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INTRODUCTION

Several studies of the nuclear and magnetic structures of lay-
ered transition element hydroxides possessing the CdI2 structure 
have been reported (Christensen and Ollivier 1972; Greaves and 
Thomas 1986; Parise et al. 1998a, 1994; Szytula et al. 1971) 
but studies of Fe(OH)2 are rare (Lutz et al. 1994a). This is not 
unexpected because this material’s sensitivity to oxidation and 
pyrophoric behavior in the atmosphere make pure samples of 
“white rust” diffi cult to obtain. A better understanding of its 
structures and magnetism, however, are desirable given the 
importance of Fe(OH)2 in the early stages of corrosion (Castro 
and Vilche 1991) and its possible role in microbial action in the 
environment (Ivanov et al. 1997), which were studied using 
magnetic techniques (Verkhovtseva et al. 1991).

The CdI2-related hydroxides in general are obvious model 
systems for the investigation of hydrogen bonding in solids (Fig. 
1). This unique structure has hydrogen atoms isolated between 
layers of metal ions in octahedral coordination with oxygen. 
This arrangement allows both O-H···O and H···H interactions 
to be studied in a series of isostructural materials with variable 
metal acidity (Sherman 1991) and c/a-ratio. Several theoretical 
(D’Arco et al. 1993; Sherman 1991), neutron diffraction (Catti et 
al. 1995; Desgranges et al. 1996, 1993; Lutz et al. 1994a; Parise 
et al. 1998a, 1998b) and spectroscopic (Beckenkamp and Lutz 
1992; Duffy et al. 1995; Kruger et al. 1989; Lutz 1995; Lutz 
et al. 1994a, 1994b, 1995; Lutz and Jung 1997; Nguyen et al. 
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ABSTRACT

The structure of Fe(OH0.86,OD0.14)2 was refi ned by applying the Rietveld technique to neutron pow-
der diffraction data collected at 300, 150, and 10 K. The nuclear structure, of the CdI2 type (P3

–
m1) 

and isostructural with Mg, Ca, Mn, Ni, and β-Co(OH)2, is maintained over the range of temperatures 
studied. At 10 K, the magnetic structure is ordered antiferromagnetically, with the magnetic moments 
aligned in the basal plane. The refi ned Fe2+ magnetic moment magnitude is 3.50(4) μB. This magnetic 
structure (space group P2c1

–
) is unique amongst those encountered in the transition metal dihydroxides, 

for which the moment is either directed along the c axis [β-Co(OH)2 and Ni(OH)2], or at least has a 
considerable component along this direction [Mn(OH)2]. The dependence of the strength of potential 
hydrogen bonds with temperature is discussed. 

1994, 1997) investigations concentrated on characterizing the 
structures of these materials at both ambient and high pressure 
with the aim of understanding the details of hydrogen bonding. 
Although the pressure variable is ideal for the study of these 
interactions, because large changes in the c axis are expected in 
these highly anisotropic materials, low temperature can provide a 
complementary variable to study the details of these interactions 
(Hazen and Finger 1982).

Earlier low temperature investigations of the magnetic inter-
actions in these layered systems (Christensen and Ollivier 1972; 
Szytula et al. 1971) suggest differences in the magnetic ordering at 
low temperatures, with the moment antiferromagnetically ordered 
along the c axis in the case of Ni(OH)2 (Szytula et al. 1971) 
and canted off the c axis in the case for Mn(OH)2 (Christensen 
and Ollivier 1972). Preliminary results (Parise and Marshall in 
preparation) suggest that the magnetic structure of β-Co(OH)2 
is similar to that of Ni(OD)2, and earlier measurements of the 
temperature dependence of the magnetic susceptibility show 
characteristic maxima for antiferromagnetic behavior at tem-
peratures of 34 K for Fe(OH)2, 30 K for Ni(OH)2, and 12.3 K 
for Co(OH)2. Although the magnetic structures of the Ni, Mn, 
and Co hydroxides have been investigated (Christensen and Ol-
livier 1972; Greaves and Thomas 1986; Szytula et al. 1971), and 
are considered established, that of Fe(OH)2 remains unknown. 
This material was characterized by neutron diffraction at room 
temperature (Lutz et al. 1994a) but no description of its low 
temperature structure has been reported. We investigated the 
structure of this material above and below the magnetic ordering 
temperature, determined its magnetic structure and found it to 
be unique among the CdI2-related hydroxides.
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EXPERIMENTAL METHODS

The sample of Fe(OH,OD)2 was prepared following previ-
ously published procedures (Lutz et al. 1994a). The sample 
was used for spectroscopic investigations of isotopically dilute 
systems and so contained both hydrogen and deuterium. Neutron 
powder diffraction data were collected in a closed cycle refrigera-
tion unit at 300, 150, and 10 K on the POLARIS diffractometer 
at the UK pulsed spallation neutron source ISIS,  Rutherford 
Appleton Laboratory. Data were collected in six banks of detec-
tors centered at 2θ = ±35°, ±90°, and ±145° for a total of 885, 
826, and 501 μA.h at 10, 150, and 300 K, respectively. After 
focusing patterns from individual detectors, three histograms 
representative of the data collected at 2θ = 35°, 90°, and 145° 
were used in the subsequent Rietveld refi nements.

Inspection of the data clearly shows the appearance of extra 
refl ections in the data set collected at 10 K (Fig. 2). The ap-
pearance of prominent new peaks at d-spacings corresponding 
to the nuclear cell (0,0,1/2) and (0,0,3/2) refl ections immediately 
excludes antiferromagnetic ordering with magnetic moments 
aligned along the c axis. Subsequent analysis of the 10 K dif-
fraction data revealed a simple commensurate antiferromagnetic 
structure, consisting of a doubled nuclear cell along the c axis 
(Fig. 1), with the ordered Fe2+ magnetic moments lying in the 
basal plane (magnetic space group P2c1

–
). Because no distor-

tion of the nuclear cell accompanies the magnetic ordering, no 
distinction could be made concerning the moment orientation 
within the basal plane.

Structure refi nement was performed using the Rietveld meth-
odology (Rietveld 1969) as implemented in the General Structure 
Analysis System (GSAS) of programs (Larson and Von Dreele 
1986). Starting values for the nuclear structure were taken from 
the literature (Lutz et al. 1994a) and the structures at 300 K and 
150 K quickly converged to the models summarized in Table 1. 
Several models for the H-position in Fe(OH0.86OD0.14)2 were tried. 
Published structures for the CdI2-related hydroxides often report 
on the disorder of this site (Desgranges et al. 1996, 1993; Megaw 
1958; Parise et al. 1998b; Partin et al. 1994). This disorder is 
acute at high pressures, where avoidance of H…H repulsion 

FIGURE 1. Structure of CdI2-type (Pm1) hydroxides. The lines 
indicate tri-furcated H-bonds between H at (1/3,2/3, z) and O.

FIGURE 2. Rietveld fi t to the data collected at 300, 150, and 10 K for 
the detectors in the 35° bank for Fe(OH0.86D0.14)2. Some of the nuclear 
(N) and magnetic (M) peaks are indicated for the data collected at 10 
K. Crosses represent observed data, the continuous line is the profi le 
calculated from the nuclear and magnetic structure model, and the line 
below is the difference between the two, plotted on the same scale.

(Parise et al. 1999) causes the proton to be displaced from the 
3
–
–axis. The disorder can be modeled with either an anisotropic 

displacement ellipsoid or as a partially occupied threefold site 
at (x , x, z, with x < 1/3 or x > 1/3). The anisotropic displacement 
model was adopted in this case, because both models provided 
the same agreement for the same number of parameters varied 
and the ratio U11/U33 (Table 1) was less than two. 

The proportions of hydrogen and deuterium occupying the 
same crystallographic site were determined at each temperature 
by refi nement of the site occupancy factor. The values obtained 
at each temperature are in good agreement (Table 1) with each 
other and with the previous spectroscopic study (0.85) of Lutz et 
al. (1994a). A single additional variable, the moment magnitude, 
was required to describe the magnetic structure, all remaining 
parameters (cell constants, phase fraction, refl ection line shape) 
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being constrained to the nuclear structure parameters. 

RESULTS AND DISCUSSION

Description of the structure

Bond distances of Fe(OH0.86D0.14)2 at 10, 150, and 300 K are 
given in Table 2. Whereas the intralayer distances are practically 
independent of temperature, the interlayer O...O, H...H, and H...

O distances are signifi cantly shortened on going down to 10 
K. This is refl ected in the decrease in the c/a ratio of the lattice 
constants, e.g., 1.4092 at 300 K and 1.4042 at 10 K. Thus, the 
H...O distances, which are relevant for the presence or absence 
of hydrogen bonds, change from 2.533 Å at 300 K to 2.490 Å 
at 10 K. The change of the O–H interatomic distance from 0.87 
Å to 0.90 Å between ambient temperature and 10 K is mainly 
caused by the decrease of the librational mode amplitudes. The 
apparent length itself is somewhat shorter and this is expected 
for models placing the hydrogen on the threefold axis (Parise 
et al. 1998a). The use of a split-site model, however, with H 
atoms distributed over the 6i sites rather than 3d in space group 
(P3

–
m1) or correction for thermal motion would increase the 

bond distance. Another possible source of systematic error is 

the complex anisotropic line-shape function (Larson and Von 
Dreele 1986) required to fi t the diffraction profi les (Fig. 2). 
The synthetic conditions used (Lutz et al. 1994a) promote the 
precipitation of material with small particle size and stacking 
faults. This can be avoided in other hydroxides by post-synthesis 
hydrothermal treatment (Parise et al. 1994, 1998a) and would 
lead to decomposition and the introduction of impurities in the 
case of Fe(OH,OD)2. 

Hydrogen bonds

The potential existence of hydrogen bonds in brucite-type 
hydroxides has a somewhat controversial history and has been 
discussed in detail over the last ten years (Beckenkamp and Lutz 
1992; Duffy et al. 1995; Kruger et al. 1989; Lutz 1995; Lutz et 
al. 1994a, 1994b, 1995, 1997; Nguyen et al. 1994, 1997; Parise 
et al. 1998a, 1998b, 1999). If the presence of weak trifurcated 
hydrogen bonds in brucite-type transition-metal hydroxides is 
true as claimed (Parise et al. 1994), the strength of these bonds 
is nearly equal for Ni(OH)2, Mn(OH)2, Fe(OH)2, β-Co(OH)2, and 
Cd(OH)2 as shown by the nearly constant wavenumbers of the 
respective OH stretching modes; 3610, 3602, 3600, 3598, and 
3587 cm– 1 are the mean values of the IR and the Raman allowed 
bands at ambient temperature (Lutz et al. 1994a).

At liquid helium temperature, the strength of the potential 
hydrogen bonds should be changed. Thus, the wavenumber of 
the uncoupled OD stretching mode (isotopically dilute sample) of 
Fe(OH0.86D0.14)2 increases from 2656 cm– 1 (295 K) to 2662 cm– 1 
(95 K) (Lutz et al. 1994a). A positive temperature shift of OH and 
OD stretching modes has been attributed to the presence of highly 
bent or bifurcated hydrogen bonds, as well as to hydroxide ions, 
which are not involved in hydrogen bonding (Lutz 1995). The 
interlayer H...O and O...O distances decrease from 2.533 Å (300 
K) to 2.490 Å (10 K) and from 3.183 Å to 3.154 Å, respectively, 
evidencing an increasing strength of the hydrogen bonds. The 
H...H distances also decrease from 2.055 Å to 2.018 Å causing 
enlarged interatomic repulsion (Lutz 1995). In the case of very 
weak hydrogen bonds, there is a complicated competition of dif-
ferent effects such as hydrogen bonding, proton-proton repulsion, 
and polarization of the intraionic O–H bonds by adjacent metal 
ions (Lutz 1995). This competition can be acute at high pressure 
and gives rise to structural frustration, seen in spectroscopic data 
as a dramatic broadening of the O-H stretching mode (Nguyen 
et al. 1994). Recent results suggest that at high pressures the ef-
fects of H…H repulsion dominate the interlayer forces in these 
materials (Parise et al. 1999).

Magnetic ordering

The magnetic moment obtained from a full Rietveld refi ne-
ment is 3.57(2) μB at 10 K, somewhat less than the free-ion 

TABLE 1.  Selected refi ned parameters for Fe(OH0.86OD0.14)2* 
  Temperature
 10 K 150 K 300 K
a (Å) 3.25919(5) 3.26238(5) 3.26515(6)
c (Å) 4.5765(1) 4.5822(1) 4.6013(1)
z(O) 0.2234(1) 0.2226(1) 0.2213(2)
z(H) 0.4202(7) 0.4129(10) 0.4111(13)
Occupancy (H) 0.857(2) 0.863(2) 0.864(2)
µFe/µB 3.50(4) – –
Uiso(Fe)† 0.22(1) 0.39(1) 0.73(2)
Uiso(O)† 0.32(1) 0.45(1) 0.68(2)
U11(H)† 4.13(8) 4.37(8) 5.32(11)
U33(H)† 2.8(2) 4.0(2) 3.9(3)
U12(H)†  2.07(4) 2.18(4) 2.66(6)
Uiso(H)† 3.94(7) 4.31(8) 5.0(1)
χ2 ‡ 4.35 3.52 2.17
Rwp,(%) ‡ 1.7 1.6 1.6
RC(F2) (%)§ 3.34 2.99 4.32
RE(F2) (%)§ 4.87 3.29 6.40
RA(F2) (%)§ 8.83 4.67 9.33

* Space group P 3–m1, Fe at (0, 0, 0), O at (1⁄3, 2⁄3, z ≈ 0.2), H/D sited on ideal 
position (2d) at (1⁄3, 2⁄3, z ≈ 0.4).
† Except for the Uiso(H) values, all the results shown are those obtained from 
the refi nements in which H was refi ned anisotropically.  All displacement 
parameter values are 100 × U (Å2).
‡ Discrepancy index: wpR = wi ( i

oy −
1

C i

cy )2

i∑ wii∑ (
i

oy )2⎡ 
⎣ ⎢ 

⎤ 
⎦ ⎥ 

1/ 2

where yo, yc = observed 
and calculated profi le intensities; C = scale factor; wi = weight of individual 
profi le intensity i.
§ Discrepancy index based on integrated Bragg intensities for individual 
banks of data at 145° (C), 90° (E), and 35° (A).

TABLE 2. Selected interatomic distances (Å) of brucite-type Fe(OH0.86D0.14)2 at temperature
 Intralayer* Interlayer*
T (K) Fe–O  O...O  O...O  O–H  O...O  H...H  H...O
10  2.141(1) 2.779(1) 3.259(1) 0.901(4) 3.154(1) 2.018(4) 2.490(3)
150  2.142(1) 2.777(1) 3.262(1) 0.872(5) 3.164(1) 2.046(4) 2.517(2)
300  2.143(1) 2.775(1) 3.265(1) 0.873(7) 3.183(1) 2.055(6) 2.533(7)
* Distances within (intra) or between (inter) layers (Fig. 1).



PARISE ET AL.: MAGNETIC STRUCTURE OF WHITE RUST—Fe(OH0.86,OD0.14)2192

spin-only value of 4.9 μB. However, this is consistent with the 
lower than expected values observed in the other M2+-hydrox-
ides (M = Co, Ni, Mn; Christensen and Ollivier 1972; Parise 
and Marshall, in preparation; Szytula et al. 1971), which were 
attributed to quenching of the orbital moment by the crystal 
fi eld (Szytula et al. 1971). The magnetic structure of Fe(OH)2 
differs from that of Ni(OH)2 and β-Co(OH)2 in that the moment 
lies in the basal plane, as opposed to being directed along the 
c axis (Szytula et al. 1971). The ferromagnetic sheets are then 
coupled antiferromagnetically between the layers (Fig. 3). The 
magnetic structure closely resembles that reported for CoBr2 
(Wilkinson et al. 1959). The interactions between Fe2+ ions are 
clearly of the exchange type, because the Fe-Fe distances, 3.26 Å 
within the layers and 4.58 Å between layers (Fig. 1), are greater 
than the sum of the ionic radii, 1.84 Å. Exchange takes place 
through the OH– ions, with the parallel coupling within the lay-
ers occurring through the ions on either side of the octahedron 
around each Fe2+. The second (antiferromagnetic) interaction is 
via Fe-OH-HO-Fe, and this couples the ferromagnetic sheets. 
This antiferromagnetic coupling has been shown to be relatively 
soft in other transition metal hydroxides (Szytula et al. 1971), 
where magnetic fi elds as weak as 40 kOe cause a spin fl ip to an 
exclusively ferromagnetic state. 

The magnetic structure also differs from that of Mn(OH)2, 
where the neutron powder diffraction data were interpreted as 
arising from an antiferromagnetic sequence of spins along the c 
axis, with a screw spiral propagating in the basal plane (Chris-
tensen and Ollivier 1972). The proposed magnetic structure of 
Mn(OH)2 represents a hybrid of the antiferromagnetic coupling 
observed in Fe(OH)2, with spins oriented exclusively in the basal 
plane, and that found in β-Co(OH)2 and Ni(OH)2, where the spins 
are oriented exclusively along the c axis. Given the relatively 
low quality data which may be expected for Mn(OH)2 due to the 
high incoherent background and the small negative scattering 
length of Mn, a reinvestigation of the magnetic structure with a 
fresh sample of Mn(OD)2 would be warranted. We have carried 
out such a study (Parise and Marshall in preparation), and full 
Rietveld refi nement using high quality data confi rms the previ-
ously reported magnetic structure.
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