inset reports Fe'+ content of sam pies as 
percentage of total Fe. 

and lesser amounts of Fe and Si from clay structures. 
They suggested, therefore, that so me properties ofsam
pies reduced with dithionite in C-B could be artifacts 
of dissolution rather than consequences of Fe reduc
tion. In the present study, the effect of this treatment 
on optical spectra and magnetic susceptibility was de
termined by comparingan unaltered samplewith a C-B 
treated sampie. No difference was observed in the vis
ible spectrum, and the magnetic susceptibility, al
though shifted slightly in magnitude, exhibited the same 
type of exchange interaction in both sampies (A and 
B, Figure 5). Observed differences between unaltered 
and reduced nontronite, therefore, were attributed to 
the effect of Fe oxidation state. 

Intervalence eleclron trans/er 

The IT transition in reduced samp1e SWa-1 was not
ed as a broad band centered near 730 nm (13,700 
cm- I), which increased in intensity as the Fe2+ content 
increased, then decreased slightly as Fe2+ exceeded 40% 
of the total Fe (B, Figure 2). The center of the band 
also shifted to lower wavelength as the extent of re-

Table I. Intensity and pOSItIOn of intervalence electron 
transfer band for reduced and unaltered SWa-1 sam pies. 

Fe2+ 

S3mple (% of tot31 Fe) Position (nm) Intensity (a.u.)! 

A 40.9 736 0.835 
B 54.4 727 0.816 
C 29.1 739 0.778 
D 25.2 746 0.700 
E 22.0 750 0.643 
F 13.7 750 0.451 
G 3.7 0.182 
H 0 0.096 

I a.u. = absorbance units (arbitrary). 
2 No discernible maximum. Intensity listed was determined 

at 750 nm. 
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Figure 3. Predicted relationship between number of Fe2+
O-Fe3+ linkages and FeH content based on computer simu
lation. Distribution patterns for diamagnetic ions (represented 
by AI) used were homogeneous (H) and random (R); distri
bution patterns for FeH were random (R) and nearest-netgh
bor restricted (NN). 

duction increased. This band is actually a composite 
of many individual transitions of Gaussian lineshape, 
in which the distribution of these transitions deter
rnines the position and the profile of the band. The 
change in position of the maximum as the degree of 
reduction increased suggests that the distribution of 
individual IT transitions shifts toward higher energy 
as more Fe2+ is introduced into the mineral structure 
(Table I). This shift is especially noticeable ifthe Fe2+ 
content exceeds 25% of the total Fe (compare C and 
D , Figure 2). 

The intensity ofthe IT band increased directly with 
Fe2+ content (experimental points in Figure 4; Table 
I) until about Fe'+ = 40% ofthe total Fe. At this Fe'+ 
content, the intensity decreased slightly (cf. spectra A 
(40.9% FeH) and B (54.4% FeH) in Figure 2), thereby 
suggesting that the absorbance ofthe IT band is a direct 
refiection ofthe number ofFe2+-O-Fe3+ entities, which 
reach a theoretical maximum at Fe2+ = 50% of the 
total Fe. Substantial conversion ofFe2+-O-Fe3+ to Fe2+
O-Fe2+ at FeH contents < 50% of the total Fe would 
produce a non-linear intensity response, because the 
FeH-O-Fe2+ groups do not contribute to the IT pro
cess. The formation ofFe2+-O-Fe2+ in the structure is 
governed by the probability of FeH in adjacent sites, 
which in turn depends on the distribution pattern by 
which FeH is introduced into the FeH matrix (i.e., with 
or without nearest-neighbor restrictions) and on the 
distribution of diamagnetic ions in the structure. 

A computer method was developed to simulate the 
FeH vs. intensity relationship. In the simulation mod
el, the intensity was represented by the number ofFe2+
O-Fe3+ moieties and the dioctahedral sheet consisted 
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Figure 4. Comparison of observed intensity of the inter· 
valence electron transfer band (0) relative to the unaltered 
nontronite SWa·1 with the intensity predicted by computer 
simulations with random (--) and nearest neighbor restrict
ed (-----) distribution patterns for FeH. Determination coef
ficients (r2) were .96 and .99, respectively. 

of 1600 cations distributed centrosymmetrically, i.e., 
1200 Fe3+ ions and 400 diamagnetic (e.g., AP+, Mg2+ 
represented by Al) ions. Distribution schemes for the 
Al ions were either random or homogeneous. A ran
dom distribution pattern was used for the conversion 
of Fe3+ to Fe2+ during the reduction simulation, with 
either no restrietions (denoted R), or a nearest-neigh
bor restrietion (denoted NN) wh ich precluded Fe2+
O-Fe2+ linkages until no other combinations were pos
sible. 

The data in Figure 3 suggest that the diamagnetic 
ion distribution (homogeneous or random) had little 
influence on the Fe2+-O-Fe3+ vs. Fe2+ relationship. A 
marked difference, however, was noted between the 
two FeH -reduction patterns. With no restrictions (R), 
the number ofFe2+-O-Fe3+ linkages followed Fe2+ non
linearly, whereas simulation with the nearest-neighbor 
restriction (NN) was close to linear until a critical value 
was reached (about 35-37% of the total Fe), beyond 
which the restriction could no longer be enforced. A 
comparison of these line shapes with the actual mea
sured intensities (Figure 4) indicates that the NN model 
more closely matched the experimental results than 
the R model. The critical value in the model is less 
than 50% of the total Fe because of the presence of 
diamagnetic ions. A typical average environment 
around FeH likely includes one Al and two FeH ions 
at the critical value. 

Magnetic exchange interactions 

Based on the inverse susceptibility plots (l/x vs. T) 
(Figure 5), sam pies can be divided naturally into four 
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Figure 5. I/x vs. T for reduced and unaltered SWa-1 powder 
sampies obtained at 0.1 tesla. Curie-Weiss Law parameters, 
obtained from the linear portion of the curves, are listed in 
Table 2. 

groups: A and B, C and D, E and F, and G and H, 
which correspond to degrees of reduction of 0%, 8-
14%, 34-44%, and 49-58% of total Fe, respectively. 
All plots were analyzed using the Curie-Weiss law, 
l/x = (T - 8)/C, in which X is the measured susceptibil
ity, C is the Curie constant, and (J is the Curie-Weiss 
paramagnetic temperature. The values of C and (J 

(Table 2) were obtained from the slope and x-intercept 
( l/x = 0), respectively, of the linear extrapolation of 
I / X vs. T . 

The first group consists ofthe unaltered (A) and C-B 
treated (B) SWa-l sampIes. The value of (J = -19 K 
for the unaltered sampie is comparable to those re
ported previously of -20 K (Bonnin, 1981) and -27 
K(BalletandCoey, 1982). Thenegativevalueindicates 
that FeH -O-FeH exchange is antiferromagnetic. Plots 
of magnetization (M) vs. magnetic field (H) at 5 K for 
sam pIe (A) are also characteristic of antiferromagnetic 
exchange (Figure 6). The failure of I/x to increase 
sharply at low T (Figure 5) indicates that long-range 
magnetic ordering is absent, suggesting either chemical 
disorder or "frustration." The presence and distribu
tion of diamagnetic cations could produce chemical 
disorder in the octahedral sheet by separating the mag
netic cations into small, isolated clusters, thus pre
venting long-range ordering. Alternatively, "frustra
tion" would occur if the immediate Fe neighbors of 
another Fe atom were neighbors of each other, thus 
precluding simultaneous satisfaction of all antiferro
magnetic exchange, i.e., iftwo adjacent moments were 
aligned anti-parallel (Tl), the third could not align anti
parallel to both. Hence, the system would be "frus-
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Table 2. Curie constants (C) and Curie-Weiss temperature 350r------------------, 
(8) determined for reduced and unaltered nontronite sam pies. 

Fe1 • C 0 
(% of total Fe) (emu/ mole ·K) (K) 

0 9.11 -19.2 
8.3 8.02 11.0 

13.2 8.92 12.3 
34.6 2.97 47.8 
44.2 3.22 49.3 
49.1 4.22 46.9 
58.2 6.31 53.6 

trated." Similar conclusions can be drawn for the C-B 
treated sam pie. The effects of chemical disorder and 
frustration on long-range magnetic ordering in non
tronites will be discussed in more detail by Lear and 
Stucki in a forthcoming publication. 

A possible alternative explanation for the magnetic 
behavior of sam pies A and B is superparamagnetism. 
Superparamagnetic behavior at such low temperatures, 
however, is unlikely because of the large particle size 
of the c1ay mineral relative to known superparamag
netic minerals, such as ferrihydrite (Coey and Read
man, 1973). 

The other three groups (C and D, E and F, and G 
and H) in Figure 5 are comprised of reduced sam pies. 
As FeH in the octahedral sheet is converted to Fe2+, 

FeH-O-FeH pairs form to produce ferromagnetic in
teractions which lead to positive paramagnetic Curie 
temperatures of about 10 to 55 K, depending on the 
extent of reduction (Figure 5; Table 2). The magneti
zation curve for a reduced (FeH = 22% ofthe total Fe) 
sample at 5 K (Figure 6) also indicates the presence of 
ferromagnetic interactions, showing the rapid satura
tion which is characteristic of a ferro magnet. 

Sampies C and D are slightly reduced and contain 
sm all amounts of Fe2+ in a Fe3+ structure, resulting in 
small domains of Fe2+ -O-Fe3+. The susceptibility is 
dominated by the frustrated antiferromagnetic com
ponent seen in A and B, but the ferromagnetic com
ponent is sufficiently prominent to produce positive 
Curie-Weiss temperatures (Table 2). The moderately 
reduced sampies (E and F) are dominated by ferro
magnetic exchange in FeH-O-Fe3+. The amount ofFeH 

is sufficient (about 30-45% ofthe total Fe) that only a 
few unreduced domains remain in the structure. Fi
nally, sampies G and H have sufficiently large FeH 
contents that Fe2+ -O-Fe2+ linkages form at the expense 
of Fe 2+ -O-Fe3+. The FeH -O-Fe2+ linkages introduce 
an additional ferromagnetic component. The NN mod
el for the distribution of Fe2+ dictates that these link
ages occur only in highly reduced sampies (Fe2+ > 35% 
of the total Fe). 

As stated above, ideally Fe3+-O-Fe3+ linkages ex
hibit antiferromagnetic exchange; i.e., at the magnetic 
ordering temperature the lowest energy state is that in 
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Figure 6. Magnetization curves at 5 K for reduced (Fe2+ = 

22% of total Fe) and unaltered SWa-I sampies. 

which the atomic magnetic moments on adjacent Fe 
atoms are aligned anti parallel. If a single Fe atom be
comes reduced, however, the lowest energy state for 
magnetic ordering is that in which the non-exchanged 
electrons are aligned parallel, leading to ferromagnetic 
exchange. The inc1usion of the extra electron due to 
reduction, therefore, causes arearrangement in the rel
ative positions of the energy levels for Fe-O-Fe link
ages. This observed ferromagnetic exchange in the re
duced sam pie suggests that the double exchange 
mechanism (Zener, 1951) may occur if FeH-O-Fe3+ 
exchange takes place. This exchange involves the trans
fer of one electron, without changing spin, from FeH 
to the shared 0 2- ion and the simultaneous transfer of 
an electron with parallel spin from 0 2 - to FeH (Figure 
7). This double exchange can occur only if the non
exchanged electrons on the Fe atoms are aligned par
allel, otherwise the exchange would violate the Pauli 
exclusion principle (i.e., any pair of electrons in an 
orbital must be aligned antiparallel) and thus be for
bidden. Therefore, Zener's mechanism of double-ex
change favors parallel alignment of spins of adjacent 
cations, leading to ferromagnetic exchange. 

SUMMARY AND CONCLUSIONS 

The reduction ofstructural Fe3+ in nontronite SWa-1 
suggests a model in which Fe2+ is randomly distributed 
in a centrosymmetric Fe3+ matrix, with the restriction 
that no Fe2+-O-Fe2+ pairs form until all possible Fe3+
O-Fe2+ combinations have been made. Visible ab
sorption spectra indicate that the prominent IT band 
at about 730 nm arises from electron charge transfer 
via vibronic coupling of FeH and Fe2+ in adjacent oc
tahedral sites, bridged through an 0 2- ligand. Magnetic 
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Figure 7. Proposed mechanism to account for the ferro
magnetic coupling for a mixed-valence system (Zener, 195 I). 
Exchanged electrons are indicated by enclosure in either a 
circle or rectangle. 

exchange between Fe3+ ions were antiferromagnetic, 
but the presence of chemical disorder or frustration 
inhibited long-range ordering. The introduction ofFe2+ 
by chemical reduction produced a ferromagnetic com
ponent due to Fe2+-O-Fe3+. An additional ferromag
netic component, due to FeH -O-Fe2+ interactions, was 
seen at higher levels of reduction (Fe2+ > 35% of the 
total Fe). 
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