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The crystal structure at room temperature and the heat-capacity and magnetic susceptibilities at low
temperatures of single crystals of [(CH;);NH]CoCl, * 2H,O are reported. The orthorhombic crystals
belong to the space group Pnma with a = 16.671(3) A b= 7.273(1) A ¢ = 8.113(2) A, and Z = 4.
The structure consists of chains of edge-sharing trans-[CoCl,(OH,),] octahedra running parallel to the
b axis. At 4.135°K, [(CH;);NH]CoCl; * 2H,O undergoes a second-order phase transition. The
heat-capacity data have been analyzed using Onsager’s solution for the two-dimensional Ising model.
The lattice contribution was taken into account by using the lattice of the isostructural
[(CH;);NH]CuCl, « 2H,0 and a corresponding states procedure. The three principal-axis single-crystal
susceptibilities display an unusual amount of anisotropy. Two of the data sets (one parallel and one
perpendicular to the chemical chain) have been fit to an Ising linear-chain model. A small
molecular-field correction significantly improved one of those fits. The a-axis susceptibility displays an
unusually sharp rise, with decreasing temperature, very close to T y along with the suggestion of a net
moment persisting below the transition. Thus, a Dzyaloshinsky—Moriya antisymmetric exchange
interaction was assumed to be operative, since it is symmetry alowed in this space group, and Moriya’s
molecular-field-susceptibility calculation was used to fit this data set. All four of the data sets are quite
reasonably described, the specific heat and one of the susceptibility sets within experimental error, by
the following set of parameters: rectangular lattice exchange parameters of J/k = (7.7 + 0.2)°K and
J'/k = (0.09 4 0.01) °K; spectroscopic splitting parameters of g, = 2.95 + 0.05, g, = 3.90 4- 0.01,
and g, =6.54 +0.01; and a Dzyaloshinsky-Moriya antisymmetric exchange parameter of ID/k|=(4.9 £0.2)

°K. Finally, a consistent spin structure is proposed in which the intrachain interaction is ferromagnetic
with the compound ordering antiferromagnetically below 4.135 °K such that there is a small net moment

in the a direction.

I. INTRODUCTION

The magnetic behavior of low-dimensional spin
systems has recently come under intensive study.
In most cases, the theoretical models describing
such systems have been solved only for spin-3.
For instance, the heat capacity of a two-dimen-
sional Ising lattice has been reported by Onsager!
and the parallel and perpendicular susceptibilities
of isolated one-dimensional chains have also been
determined. % Since Onsager’s solution of the
two-dimensional problem included the general case
of unequal magnetic exchange for the two directions
in the lattice, highly anisotropic nearly-two-di-
mensional compounds should be particularly inter-
esting materials for study. Most likely, the On-
sager solution could be used to describe their
thermal properties while a one-dimensional model
could probably still adequately explain their mag-
netic susceptibilities. Because Ising-like mag-
netic properties are often found for octahedrally
coordinated Co(II), which has an effective spin of
3 at low temperatures, chemically chained Co(II)
complexes with weak links between chains are
logical choices for such studies.

The crystal structure, single-crystal magnetic
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susceptibilities, and specific heat of just such a
material, [(CH;)sNH]CoCl;* 2H,0, are reported

in subsequent sections of this paper. The specific
heat of this new compound indicates that it behaves
magnetically as an anisotropic nearly-two-dimen-
sional spin system. At the same time, definite
one-dimensional properties are revealed in the sus-
ceptibilities measured along two of the crystallo-
graphic axes, while a novel form of magnetic be-
havior is inferred from measurements taken along
the third axis. Finally, from these results a con-
sistent spin structure for this compound is pro-
posed.

II. CRYSTAL STRUCTURE AND PREPARATION

Trimethylammonium catena-di-pu-chlorodiaquo-
cobalt (II) chloride, [(CHg);NH]CoCly* 2H,O, crys-
tallizes in the orthorhombic system, space group
Pnma (confirmed by this structure analysis) with
a=16.671(3) &, b="7.273(1) 4, and c =8.113(2) &
(T=24°C, Mioxa,=0.7093 A), V=986 A°, D,=1.77
+0.01 gecm™ (range found in a calibrated density
gradient tube) Z=4, D,=1.77 gcm™,

The single crystals of [(CH;)sNH]CoClg* 2H,0
used in this study were obtained by evaporating
an aqueous solution containing equimolar amounts
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TABLE I. (A) Fractional atomic coordinates in [(CH3)3NH] CoCl3 *2H,0. (B) Anisotropic thermal parameters.

(Parameters in these tables are shown with their estimated standard errors.)
(A)
X Y z
Co 0 0 0
cl, —0.09902(7) 0.25 0.00393(16)
Cl, 0.09807(7) 0.25 -0.06583(18)
Cl; ~0.08748(9) 0.25 0.49815(16)
Cy 0.1672(4) 0.25 0.4858(8)
C, 0.2266(3) 0.0803(6) 0.2530(6)
N 0.1825(3) 0.25 0.3068(6)
o 0.0227(2) 0.0373(4) 0.2496(3)
Hg, —0.013(3) 0.106(9) 0.305(8)
Hyy 0.461(3) 0.072(8) 0.795(7)
Hy, 0.222(4) 0.25 0.536(7)
Hy, 0.134(3) 0.136(7) 0.513(5)
Hyy 0.222(3) 0.063(8) 0.128(8)
Hyy 0.309(3) 0.019(6) 0.771(6)
Hyg 0.282(3) 0.058(8) 0.303(7)
Hy 0.153 0.25 0.246
(B)
By By, Bgs By, By; By;

Co 0.00094(3) 0.00260(15) 0.00253(12) 0.00017(4) -0.000174) —0.00036(9)
Cly 0.00177(5) 0.00805(23) 0.00895(21) 0 0.00021(7) 0
Cl, 0.00191 4) 0.00876(21) 0.00825(21) 0 0.00021(8) 0
Clg 0.00283(5) 0.01085(26) 0.00721(21) 0 0.00024(@) 0
Cy 0.0033(3) 0.0151(14) 0.0082(10) 0 0.0001(4) 0
C, 0.0027(2) 0.0122(8) 0.0134(8) 0.0006(3) -0.0004(3) —0.0034(7)
H 0.0019(2) 0.0107(9) 0.0078(7) 0 - 0.0009(3) 0
(o) 0.0028(1) 0.0098(5) 0.0065(4) 0.0009() 0.0000(2) —0.0003@4)

of [(CH;)sNH]Cl and CoCl,- 6H,0. They are rela-
tively stable and chemical analysis verified the
empirical formula given. The crystals grow as

TABLE II. Selected bond lengths and selected angles.
Selected bond lengths (&)

Co-0 2.078(3)

Co-Cly 2.4561(8)

Co-Cl, 2.5029(8)

Co—Cl, 4.665(1)

Cly—Hy, 2.27(6)

Clz—Hy, 2.25(7)

Co...Co 3.6366(7) along the chain.

Selected angles (deg)

Co-Cl1;—Co 95.52(4)

Co-Cly~Co 93.14@4)

ClL—-Co~Cl, 84.49@3) internal angle

95.51(3) external angle

0-Co-Cl 90.77(9) and 89.23(9)

0O-Co-Cl, 89.66(9) and 90.34(9)

HOl-O-CO 109

HOZ—O—CO 116

Hy;~0-Co 119

O~Hy;—Cl, 153

O-Hgy,—Cl4 166

prisms elongated along the b axis, usually bounded
by {201} and {100} and terminated by {011}. A
pronounced optical dichroism is observed in the
crystals when viewed along the a axis with polar-
ized light, so that with the electric vector ap-
proximately parallel to the ¢ axis the crystals are
blue colored. Viewed in any other direction under
polarized light the crystals remain violet/red.
Both the room-temperature and low-temperature
optical absorption spectra of these crystals are
strongly polarized.

A total of 1311 reflections, whose intensities
exceeded their own estimated standard deviations,
were collected using a Hilger and Watts four-cir-
cle automatic diffractometer and zirconium fil-
tered MoK« x radiation. These datawere collected
for two members of the form {rkl}, corrected for
absorption and averaged. The structure was
solved by normal methods and refined by full-
matrix least-squares procedures until the conven-
tional R factor was 5%. Every hydrogen atom was
clearly resolved in difference Fourier synthesis.

Cobalt atoms lie on crystallographic centers of
symmetry [special position (a)] and are coordinated
octahedrally to four chlorine atoms and two water
molecules. Although the point group of the co-
ordination center is strictly C;, it is quite close
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Co Co toDy. The octahedra share edges to form in-

FIG. 1.

T

Co

Co

Three-dimensional representation of the unit
cell of [(CH3)3NH]CoCl; *2H,0. For clarity, atoms bonded
to the Co atoms on the edges of cell are not shown.
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finite chains parallel to the crystallographicb (y)
direction. The fractional coordinates, anisotropic
thermal parameters, and some selected bond dis-
tances are presented in Tables I and II. A three-
dimensional representation of a unit cell is shown
in Fig. 1, where only one of the chains is shown
for clarity.

The cobalt atoms are 3. 637 A apart and linked
by bridging chlorine atoms designated Cl, and Cl,.
The trimethylammonium cations and the remain-
ing anionic chloride ions are found as interstitial
ions with Cl;, N, and C, all on the mirror planes
[special position (c)] as are Cl,, Cl, and two of
the hydrogen atoms.

In Fig. 2 the unit cell is projected onto the ac
plane and in Fig. 3 the bc plane projection of a
layer section of the structure (taken parallel to the
bc plane) is given. From these projections it is
obvious that each [CoCl,(OH,),] molecular unit is
tilted with respect to adjacent units. The dihedral
angle between adjacent CoCl, planes is 15. 58(6)°,
with the Cl,-Cl, vector approximately parallel to
the crystallographic a (x) axis, This angle of tilt
is in the same sense for corresponding pairs of
octahedra in nearest-neighbor chains (chains ad-
jacent along [001]), while it is in the opposite
sense in next-nearest-neighbor chains (chains
adjacent along [101]). The layer nature of this
compound is emphasized by the projection shown
in Fig. 3, since the trimethylammonium cations
clearly lie outside the layer used for that projec-
tion. In addition, there is clear evidence that
hydrogen bonds cross-link the polymeric chains

ocC

174

FIG. 2. Projection of the unit
cell of [(CHj3)3NH]CoClg+2H,0 onto
the ac plane. The height above this
plane of several of the atoms is in-
dicated. (All cobalt atoms are at
the same height.)

Qwa
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in the crystallographic ¢ (z) direction. The ani-
onic chlorine atom is located 1. 02 & above the
center of an approximately square planar ar-
rangement of hydrogen atoms with unique inter-
atomic distances Cly- Hg,= 2. 59(5) A and Clg- Hy,
=2.28(7) A. Thus this analysis has revealed the
detailed mode of coordination of the water mole-
cules to the cobalt ions through lone pairs of elec-
trons with the hydrogen atoms arranged tetra-
hedrally with respect to these bonds. Further
evidence that there are hydrogen bonds linking
the chains is provided by the fact that the bc plane
is a cleavage plane,

III. EXPERIMENTAL

Heat-capacity measurements on one single crys-
tal weighing 0. 7969 g were made in zero field using
techniques appropriate to adiabatic calorimetry.
Temperatures were measured using a calibrated
germanium resistance thermometer in a dc po-

O ClI @ Co

(- H20

FIG. 3. Projection of a portion of the crystal struc-
ture of [(CH3)3NH]CoCly *2H,0 onto the bc plane. The
portion used was a 3.33 A thick layer taken parallel to
the bc plane and centered about the cobalt atoms. The
dashed lines give the unit cell boundaries.

|oo

tentiometric circuit. Two runs were made, one
from 4 to 32 °K and the other from 2, 75 to 32 °K.
The results of these measurements are shown in
Figs. 4 and 5. In the temperature regions where
the two runs overlapped the reproducibility was
better than 3%.

Magnetic susceptibilities were measured from
1. 5 to 20 °K using a Cryotronics 17-Hz mutual -in-
ductance bridge and a Janis variable-temperature
stainless-steel Dewar. The measuring field has
been estimated to be less than 15 Oe. The pro-
cedures and techniques have been described else-
where. * The experimentally determined suscepti-
bilities measured parallel to the a, b, and ¢ axes
are shown over the entire temperature region in
Figs. 6 and 7. An expanded plot of their behavior
below 5 °K is given in Fig. 8.

Particular attention should be paid to the widely
different scales used to plot the data. Since the
range of the molar susceptibilities measured be-
tween 1. 5 and 20 °K covers more than three orders
of magnitude, several crystals of different size
had to be used for the measurements. The crystal
used for the b axis measurements weighed 0. 127 g
and data taken with it had a measurement uncer-
tainty of +0.004 emu/mole. This crystal was thor-
oughly dried immediately upon its removal from
solution and examined with a polarizing microscope
to ensure the lack of defects and pockets of oc-
cluded solution before careful orientation for mea-
surements. The effects of misorientation or of
imperfect crystallization in other samples is shown
in Fig. 9 along with the results given in Fig. 6. It
is apparent that the small spike occurring in those
data may still be the result of a very slight mis-
orientation or of slightly imperfect crystalliza-
tion.

The measurement uncertainty for the data taken
on the crystals used below 2. 5 °K and above 10 °K
in the @ and ¢ axes measurements is slightly larger,
+0.005 emu/mole. The crystal used to obtain mea-
surements of x . between 2. 5 and 10 °K weighed
0.23 mg. Because of the smallness of this crystal,
measurements made on it have an uncertainty of
+ 2 emu/mole. When the same crystal was used to
measure x,, nearly constant behavior between 2. 5
and 4. 3 °K was noted, with an abrupt decrease on
either side. When x, was measured using a crys-
tal about 30 times larger, with a correspondingly
smaller uncertainty in the measurements, some-
what similar behavior was noted, with the sharp
variation on the low temperature side occurring
at a higher temperature; however, no numerical
measurements could be taken from 3.0 to 4. 3 °K,
since in this region the susceptibility of this larger
crystal was beyond the range of the bridge. Since
the a axis of each crystal was easily identified
and oriented by use of well developed (100)
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faces, the likelihood that the differences in the

measurements are due to misorientation is neg-

ligible.

Although demagnetization effects may be large
for the orientations which exhibit large suscepti-
bilities, no attempt has been made to correct the
data due to the irregular shapes of the crystals
used.

]
4
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IV. RESULTS
A. Specific Heat

The experimentally determined heat capacity
shows a sharp \-type transition at (4.135+ 0. 006) °K
with a nearly linear dependence on temperature
from slightly above this temperature to approxi-
mately 10 °K. Below the transition temperature

[tcHz gNHICo Clz-2H,0

TEMPERATURE

(°K)

FIG. 5. Detailed representation of the heat capacity data for [(CHg)3;NH] CoCl; *2H,0 between 3 and 15 °K. The solid line
represents the lattice contribution.
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there is a dramatic decrease in the measured heat
capacity.

In evaluating specific-heat data it is first neces-
sary to account for the lattice contribution. An
analysis of the high-temperature data for
[(CH4)sNH]CoClg- 2H,0 shows that the lattice con-
tribution does not follow a simple 7° law as is
often assumed for lattice heat capacities. In fact,
the data indicate that the lattice more nearly fol-
lows a T? law. Therefore, in order to obtain the
lattice contribution, a corresponding states ap-
proach requiring the use of the heat capacity of a
diamagnetic material isomorphous to
[(CH,);NH]CoCL; - 2H,0 has been used.

Since such a material does not seem to exist,
the isostructural, although not isomorphous, ma-
terial [ (CH3);NH]CuCl; - 2H,O has been used instead.
Since the masses of copper and cobalt are quite
similar while the remainder of each molecule is
identical, the assumption of comparable vibra-
tional contributions from both compounds to the
entropy and to the heat capacity should be valid.
The heat capacity of [(CH;);NH]CuCls- 2H,0 has
been reported® from 1 to 32 °K. Above 5 °K, the
magnetic effects in this material are negligible
and the smoothed heat capacity data above this
temperature were used directly in the following
calculations. However, since the heat capacity

0.28r
0.2 4 KCHy)y NHICoCly- 2 H,0
~ Xporee
0.20
s 016 ) .
3 FIG. 7. Zero-field magnetic
E = susceptibility of [(CH3);NH]CoCls
2 orezr - *2H,0 measured parallel to the b
© , axis.
x ol
0.08
-
0.04}
0.00 1 1 | 1 1 1 | 1 1 1 | | 1 1 1 | 1 L1 1
0 2 4 6 8 10 12 14 16 18 20

TEMPERATURE (°K)
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FIG. 8. Magnetic susceptibilities measured parallel to the three crystallographic axes of [(CH3)3NH]CoCl; *2H,0 at
low temperatures. The steep rise of x, (O) and x. (+) near 2.3 °’K is evident. Additionally, although no data points were
taken, x, was observed to be constant between 1.5 and 2 °’K. Within the measurement uncertainty, x, (%) is also constant
in that region, while x, definitely is not.

begins to increase below 2 °K, indicating some lattice which is isostructural to that of
magnetic contributions to the measured heat [(CH,);NH]CoCl, - 2H,0.
capacity, the heat capacity below 5 °K of the “dia- Following Stout and Catalano’s corresponding-
magnetic isomorph” must be obtained by subtract- states approach, ® the entropy gain as a function of
ing from the total heat capacity the magnetic por- temperature for each compound has been used to
tion determined® from a fit of the data. These data obtain the lattice contribution to the heat capacity
thus furnish the specific heat of a nonmagnetic of [(CH4)sNH]CoCly* 2H,0. The procedure assumes

0.361 °

8

0.32} [(CHg)sNH]CoClge 2H,0

0.28¢+

0.24} o
3 ° FIG. 9. Magnetic susceptibilities
< ©.20f ° + o of three different crystals of
E ° e, [(CH3)3NH]CoCl; *2H,0 measured
2 0.16 | ° +* % parallel to the 4 axis. The three
@ ° . o data sets illustrate the effect of
2 o2t E *:'. St . '+',°'° C slight m.isoxjientation or of imperfect

o L+t + 4% & ., crystallization.
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that the lattice entropy gain S of isomorphous ma-
terials may be expressed by a common function ¢,
whose argument is the reduced temperature 7/6,
where 0 is compound dependent. For two com-
pounds, 1 and 2, at corresponding temperatures
T, and T,, it follows that if S;=S,, then ¢(T,/6,)

= T,/ 6,) and therefore T,/6,=T,/6, or T/T,
=6,/0,. This latter ratio is denoted as the cor-
responding states ratio . K the corresponding
states assumption is valid, » must be a constant.
In practice, 7 generally is not constant but rather
has a slight temperature dependence. If there is
a magnetic contribution to the total measured en-
tropy for one of the materials being compared,
this contribution must be subtracted from that
entropy before the corresponding states argument
may be applied and the resulting entropy used to
obtain the value of 7 relating the two compounds.
Since that contribution is generally unknown and
changing with temperature, the total expected mag-
netic entropy contribution must be subtracted in-
stead. As this will be an overestimate throughout
the region where there is a magnetic contribution
to the entropy, only becoming valid above that
region, it is to be expected that the » resulting
from a corresponding states calculation in that
region will not be constant. As the contribution
to the magnetic entropy approaches the total ex-
pected value, the value of » will exhibit the near-
constant behavior expected. The nonmagnetic
heat capacity determined for

[(CH,);NH]CuCl, - 2H,0, Cc,, and the measured heat
capacity of the cobalt compound have been used, re-
spectively, in the above corresponding states pro-

D. B. LOSEE et al. 8

cedure to determine 7 as a function of temperature.
The results are shown in Fig, 10 and the expected
near-constant behavior of 7 is seen to begin above
about 18 °K, In order to obtain valid values of 7 be-
low that temperature, » was assumed to be a linear
function of temperature, r=a+bT. A least-squares
fit of the data above about 18 °K resulted in values
of a=1,042 and b=-5,54x10", The lattice
contribution to the heat capacity of the cobalt com-
pound may then be obtained from

Cm(T) = Tigdl_;t(ﬂ
_ 1 dSe,(rT) d(rT)
. d(rT) aTt
=CeT)(a+2bT)/(@+bT) . (1)

The corresponding-states lattice heat capacity
for [(CH;)sNH]CoCly* 2H,0, shown as the smooth
line in Fig. 5, was thus subtracted from the mea-
sured heat capacity giving the magnetic contribu-
tion shown as a smooth line in Fig. 11, Taking
into account the accuracy of the data used to cal-
culate 7 and the uncertainty in the extrapolation of
7, it is estimated that the resulting magnetic con-
tribution to the heat capacity of
[(CH;);NH]CoCl, * 2H,0 is known to within 7%. Since
by 20 °K the magnetic contribution has dropped to
only 5% of the net measured specific heat, little
quantitative significance can be attached to the data
above this temperature.

As can be seen in Fig. 12, where the integral
S = J§ (Cmag/T')dT’ has been evaluated, only 8%
of the theoretical maximum entropy for a mole

1.05
T s e o * o _ S
.00 .
0.95 ¢
[(CH3)gNH]CoCly-2H,0
0.90F . FIG. 10. Experimentally determined
corresponding states ratio » vs tem-
perature for [(CH) 3sNH]CoCl; *2H,0.
0.851 The solid line represents the best
straight-line extrapolation used for
the lattice determination.
0.80
o7s} °
0.70 1 1 1 1 |
10 15 20 25 30 35

TEMPERATURE (°K)
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FIG. 11. Magnetic heat capacity
(solid line) of [(CHg)3sNH]CoCl;*2H,0
from 3 to 15 °K. The dashed line
represents the fit to Onsager’s equa-
tion as described in the text.

TEMPERATURE (°K)

of spin-3 Co? ions, R1In2, has been acquired at
the transition temperature. By 20 °K, 96% of this
maximum entropy has been acquired. Thus sub-
stantial short range order persists from 4. 135 °K
to well above 15 °K in this compound. This short-
range order is an indication of the lowered dimen-
sionality of the magnetic spin system.

Since the crystal structure analysis clearly
shows the compound to consist of sheets of cross-
linked infinite chains, the magnetic heat capacity
for [(CH;)sNH]CoCly - 2H,0 has been fit to Onsager’s
solution! for the heat capacity of an anisotropic
two-dimensional (anti-) ferromagnet, Onsager’s
expression for the partition function of the two-

dimensional lattice is

z=[2. 0sinh(2H)]'/ 2exp{ [fo' a(w)dw]/2m/ 2,
(2)

where

cosh[ a(w)]=[cosh(2H’)/tanh(2H)]

- [sinh(2H’)/sinh(2 H)] cosw, (3)

with H=J/kT and H’ =J'/kT, and where J and J’
are the nearest-neighbor exchange parameters of
the rectangular lattice. Since the heat capacity is
related to the partition function by

R In 2 T
L2 :
\
— 1
<« O} ,
° ‘.
5 osk | [(CHJNH] CoCly-2H,0
E \
> : FIG. 12. Magnetic entropy of
2 0.6 H [(CH3)3NH] 00013 '2H20 as a function
-~ ; of temperature. The dashed line
: 0.4 ! indicates the ordering temperature.
0.2} :
0.0 il 1 1 1 1 1 1 |
(o] 5 10 15 20 25 30 35 40

TEMPERATURE (°K)
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c,:a—ir (Nsz a(;—;z)), 4)

the heat capacity for a rectangular lattice is easily
calculated numerically. Heat capacities thus cal-
culated were fit to the experimentally determined
values using a least-squares procedure. All cal-
culations were performed in double precision on
the U.1.C.C. IBM 370/155.

A temperature region from 4. 2 to 15 °K was
used to fit the data. The values resulting from
this fit are |J/k |=(7.7+0.2)°K and |J'/k |
=(0.09+0.01) °K. The transition temperature T
these parameters predict may be calculated by a
numerical solution of the equation

sinh(2J/kTy)sinh(2J’/kT y)= 1. (5)

Although the value thus calculated, 4.05°K, is
slightly lower than that observed experimentally,
4. 135 °K, the agreement is quite satisfactory.

The fitted specific heat is shown in Fig, 11 as a
dashed line and although it is consistently low over
most of the fitted region, it is within the error
bounds except at the very highest temperature. It
should be noted that at the transition the experi-
mental specific heat does not rise above 3.4 cal/
mole °K, although the theory predicts it should
become infinite at that temperature. Further-
more, below the transition the calculated curve
decreases with decreasing temperature even more
quickly than observed experimentally.

A possible explanation for these observed dif-
ferences is the presence of additional, smaller
exchange interactions. Because the ratio of J’
to J is approximately 1 to 100, it is not unreason-
able to assume that in the temperature region above
the transition, where there is only short-range
order, these extra interactions will have little
effect. However, they should be expected to have
more of an effect below the transition where they
undoubtedly influence the long-range order.

B. Susceptibility

Although Co(II) in an octahedral environment
usually exhibits magnetic anisotropy, the single
crystal magnetic susceptibilities of
[(CH;);NH]CoCl; » 2H,0O show an exceptional anisot-
ropy, with dramatically different behavior of each
principal axis susceptibility. At 4.33 °K the sus-
ceptibility measured along the chemical chain is
approximately sfy of that measured perpendicular to
the chain along the ¢ axis, Slightly below this tem-
perature the principal axis susceptibilities undergo
abrupt changes. In addition, the easy and hard
axes are switched at the two extremes of the tem-
perature region investigated.

If the transition temperature is defined from the
susceptibility data as the point of maximum posi-
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tive slope, a value of T ,=(4.30+0. 03) °K is ob-
tained from the ¢ axis data, The difference be-
tween this value and that obtained from the heat
capacity measurements (4. 135+ 0. 006) °K, may be
due to the field of the measuring coil. Below
about 3 °K much of the anisotropy disappears. As
shown in Fig. 8, x, and x, remain constant with
decreasing temperature, while x. tends to zero.
At least in the lowest temperature region, the
susceptibility behavior appears similar to that of
an antiferromagnet in the ordered state, with x,
behaving as x, and x, and x, as x,.

However, it is obvious upon consideration of the
measured magnitudes of x, and x, at higher tem-
peratures that the transition occurring in this com-
pound is not a simple paramagnetic to antiferro-
magnetic one. This is further confirmed when the
Curie-Weiss equation, x=Ng?u% S(S+1)/[3%(T - 6)]
is used to fit the data in the temperature region
from 15 to 20 °K. In this restricted temperature
region each data set was fitted within the stated
experimental errors. The resulting values for the
parameters from the fits are listed in Table II.
The Curie—Weiss-determined g values tabulated
in Table III add to 14. 45, which is approximately
10% above 13, the value to which the g values as-
sociated with the ground doublet of Co® in an
octahedral environment should sum., ” Atypical
magnetic behavior is indicated by the signs of the
various 6’s. The &’s of the large susceptibility
directions have positive values, while the small di-
rection has the negative 6 usually associated with
antiferromagnetic exchange. This unusual behavior
is a reflection of the usual anisotropy of Co(II) com-
bined with the anisotropy of the crystal lattice,

Since the problem of calculating the suscepti-
bility of an anisotropic two-dimensional magnetic
system has not been solved yet, and since the heat
capacity results have indicated the exchange be-
tween the cross-linked chains in
[(CH;);NH]CoCl, - 2H,0 to be relatively small, the
susceptibility results have been fitted using equa-
tions based upon isolated, noninteracting Ising lin-
ear chains, The Hamiltonian?'® for a one dimen-
sional Ising system with a magnetic field in the xz
plane may be written

JC=_J‘Ejofof—ngon:_gquHan:° (6)
’ i i

I

TABLE III. Curie—Weiss fit in high~-temperature region
for [(CH3)3NH] COCla ’2H20.

g 8(°K)
Xa 3.31+0.05 1.32+0.05
Xb 3.59+ 0.05 -1.06+0.05
Xc 7.55+0.08 7.75+0.09
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Two cases must be considered. The Hamiltonian
resulting for H,=0 gives rise to the susceptibility®

Xe= (Ng2ul/arT)e??/*7 | (7)

For H,=0, the susceptibility calculated from Eq.
(6) i52.3

X= (Ng2u2/8 | J |)tanh( |J |/&T)

+(|J |/kT)sech?®( |J |/RT)]. ®)

Generally, when theoretical fits are attempted
on single crystal linear chain susceptibility data,
both of the above equations must be considered,
regardless of the direction of measurement of the
data. Note that the z axis, that is, the anisotropy
axis, may be determined if fits of mutually orthog-
onally measured data sets can be obtained by con-
sistent use of Eqs. (7) and (8).

When Eq. (7) was used to fit the susceptibility
measured parallel to the chemical chain, y,, a fit

40} 1

3o

Xqlemu/mole)
X, (emu/maote)

20

o 1 1
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within the stated error bounds from 6 to 20 °K re-
sulted with values of J/k=(2.22+0.01) °K and
£=4.08+0.01. However, an equally good fit of
the same data was achieved with Eq. (8) by using
|J/k | =7.7°K, the value determined from the heat
capacity data, and a g value of 3.90+0.01. Itis
particularly satisfying in the latter case to achieve
an excellent fit with an exchange constant from an
independent measurement. However, what is even
more gratifying is the observation that the ex-
change constant and g value also predict within
experimental error the behavior of x, below the
transition. This fit is shown over the entire tem-
perature region in Fig. 13. On the other hand,
the fitted values from Eq. (7) give neither quanti-
tative nor qualitative agreement with the experi-
mental values below the transition.

Similarly, for susceptibilities measured alongc,
a direction obviously perpendicular to the chemical
chain, it is found that only Eq. (7) with a positive
exchange constant generates values as large as

FIG. 13. Results of the best-fit
analyses (solid lines) of the three
principal axis magnetic suscepti-
bilities as described in the text.
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the observed susceptibility. Again, setting J/k
equal to the value from the heat capacity, 7.7 °K,
and varying g, qualitatively correct behavior from
4, 3 to 20 °K is achieved with g=6.54+0,.01. The
fit is considerably improved close to the transition
by including the effects of a molecular exchange
field®® along the ¢ axis, J':

X
= 9
Xe= - (220’ /Ng®ud)x, ’ (9)

with zJ’/k= (0. 17+ 0. 02) °K.

Although this fit, shown in Fig. 13, is not within
the stated error bounds, the fitted values are with-
in 12% of the measured values. This is quite good
agreement when the demagnetizing effects that
must be associated with these large susceptibility
values are considered. Additionally, it must be
noted that since the above molecular field calcula-
tion makes use of the susceptibility of linear chains
the number of nearest-neighbors parameter in that
calculation, z, refers to the number of nearest
linear chain neighbors to a given chain. Thus,
since there are two nearest-neighbor chains (along
the ¢ axis) for any given chain, J’/k=0. 085 °K,
in gratifying agreement with the heat-capacity re-
sult of |J’/k |=0.09 °K. Furthermore, the posi-
tive values of J and J’ determined above indicate
ferromagnetic coupling in both the b and ¢ direc-
tions. Also note that the use of Eq. (7) implies
that the spins are quantized along the ¢ axis and
that this is consistent with the susceptibility be-
havior at low temperatures, which implies that the
¢ axis is the easy axis.

Although the a axis is also perpendicular to the
chains in [(CH,);NH]CoCl;- 2H,0, data measured
along the axis cannot be fit using either Egs. (7)
or (8). A clue to the reason is given by tte be-
havior of x, below 4.3 °K. The region of large,
nearly constant susceptibility observed seems to
indicate the presence of a net moment along the
a axis. The differences between those regions in
the two a-axis data sets may be interpreted as
evidence of the field dependence of that net moment,
since the demagnetizing factors in the two sets of
measurements are probably quite different, owing
to the large difference in the sizes and shapes of
the samples used for the two sets of measurements,
thus creating different internal fields. The good
agreement of the two data sets above 4. 3 °K sup-
ports this view in that obviously misalignment can-
not be the cause of the differences.

Such behavior might well be expected for a canted
spin system which is weakly ferromagnetic. In
fact, behavior similar to that of x, in the paramag-
netic region has been predicted by Moriya. ! Using
a Hamiltonian of the form

Re=-J 2 S 8+ B, (S50
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+D 2 (S}S}- 8185 -gupH- 2§,  (10)
i, J

with a molecular field approximation, Moriya has
predicted a very sharp change in the temperature
variation of the paramagnetic susceptibility close
to T for a canted spin system. For a spin-3
linear chain the susceptibility measured along the
direction of the weak ferromagnetic moment should
be given by

x=Ng*u3(T - To)/[4R(T* - T3)] , (11)
where Ty and T are given by

Ty=- (J/2R) 1+ @/IP]V2, (12)

To=-J/2k. (13)

To avoid the usual poor prediction of the transi-
tion temperature by molecular field approximations,
T y may be set equal to the actual transition tem-
perature of 4. 30 °K. In that case

To=~Ty/[1+ (D/IF]M2, (14)

Thus Egs. (11) and (14) were used to fit the y,
data. The fit, which describes quite well the be-
havior of x, from 4. 3 to 20 °K, was achieved with
£,=2.95+0.05and |D/J |=0.64+0.02 [for J/k
=7.7°K, |D/k | then is equal to (4. 9+0,2) °K],
Although this fit, shown in Fig. 13, is not within
the stated error bounds, to expect otherwise would
be unreasonable since demagnetization effects have
been ignored and a molecular field approximation
has been used.

The parameters determined from the three sets
of susceptibility measurements are summarized
in Table IV. The g values resulting from the fits
of X, X», and x, sum to a value of 13. 39, which
is in excellent agreement with the prediction for
Co™ and is a considerable improvement over the
Curie-Weiss sum. Furthermore, it should be
noted that the anisotropy between yx, and yx, at low
temperatures is quite well predicted by using the
above g values in the low temperature limit® of
Eq. (8):

X:(0)=Ng?u3/8J . (15)

For J/k="17.7°K and the corresponding g values,

Xa and x, are predicted to be 0. 053 and 0, 093 emu/
mole, respectively. The measured values are

0. 056 and 0. 096 emu/mole, respectively.

V. DISCUSSION

Although the detailed spin structure of
[(CH3)3sNH]CoCly- 2H,O will not be known until
either neutron diffraction or NMR studies are
completed, it still is possible to postulate a rea-
sonable spin arrangement for this compound which
is completely consistent with the above results.

These results have revealed a highly anisotropic
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TABLE IV. Zero-field magnetic susceptibility results
for [(CHg)3NH]CoClg *2H,0.

Xa Xb Xe
Eq. 1), 14) 8) @), (9
J/k(°K) 7.7+£0.2 7.7£0.2 7.7+0.2
|D/J| 0.64+ 0.02
z2J '/k(°K) 0.17 + 0. 02
g 2.95+0.05 3.90+0.01 6.54+ 0.01

nearly two-dimensional spin system. This sys-
tem may be pictured as consisting of one-dimen-
sional chains of spins, chained along b, which

are weakly cross-linked in the ¢ direction. The
spins have essentially no b components and lie in
the ac plane. The coupling along each chain is
strongly ferromagnetic such that it causes spin
quantization nearly along ¢, perpendicular to the
chain direction. This coupling, taken with the
crystal symmetry, requires that the ¢ components
of spins in a given chain all be equal and parallel
to each other. Similarly, all of the a components
of a chain’s spins must be equal and parallel. The
b components, if any, must be equal and antiparal-
lel. Nearest interchain neighbor spins of near-
est-neighbor chains are aligned parallel to each
other. The nearest interchain neighbor spins of
next-nearest-neighbor chains most likely are
aligned such that their ¢ components are equal and
antiparallel, while their a components are equal
and parallel. The spin structure is most easily
pictured by considering that the spins are oriented
in some consistent manner with respect to the
0-Co-0 bonds of each [CoCl,(OH,),] unit, If the
a components of the spins are nonzero, such a
spin structure results in a weak ferromagnet, or
in other words, a canted antiferromagnet, with
canting and a net moment along a.

The above spin structure is not only supported
by the satisfactory fits of the data achieved, but
also by the presence of a net moment along a im-
mediately below Ty. In addition, this picture is
completely consistent with the crystal symmetry
which allows spin canting along a and hidden spin
canting along b. However, were such hidden spin
canting present, yx, would be expected to behave
much more like x, in the region slightly above Ty.
Then, below Ty, it would drop to a small value,
reflecting the necessary antiferromagnetic order-
ing along b, rather than remain constant as x,
does. Although there may be such behavior for a
very small interval, it more likely has resulted
from imperfect crystallization or misorientation,
If there is any hidden canting of spins along b, the
angle of the cant must be exceedingly small.

In any case, some interesting observations re-

garding the canting that the data clearly show should
be noted. The most notable feature of the canting,
as shown by the behavior of x,, is that the net
moment along a clearly disappears at low tem-
peratures. The disappearance is apparently grad-
ual and its rate varies between crystals. As
might be expected for such a gradual change, no
obvious corresponding anomalous behavior is ob-
served in the heat capacity data below Ty. Three
plausible explanations may be given. A spin re-
orientation may take place such that the magnetic
unit cell is increased in size in such a way that
the spins remain canted without any net moment
resulting. However, a heat capacity anomaly
most likely would be observed in this case. Pos-
sibly, a domain structure might explain the be-
havior. Or possibly the spins gradually line up
perfectly along ¢, or at least completely into the
bc plane. (The low temperature data still allow
a small amount of hidden canting along b.) A
fourth possibility could be that the behavior is a
result of an inability of the moments to respond
to the ac measuring field at lower temperatures.
However, the nearly constant nonzero behavior
of x, at the lowest temperatures (which was noted
to be consistent with the linear chain model used
as well as with the parameters determined in the
paramagnetic region) would seem to disallow this
possibility. Further experiments in a magnetic
field should be helpful in elucidating the situation.

Perhaps a better understanding of the disappear-
ance of the net moment would be possible if more
were known about the specific mechanisms involved
in the canting in this system. Single ion anisot-
ropy, ° antisymmetric superexchange!? and g value
anisotropy™!! all have been shown to produce spin
canting. Only the latter two cases are possibili-
ties here. If antisymmetric exchange is the cause,
and if the exchange interaction between next-near-
est-neighbor chains were known, it would be pos-
sible to calculate the angle of cant. Unfortunately,
the present data do not give the necessary informa-
tion. On the other hand, if the g value anisotropy
is the origin of the canting, then the approximate
canting angles may be calculated if the g tensor
principal axes and principal g values are known.
Assuming the principal g values are essentially
the same as the crystallographic g values with the
largest g value axis being the O-Co-O direction,
a cant angle of approximately 3° away from ¢
towards a and less than 0. 5° away from ¢ toward
b is predicted using the measured g values. Quite
possibly both effects contribute to the canting,
but further data are required for a detailed analy-
sis.

The spin structure within a given chain should
be compared with those of two other Co(II) com-
pounds which have similar chemical chains which
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FIG. 14. Comparison of polymeric cobalt chains: (a)
CoCl, * 2H,0; (b) [(CH3)3NH]CoClz - 2H,;0; (c)
CoCl,+ 2NCzH;. All angles marked but unlabeled are
approximately 90°, Bond distances are in A

are isolated to varying extents. The crystal struc-
tures of CoCl,- 2H,0 *2 and CoCl, " 2NC;sH;, ® like
that of [(CH,);NH]CoCl, - 2H,0, reveal polymeric
chains of (-CoCl,~-) units with either water or
pyridine molecules completing the distorted octa-
hedron. These polymeric chains are compared
in Fig. 14.

While there is no spin canting allowed in
CoCl, - 2H,0, this study has shown a canting be-
tween spins of next-nearest-neighbor chains pro-
ducing a weak ferromagnetic moment in
[(CH,),NH]CoCl, - 2H,0. Although symmetry allows
for spin canting in CoCl,+ 2NCsH;, such behavior is
not apparent from the powder susceptibility data.™

It has been established by Narath?® (from the
susceptibility and NMR results) that the intrachain
interaction in CoCl,- 2H,0 is ferromagnetic. The
susceptibility results for CoCl,- 2NC;H;* seem to
indicate that the intrachain interaction in that
material is also ferromagnetic, although much
more convincing proof could have been established
if a single crystal study had been performed. This
study has shown that the intrachain interaction in
[(CH,4);NH]CoCl;* 2H,0 is likewise ferromagnetic.
At least in this series of d” compounds which have
obvious = 90° Co-Cl-Co exchange pathways, Ander-
son’s superexchange theory, 16 which predictsthata
90° interaction pathway will favor ferromagnetic ex-
change, agrees with the experimental observations.

Although the magnitudes of the intrachain ex-
change for the members of this series do not ap-
pear to follow any obvious bond angle or bond dis-
tance correlation, the most trustworthy values for

|

the exchange constants (for CoCl,- 2H,0, J/k

=9. 3 °K"" and for [(CH,);NH]CoCl, - 2H,0, J/k
=17.7°K) do reflect the nearest-neighbor Co-Co
distances of 3. 55 A for CoCl,- 2H,0 ** and 3.64 A
for [(CHg)sNH]CoCly- 2H,0. The relative isolation
of chains in the two compounds is reflected in the
interchain exchange. A value of 4.1 °K is re-
ported" for that parameter in CoCl,- 2H,0, while
it is 0. 09 °K in [(CH;)sNH]CoCl, * 2H,0. It is like-
ly that the corresponding exchange constant for
CoCl, - 2NC;H; will be even smaller than that re-
ported herein for the trimethylammonium com-
plex. The heat capacity and susceptibility re-
sults on these compounds have essentially verified
the relative isolation of these chains, as indicated
by the observed transition temperatures. A transi-
tion at approximately 17 °K occurs for CoCl, - ZH-‘,O.18
From the present study, [(CH,);NH]|CoCl, 2H,0 has
been found to order at 4. 135 °K, while the com-
pound containing the most isolated linear chains,
CoCl,- 2NCsH;, orders at 3.17°K.™ These val-
ues, as well as the intrachain exchange in these
compounds are seen to be consistent with the actual
nearest interchain neighbor Co-Co distances which
are 5.6 A, 8.1 A, and 8.7 A, respectively.

VI. CONCLUSIONS

In conclusion, specific heat and susceptibility
measurements have shown that
[(CH,),NH]CoCl, * 2H,0 behaves as a canted highly
anisotropic, nearly two-dimensional spin system,
Although this is not the first canted chain to be re-
ported, since an antiferromagnetic arrangement of
spins in a canted linear chain has been reported!®
for CsCoCl; - 2H,0, it is the first linear-chain ma-
terial for which canting has been observed along
with ferromagnetic intrachain exchange. The ap-
parent low dimensionality and clear Ising-like
qualities should considerably simplify theoretical in-
terpretations of future experiments on this compound.

This fact along with the stability of the material
and the ease of growing large single crystals with
well-defined characteristics make
[(CH,;),NH]CoCl; 2H,0 an ideal material for exten-
sive study, especially since it is a member of an
entire series of compounds which all display simi-
lar magnetic properties, The magnetic properties
of the other members of this series, which has the
general formula [(CH,),NH]MX, * 2H,0 (where
M=Mn, Ni, Co, Cuand X=Cl, Br), will be re-
ported elsewhere.
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