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Transition Metal Iodates

IL. Crystallographic, Magnetic, and Nonlinear Optic Survey of the 3d Iodates

S. C. ABRAHAMS, R. C. SHERWOOD, J. L. BERNSTEIN, anDp K. NASSAU
Bell Laboratories, Murray Hill, New Jersey 07974

Received September 6, 1972

The anhydrous iodates of Cr, Mn, Fe, Co and A-Ni form a single isomorphous family, crystallizing
in space group P6; or P6;22 with lattice constants typified by Mn(IOs), of a=11.178 £ 0.002,
¢=15.035+0.001 A and four formulas per unit cell; in addition, a-Ni(I0,), forms as a second phase.
Mn(10;)., Fe(103),, -Ni(103), and f-Ni(IOs), order antiferromagnetically at 6.5, 17.0, 3.5 and 5.0 K,
respectively; Cr(I03); and Co(I05), remain paramagnetic to 1.5 K. Below €y, a weak ferromagnetic
moment develops in the Mn, «-Ni and $-Ni iodates. All the anhydrous iodates generate second har-
monics. Co(I0s),-4H,0 and -Ni(I03),-4H,0 crystallize isomorphously in space group P2,jc, with
lattice constants a = 8.370 & 0.005, b = 6.572 + 0.007, ¢ = 8.514 £ 0.008 A, §—99.8 + 0.1° for the Co
compound. Co(I0,),*2H,0 is triclinic, with a = 6.666 + 0.015, b = 10.991 + 0.025, ¢ = 4.913 + 0.011 A,
a=931+0.1, =92.110.1, y=98.9 + 0.1°, space group PI, and Ni(I0;),-2H,0O is orthorhombic,
a = 9.14986 + 0.00008, b = 12.20896 + 0.00022, c = 6.58353 + 0.00013 A at 298 K, space group Pbca.
The Co iodate hydrates are paramagnetic to 1.5 K ; both Ni hydrates are antiferromagnetic, the dihydrate
also developing a weak ferromagnetic moment. The lattice spacings of all 11 compounds are presented,

9 with indexing.

1. Introduction

The nonbonded electron pair and high
refractive index characteristic of the iodate ion
favors the formation of acentric crystals with
nonlinear optical properties. The iodates of the
alkali metals, H, Tl and NH, crystallize in
acentric point groups; many are optically phase
matchable (I, 2). Interest in coupled physical
properties (3) led to the expectation that replace-
ment of the diamagnetic cation by a para-
magnetic transition metal ion might result in
iodates with coupled magnetization and polar
properties. Accordingly, the 3d-transition metal
iodates were prepared and characterized as
described by Nassau, Shiever and Prescott (4)
(hereafter Part I) and their crystallographic,
magnetic and nonlinear optic properties were
surveyed. The present paper contains the results
of this survey, except for data on the cupric
compounds which will be reported later.
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2. Properties of Anhydrous Cr, Mn, Fe, Co and
Ni Iodates

a. Crystallographic Properties

The anhydrous iodates of Cr, Mn, Fe, Co and
Ni form a single isomorphous family crystallizing
in the hexagonal system; in addition, Ni also
forms a second anhydrous phase designated
o-Ni(IO;);. Chemical analysis (see Part 1)
shows that Cr and Fe are present as trivalent
ions, and Mn, Co and Ni as divalent ions. The
unit cell dimensions and diffraction symmetry of
Mn, Fe, Co and §-Niiodates were determined by
photographic techniques on single crystal mater-
ial: powders only of Cr and «-Ni iodates were
available. The pattern for Cr(IO;); contains
some weak unindexable lines. It was not possible
to identify these as belonging to a second phase,
and hence the possibility remains that the actual
unit cell differs from but is related to that given
in Table L.
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TABLE 1

PHYSICAL CONSTANTS OF ANHYDROUS IODATES OF Cr, Mn, Fe, Co AND Ni®

Cr(103)3 Mn(105), Fe(10;); Co(105), B-Ni(10,), @-Ni(103),
a(d) 10.493 + 10° 11,178 + 2 10.664 + 2 10.956 + 4 10.783 + 3 €
c(A) 5.174+ 10 5.035+1 5228 +2 5.082+2 5147+ 1
Vol. (A3 493.4 544.73 514.88 528.31 518,29
Space group P63 0r P6;22 P63 0r P6;22 P63 0r P6;22  P6;0r P6522 P63 or P6322
z 4[Cry/5(103)2]  4IMn(I03);]  4[Fey3(I03);,]  4[Co(103),] 4[Ni(I05).]
D, (gem™) 5.18 4.934 5.232 5.138 5.234
D,, (g cm™3) — 49+2 — — —
&y (K) — 6.5 17.0 — 5.0¢ 3.5
8, (K) 0 -1.0 -26.0 -14.0 +3.0 —4.0
C, (cm® K/mole) 1.73 4.23 4.11 3.40 1.28 1.09
Pers (ObS) (up) 3.72 5.82 5.74 522 3.20 2.95
Pere (theor) (ug) 3.87 5.92 5.92 3.87 2.83 2.83
Np (up) — 0.036 — — 0.110 0.026
Canting angle (°) —_ 0.04 — — 2.7 0.7
SHG ~10° ~10° ~10% ~10% ~107* ~107t

% Note that Cr and Fe form tri-iodates, Mn, Co and Ni di-iodates; a and ¢ are lattice constants, Dy and D, are X-ray
and measured densities, @y is the Néel and &, the paramagnetic Curie temperatures, Cn, the Curie-Weiss constant,
Pete(0bs) and pes; (theor) the observed and theoretical spin-only paramagnetic moment, Ny the ferromagnetic moment and

SHG is the ratio of second harmonic generation at 1.06 um of the powdered iodate to that of quartz.
b Error values without decimal point correspond to the least significant digit in function value.
< The powder pattern of «-Ni(IO3), is not unambiguously indexed (see Table II).
4 A small paramagnetic impurity phase is assumed present (see text).

The lattice constants for each compound (see
Table I) were obtained from least squares
refinement of spacings measured on Debye-
Scherrer photographs with CrK radiation, and
are given in Table II. These constants correspond
to unit cell volumes that decrease linearly for
the Mn, Co and f-Ni iodates with the 3d con-
traction in divalent metal ion radius. The g-axis
lattice constants similarly decrease, in contrast
with the increase in c-axis, as the atomic number
increases. The powder pattern of «-Ni(I0;),
(Table II) was not unambiguously indexed,
hence the unit cell is not given in Table 1.

It is to be noted that both divalent (Mn, Co
and Ni) and trivalent (Cr and Fe) 3d-metal
iodates have isomorphous unit cells containing
eight 103~ ions, together with either four divalent
or 8/3 trivalent metal ions, i.e., Cr(10;); and
Fe(10,); each contain an additional 4/3 vacant
metal sites per unit cell. No evidence for ordering
among the partially occupied metal sites was
observed.

b. Magnetic Properties

The magnetic susceptibility of each anhydrous
iodate was measured in the temperature range

1.4-300 K with applied fields between 0 and 15
kOe. The magnetization as a function of temper-
ature is shown in Fig. 1. The inverse magnetic
susceptibility of Cr(IO,), follows Curie law
behavior, with zero intercept. The paramagnetic
Cr3* moment (Table I) is close to the spin-only
value.

Mn(IO,), orders antiferromagnetically below
6.5K, but with a weak net ferromagnetic moment.
The effective Mn** moment in the high temper-
ature paramagnetic phase is not significantly
different from the spin-only value of 5.92 ug.
Assuming the Landé splitting factor g is 2, the
corresponding Mn?** moment in the ordered
state is 4.90 p,. The observed ferromagnetic
moment of a loosely held microcrystalline
sample cooled in a field may be accounted for
by a canting angle of 0.4° of the antiferro-
magnetic moments from collinearity.

Fe(I0,); orders antiferromagnetically below
Oy=17.0 K (see Fig. 1) without net moment
development. The Curie-Weiss law is followed
at higher temperatures, with a paramagnetic
moment close to that expected for a spin-only
moment.

Co(10;), remains paramagnetic to 1.4 K:
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F1G. 1 .Magnetic susceptibility of the anhydrous iodates of Cr, Mn, Fe, Co and Ni between 1.5 and 150 K. The ordinate

for Fe(103), is at right, all others are at left.

the paramagnetic moment contains a substantial
orbital contribution, as is commonly found for
the Co?* ion.

B-Ni(I0;), shows basic antiferromagnetic
behavior, in spite of the magnetic susceptibility
not reaching a maximum (see Fig. 1). Although
evidence of a second phase was not present in
the powder pattern (Table II), a paramagnetic
impurity of about 5% by weight (which could
be imperceptible) could suffice to obscure the
susceptibility maximum and replace it by the
observed inflection at 5 K. The weak observed
ferromagnetic moment thus corresponds to a
noncollinear antiferromagnet, with canting angle
of 2.7° based on amoment gJ of 2.35 uz (assuming
g=2).

a-Ni(IQ;), orders antiferromagnetically below
3.5 K, developing a weak ferromagnetic moment
(Table I). The paramagnetic moment is closer
to spin-only than for f-Ni(I0;),. The resulting
moment of 2.11 uy corresponds to a canting
angle of about 0.7° from collinearity below @.

¢. Nonlinear Optical Properties

The nonlinear optical property of second
harmonic generation was sought, and found, in
each of the anhydrous iodates listed in Table I.
The efficiency of generation in powdered samples
is given in terms of the response found in micro-
crystalline quartz, conversion is highest in
Fe(10,); and lowest in B-Ni(I10,),.

3. Properties of Hydrated Co and Ni Iodates

a. Crystallographic Properties

The only 3d-transition metals, in addition to
Cu, that form hydrated iodates (see Part I) are
Co and Ni, both of which give a stable dihydrate
and tetrahydrate. Ni also forms a second,
metastable, tetrahydrate: the cupric iodates
will be discussed in a later report. The stable
tetrahydrates crystallize isostructurally in the
monoclinic system, with point group 2/m and
lattice constants and space group as given in
Table III. The relative decrease in unit cell
volume between Co(I0,),"4H,0 and pB-Ni-
{10,),-4H,0 is 1.5% compared to 1.9 % between
Co(I10,), and f-Ni(10,), (see Sect. 2a).

Co(10;), - 2H,0 is triclinic, with two formulas
in the centrosymmetric unit cell and lattice
constants as given in Table III.

Ni(I0;),-2H,0 crystallizes readily from boil-
ing water solution (see Part I) in the ortho-
rhombic system. The lattice constants of Table
III were measured on a single crystal, as part of a
complete structure determination (5). An inde-
pendent measurement gave (6)a = 9.158 + 0.001,
b=12.206 £0.002 and c=6.584 +0.001 A.
The efficiency of packing in Ni(I0;),2H,0,
as indicated by the density, is significantly less
than in the triclinic Co(I10;),-2H,O structure.
It is noteworthy that the 6.6 A repeat is common
to the lattice dimensions of all four stable iodate
hydrates. The point group for Ni(10;),-2H,0
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TABLE III

PrYSICAL CONSTANTS OF THE HYDRATED Co AND Ni IODATES?

209

C0(103)2 * 4H20

Co(103),-2H,0

ﬂ'Ni(IO;)z - 4H20

Ni(I03), -2H,0*

a(A)

8370+ 5 6.700 + 15 8.268 + 8 9.14986 + 8
b(A) 6.572+ 17 10.980 + 25 6.562+ 6 12.20896 + 22
c(A) 8.514+ 8 4,923 4 11 8.5324+ 8 6.58353 + 13
o (90°) 91°45" 1. 5’ (90°) (90°)
B 99°47" + 5 92°42" + 5° 100°42° + 5’ {90°)
b (90°%) 98°43’ + 5’ (90°%) 90°)
Vol. (A?) 461.52 357.33 454.85 735.45
Space group P2 PI P2 Pbca
V4 2 2 2 4
D, (gem™3) 3.459 4,161 3.508 4.014
Oy (K) — — 3.0 31
0, (K) -2.0, -9.0°¢ -3.0,-14.0¢ -2.0 -3.0
Cn (cm® K/mole) 2.40,3.34 2.22,3.07 1.28 1.25
Pete (0bS) (i15) 5.17 496 3.20 3.16
NB (/lg) —_ —_ _— 0.187
Canting angle (°) — — — 4.64
SHG 0 0 0 0

9 See footnote a to Table I for definitions of abbreviations.

b See Ref. (5).

¢ A break in the inverse susceptibility at about 16 K gives two Curie-Weiss constants and Curie points.

4 As in footnote ¢ but with a break at about 28 K.

is the centrosymmetric mmm, and that for
Co(I05),-2H,0 either 1 or 1. Lack of second
harmonic generation (see below) eliminates the
acentric possibility, hence all these hydrates are
centrosymmetric.

Lattice constants and other measurements
were not made on a-Ni(I0,),-4H,0, which was
unobtainable in pure form. Lattice spacings,
from Debye-Scherrer photographs taken with
CrK radiation, for this and the remaining
hydrates are given in Table IV.

b. Magnetic Properties

Co(10,), - 2H,0 and Co(10,),-4H,0 are both
paramagnetic, down to 1.55 K (see Fig. 2).
The paramagnetic moment for the two hydrates
is considerably higher than the spin-only value,
and is comparable with the value in the anhydrous
iodate, The inverse susceptibility of both hy-
drates obeys Curie-Weiss behavior, except for
breaks at about 28 K for Co(I0;),-2H,0 and at
about 16 K for Co(I0;),-4H,0. Cooling
Co(10;),-2H, O in a magnetic field of 15.3
kOe does not increase the field-dependent
magnetization, in contrast to Co(10,),-4H,0.

B-Ni(10;), -4H,O is basically antiferromag-

netic but, like B-Ni(I0;),, the maximum in
susceptibility at about 3 K is obscured by a small
paramagnetic impurity. The field-dependent
magnetization of §-Ni(10,), -4H,0 is appreciably
increased on cooling a loose microcrystalline
sample in a field. The paramagnetic moment
(Table III) is identical to that found in S-Ni-
d0,),.

Magnetization measurements on Ni(IO;),-
2H,0, shown in Fig. 3, were made at 1.5 K ona
large prismatic single crystal (7) [8 x5x4
mm, elongated along [100] and bounded by
(021) and (021) faces] as well as on a micro-
crystalline sample (Fig. 2). Earlier measurements
(8-10) showed Ni(I0;),-2H,0 to be a weak
ferromagnet below 3.08 K, with a canting angle
of about 1.5° between the nearly antiparallel
spins. The present work confirms the Néel
temperature, but the net ferromagnetic moment
of 0.187 ug/Ni?* below @, (Table III) corres-
ponds to a canting angle of 4.6°. A powder
neutron diffraction study (6) suggests the anti-
ferromagnetic spins lie primarily in the ab-plane,
with the major spin component (about 2 ug)
along a, and a smaller (0.5 ug) component
along b.
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FIG. 2. Magnetic susceptibility of the hydrated iodates of Co and Ni between 1.5 and 150 K: left ordinate is specific

magnetization, right is inverse susceptibility.

A magnetization study as a function of field,
along each of the three crystallographic axes, at
1.5 K strongly supports the neutron diffraction
model. The magnetization per gram is 0.187 ug
along ¢ and zero along a and b in zero field.
At 15 kQOe, the magnetization along b exceeds
that along a by the factor 1.6. Hence the anti-
ferromagnetic spins are canted about 4.6° out
of the ab-plane, and appear to lie closer to [100]
than [010].

T

, Magnetization per gm
N
—

Ty
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o 2 4 6 8 10 2 0 1621073

Applied Field (Oersteds}

Fic. 3. Magnetization as a function of applied field
along the a, b and ¢ axes of Ni(I0;).-2H,0, at 1.5 K.

¢. Nonlinear Optical Properties

No evidence of second harmonic generation
was found in Co(10;),-2H,0, Co(I0,), 4H,0,
Ni(I03), - 2H,0 nor g-Ni(I105), -4H,0. The point
groups of the tetrahydrates, determined crystallo-
graphically, require zero linear-optical coeffici-
ents, but the absence of generation removes the
ambiguity from the choice of point groups (1 or
1) for Co(103),-2H,0 (see Table III).

4. Summary

The search for new nonlinear optic and
magnetic materials has resulted in the preparation
and characterization of the anhydrous 3d-
transition metal iodates. A group of five iso-
structural iodates containing both di- and tri-
valent 34 metals crystallizes in an optically
active point group, and all generate second
harmonics. At low temperatures Mn(1O,),
and B-Ni(I0;), develop weak ferromagnetic
moments, allowing coupled magnetic and optic
interactions. Four stable hydrated 3d-transition
metal iodates have also been prepared and
characterized. @~ All  are centrosymmetric;
Ni(10,),-2H,0 develops a weak ferromagnetic
moment at low temperatures.
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Note added in proof: Drs. J. B. A. A. Elemans
and G. C. Verschoor have kindly sent us a pre-
print of their paper on the crystal structure of
B-Ni(10,), -4H,0 and triclinic a-Co(10;), - 2H,0
and the unit cells, space groups and magnetiza-
tion of these two crystals and of Ni(105),-2H,0,
Co(10,), -4H,0 and B-Co(10;),-2H,0, which is
now in press inJ. Inorg. Nucl. Chem. The two sets
of lattice constants are in acceptable agreement,
although normal probability analysis indicates
the pooled standard deviation of the differences
between corresponding lattice constants is under-
estimated by about a factor of 4. It may be noted
that our Co(IO;), -2H,0 should be designated
a-Co(10;),-2H,0: both investigations resulted
in the same reduced triclinic unit cell, but whereas
we followed the convention ¢ < a < b, Elemans
and Verschoor used b < ¢ <a. The two sets of
magnetization results agree that «-Co(IO;);-
2H,0 and Co(I0;),-4H,0 do not order mag-
netically in the liquid helium temperature range:
however, Elemans and Verschoor do not report
the antiferromagnetic ordering of Ni(10;), -4H,0
shown in Fig. 2. It is entirely possible that our
Ni(10;), - 4H,0 sample contained some Ni(10;),*
2H,0 as an impurity, since the tetrahydrate
converts slowly to the dihydrate even in the solid
state. The very small zero-field susceptibility of
the tetrahydrate sample suggests an upper limit

ABRAHAMS ET AL.

for this impurity of about 5%, too small an
amount to give the observed dip in susceptibility
below 3K.
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