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Magnetic susceptibilities, specific heat, and crystal structure of four S =3 /2,

three-dimensional antiferromagnets
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Peter B. Hitchcock, Kenneth R. Seddon, and Jalal A. Zora

Cheng Gang and Klaas Kopinga
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(Received 17 October 1989)

The zero-field, ac magnetic susceptibilities of single crystals of four S =% trigonal salts contain-
ing the tris(1,2-diaminoethane)chromium(III) cation, [Cr(en);]’", and heat-capacity measurements
on one of them, [Na(OH,)][Cr(en);],Cl;, are reported. The crystal structures of two of them,
[Na(OH,)¢][Cr(en;],Cl; and [Na(OH),)s][Cr(en);],Br¢Cl, have been determined. They both belong
to the trigonal P3¢l space group, with @ =11.513(2), ¢ =15.566(6) A; Z =2; and a =11.740(5),
¢ =16.008(9) ;\; Z =2, respectively, and contain discrete octahedral hexaquasodium (1) cations.
The salt [K(OH,)¢][Cr(en);],Cl; appears to be isomorphous with its sodium analog, and
[Cr(en);]Cl15-3H,0 belongs to the same space group. The magnetic measurements on the four salts
extend over the temperature interval 60 mK to 4.2 K, and antiferromagnetic ordering is found in all
of them. The zero-field-splitting energy is of the same order of magnitude as the magnetic exchange
energy. The susceptibility data have been fitted with the parameters 2D /kz=—0.091(8) K,
8,=1.994, g, =1.988, and zJ/ky=—0.061(2) K for [Cr(en);]Cl;-3H,0; 2D /kz= —0.058(8) K,
8,=2.01, g,=2.00, and zJ/kg=—0.068(4) K for [Na(OH,)][Cr(en);],Cl;; 2D /kp = —0.060(8)
K, g,=1.993, g,=1.951, and zJ/kz=-—0.046(4) K for [K(OH,)][Cr(en);],Cl;
and 2D/kpz=+0.064(8) K, g;=2.001,¢g,=1.991, and zJ/kz=-—0.0664) K for
[Na(OH,)¢][Cr(en);],Br¢Cl, where longitudinal (||) and transverse (1) refer to the unique threefold
crystallographic axis. The ordering temperatures are 0.124(5), 0.116(5), 0.093(5), and 0.112(5) K, re-
spectively. The easy axis for the chloride compounds lies parallel to the longitudinal axis, whereas
the easy axis for the bromide lies in the transverse plane. Heat-capacity measurements on
[Na(OH,)¢][Cr(en);],Cl; confirm that magnetic ordering takes place at 0.112(5) K. The heat-
capacity curve and magnetic entropy calculations agree with the three-dimensional character of the
ordering of an S = %, effective bcc magnetic lattice.

1 JULY 1990

School of Chemistry and Molecular Sciences, University of Sussex, Falmer, Brighton BN1 9QJ, United Kingdom

I. INTRODUCTION

Very few superexchange-coupled chromium (III) anti-
ferromagnets are known. One reason for this is that the
exchange is often so weak that ordering takes place only
at very low temperatures. One example is provided by
Cs,CrCl;-4H,0," which orders at 185 mK. Recent at-
tempts to raise the ordering temperature to a more ac-
cessible region have revolved around the preparation
and study of bimetallic compounds such as
[Cr(NH,)4][Cr(CN)¢].2 This material orders (ferromag-
netically) at 600 mK, which admittedly is not much of an
increase.

In continuing our studies on chromium salts,
which interest us because they exhibit the intermediate
spin value of S=32, we have prepared single-crystal
samples of [Cr(en);]Cl;-3H,0 (en=1,2 diamino-
ethane; NH,CH,CH,NH,), [Na(OH,)¢][Cr(en);],Cl,,
[K(OH,)¢][Cr(en);],Cl;, [K(OH,)4][Cr(en);],Cl;, and
[Na(OH,)¢][Cr(en);],BreCl. Salts of the [Cr(en);]*" cat-

42

ion have been recognized for a long time,* although the
double salts reported here are novel, and there has been
no previous investigation of their magnetic properties at
low temperatures. We use the notation such as
[Na(OH,)¢] [Cr(en);],Cl;, rather than the more common
[Cr(en);]Cl;-0.5NaCl-3H,0 in order to emphasize that
the water is coordinated to the alkali metal ion, as dis-
cussed in the following. An earlier report* on the suscep-
tibility of a polycrystalline sample of [Cr(en);]Cl;-3H,0
suggested that the Weiss constant was —4 K, which
would be suggestive of strong exchange, but the measure-
ments did not extend below 85 K. Chromium (III) has a
*4, ground state with an axial crystal-field splitting of
2D/kg; the sign of D determines whether the ground
state is the [£1) or [£2) doublet.

The crystal structure of [Cr(en);]Cl;-3H,0 has been
reported.” The system is trigonal with space group P3c1
with four formula units in the unit cell. The compound is
composed of discrete, six coordinate D; [Cr(en);]** cat-
ions and chloride ions linked by hydrogen bonds. There

665 ©1990 The American Physical Society
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are four such cations per unit cell, and each one has its
trigonal axis parallel to the hexagonal c axis of the unit
cell. The waters of hydration are also linked to each oth-
er by hydrogen bonds, but no bonds exist between the
complexes and the water molecules. The water molecules
are located in channels parallel to the ¢ axis at random
sites. They create a randomly varying electric field over
the [Cr(en);]** ions. It has been found from the electron
paramagnetic resonance (EPR) spectra’ that this field
gives rise to a zero-field splitting that varies in magnitude
and in the orientation of its principal axes. The amount
of water of hydration is variable and the crystal
can be completely dehydrated at 120°C with no change
in the unit cell. The crystal structure of
[K(OH,)¢][Cr(en);],Cl; does not appear to have previ-
ously been reported, but single crystals appear to be simi-
lar in habit to the previous sample and the powder
diffractogram indicates it to be isomorphous. The water
content also appears to be variable. We report here the
crystal structures of [Na(OH,)¢][Cr(en);],Cl; and
[Na(OH,)¢][Cr(en);],BrsCL

An EPR investigation® of [Cr(en);]Cl;-3H,0, diluted
by the diamagnetic cobalt analog, yielded the following
results, the isotropic g value is 1.9900(4) and |D|=0.036
cm™!, that is, [2D/kg|=0.1 K. The rhombic E
term is zero, as anticipated for the threefold point
symmetry of the chromium positions. We present
magnetic-susceptibility data for [Cr(en);]Cl;-3H,0 and
[Na(OH,)¢][Cr(en);],Br¢Cl on the parallel and per-
pendicular direction to the trigonal axis from 60
mK to 42 K. In the other two compounds,
[Na(OH,)¢][Cr(en);],Cl, and [K(OH,)¢][Cr(en);],Cl, the
measurements below 1 K have been pursued only in the
parallel direction. Each of the compounds has a small
zero-field splitting which is comparable in magnitude to
the exchange interaction. The compounds are three-
dimensional, S =2 antiferromagnets. The heat capacity
of [Na(OH,)¢][Cr(en);],Cl, confirms the existence of the
magnetic transition.

II. EXPERIMENTAL

A. Synthesis

The sample of [Cr(en);]Cl;-3H,0O was prepared ac-
cording to the established literature method.” Single crys-
tals were obtained by evaporation of an aqueous solution
containing a few drops of hydrochloric acid. Chemical
analyses (Found: C, 18.02%; H, 7.80%; N, 21.25%; Cl,
27.28%. Calculation for C¢H;,Cl;CrN¢O;: C, 18.3%, H,
7.7%; N, 21.4%; Cl, 27.1%).

[Na(OH,)¢][Cr(en);],Cl; was prepared as follows:
Solid sodium chloride in a 6:1 (Na:Cr) molar
ratio was added to a solution of tris(1,2
diaminoethane)chromium(III) chloride trihydrate in wa-
ter at 60°C. Upon cooling, orange crystals of the product
separated from solution, which were collected by filtra-
tion, and recrystallized from water. The final product
was collected by filtration, washed with ethanol and then
diethyl ether and finally air-dried. Chemical analyses

(Found: C, 17.22%; H, 7.08%; N, 19.97%; Cr, 11.85%;
Cl, 28.51%. Calculated for C;,H¢,Cl,Cr,N;,NaO4: C,
17.07%; H, 7.16%; N, 19.91%; Cr, 12.3%; Cl, 29.4%).

Note that [K(OH,)4][Cr(en);],Cl4 and
[Na(OH,)¢][Cr(en);],Br¢Cl were prepared as for
[Na(OH,)¢][Cr(en);],Cl; except that sodium chloride
was replaced by potassium chloride and sodium bromide,
respectively. Chemical analyses (Found for the first: C,
16.36%; H, 6.70; N, 19.26; Cr, 11.51%; Cl, 29.04%.
Calculated for C,,H¢Cl,Cr,K N;,0q: C, 16.74%; H,
7.02%; N, 19.54%; Cr, 12.09%; Cl, 28.85%.
Found for the second: C, 13.36%; H, 5.59%; N,
15.48%; Cr, 9.23%; Br, 43.44%. Calculated for
C,,HgBr CICr,N,;NaO4:C, 12.97%; H, 5.45%; N,
15.13%; Cr, 9.36%; Br, 43.17%.)

B. Crystallography

All crystallographic measurements were made with
graphite-monochromated Mo-Ka radiation (1=0.71069
A) and an Enraf-Nonius CAD4 diffractometer. The data
were collected in the 0-20 mode, with

A6=[0.8+0.35tan(0)]°

and a maximum scan time of 1 min.

C. Determination of the crystal structure
of [Na(OH, )¢][Cr(en);],Br¢Cl

Crystal data: C;,H¢,Br¢CICr,N;;NaO¢, formula
weight FW=1110.6, trigonal, a=11.740(5),
c=16.008(9) A; V=1910.7 A3 Z=2; D, .=1.93
gcm ™3, F(000)=1100; u(Mo K a) 69.0 cm ™ !; space group
P3cl.

A total of 2309 reflections were measured for
2°<0<25 and +h—k+1. There was no crystal decay.
An absorbtion correction (maximum 1.26, minimum
0.70) was applied using DIFABS (Ref. 8) after isotropic
refinement. After averaging symmetry related reflections
(R;,; =0.034), 870 unique reflections with |F?|>o(F?)
were used in the final refinement, where

o(F?)=[aXI)+(0.04I)2]'/2/Lp .

The structure was solved by routine heavy atom
methods and refined by a full matrix least-squares
method, with nonhydrogen atoms anisotropic. Hydrogen
atoms were omitted. The weighting scheme was
w=0"%F), and the final residuals were R =0.062 and
R’'=0.068. A final difference map was featureless. Pro-
grams from the Enraf-Nonius SDP-Plus package were
run on a PDP I} computer.

D. Determination of the crystal structure
of [Na(OH2 )6][Cr( en )3 ]2C17

Crystal data: C,,H¢Cl,Cr,N;NaOg;, FW =843.8, tri-
gonal, a=11.513(2), ¢ =15.566(6) A; V'=1786.7 A;’
Z=2; D, =1.57 gcm ™3 F(000)=884; u(Mo-Ka) 11.8
cm ! space group P3cl.

A total of 2349 reflections were measured for
2°<0<25° and +h —k +1. There was no crystal decay,
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and no absorption correction was applied. After averag-
ing symmetry related reflections (R;, =0.030), 799
unique reflections with |F2| > o (F?) were used in the final
refinement, where

o(F?)=[o¥1)+(0.041)*1'?/Lp .

The structure is isomorphous with that of
[Na(OH,)¢][Cr(en);],Br¢Cl, and refinement by full ma-
trix least squares was started from coordinates from that
structure. Hydrogen atoms were located on a difference
map and refined isotropically; all other atoms were aniso-
tropic. The weighting scheme was w =¢ ~%(F), and the
final residuals were R =0.032 and R'=0.033. A final
difference map was featureless. Programs from the
Enraf-Nonius SDP-Plus package were run on a Micro-
Vax computer.

E. Magnetic-susceptibility measurements

The susceptibility of zero applied field was measured as
earlier.’ The crystals were oriented by microscopy. The
crystals are uniaxial and the zero-field susceptibility was
measured parallel and perpendicular to the unique axis;
to prevent confusion, these are referred to as the longitu-
dinal and transverse susceptibility, respectively.

F. Heat-capacity measurements

Heat-capacity measurements were performed on small
crystals of [Na(OH,)¢][Cr(en);],Cl; in the temperature
region 0.08 < T <0.9 K. The calorimeter consisted of a
sapphire disk with a diameter of 10 mm and a thickness
of 50 um, to which a thermometer and a heater were at-
tached. As a thermometer we used a small piece of a
thick-film resistor (Philips RC-01), whereas the heater
consisted of a chromium film, evaporated on the sapphire
disk. Electrical connections were made by superconduct-
ing Nb wires with a diameter of 50 um and a length of
approximately 2.5 cm. These wires were attached to a
copper ring, in which the calorimeter was suspended by
thin nylon wires. This ring acted as a heat sink, and was
connected to the mixing chamber of a dilution refrigera-
tor.

III. RESULTS AND DISCUSSION

A. Synthesis

Tries(1,2diaminoethane)chromium(III) chloride trihy-
drate, [Cr(en);]Cl;-3H,0, was prepared according to Gil-
lard and Mitchell,” and the method was found routine
and trouble free. However, all attempts to prepare the
analogous bromide, [Cr(en);]Br;-3H,0, by the method of
Rollinson and Bailar® were unsuccessful. Their method
consists of adding solid sodium bromide to an aqueous
solution of [Cr(en);]Cl; in a 6:1 (Na:Cr) molar ratio (de-
scribed as a 100% excess of NaBr), which is purported to
instantly yield crystals of the less soluble bromide analo-
gue, reported as the tetrahydrate, [Cr(en);]Br;-4H,0.
The product indeed analyses well for this formulation,

but x-ray crystallography (vide infra) reveals the
product to be a double salt, [Na(OH,)¢][Cr(en);],Br(C],
a formulation which also fits the microanalytical data
well. Incomplete exchange in metathetic reactions is a
common phenomenon, and so this result is not
too surprising, with hindsight. However, the identity
of the other two salts reported by Rollinson and Bailar,’
[Cr(en);]15-H,0 and [Cr(en);][SCN];-H,0, must now be
considered unproven.

Recognition of the
[Na(OH,)¢][Cr(en);],BrgCl allowed the preparative
method to be adapted to the synthesis of both
[Na(OH,)¢][Cr(en);],Cl; and [K(OH,)¢][Cr(en);],Cly,
and clearly a much wider range of double salts could be
prepared, if required.

true nature of

B. Crystal structures of [Na(OH, )¢][Cr(en);],BrCl
and [Na(OH,)¢][Cr(en);],Cl,

The fractional atomic coordinates and principal bond
lengths and bond angles for each structure are given in
Table I-1III. Clearly, the bond parameters in the chloride
structure are much better determined than those in the
mixed halide salt.

The unit cell of the mixed halide salt,
[Na(OH,)¢][Cr(en);],Br¢Cl, is shown in Fig. 1. The
[Na(OH,)]* and Cl~ ions alternate along the ¢ axis of
the crystal, with the chloride ion on a site of 3 symmetry,
and the [Na™] cation on a site of 32 symmetry. The
[Cr]** cations lies on the threefold rotation axes at x =1,
y =%, and x =%, y =1, and the bromide ions are in gen-
eral positions. [Na(OH,)¢][Cr(en);],Cl; shows the same
site relationships, except that chloride ions, CI(1), are
found in general positions, and the unique chloride, Cl(2),
is found on the c axis on a site of 3 symmetry.

The structure of the [Cr(en);]** cation in these struc-
tures is unremarkable, and is very similar to that
found in the structures of [Cr(en);]Cl;-3H,0,’
[Cr(en);]Br;-6H,0,'° and [Cr(en);][Co(en);][SCN];. "°
Of more interest is the observation of discrete
hexaaquasodium(I) cations, which have only been charac-
terized in the solid state infrequently. Thus, in trisodium
fructose 1,6 diphosphate octahydrate, the two indepen-
dent [Na(OH,),]* cations show ANaO) at 2.41(3)
and 2.42(6) A;'" in sodium sulfate decahydrate, the

TABLE 1. Fractional atomic coordinates (X 10*) for
[Na(OH,)¢][Cr(en);]Br,Cl with estimated standard deviations n
parentheses.

x y z

Cr 3333 6667 3799(2)
N(1) 1818(7) 6566(7) 3069(5)
N(2) 2941(7) 7906(7) 4530(5)
C( 1691(8) 7803(9) 4241(7)
C(2) 1653(9) 7720(9) 3289(7)

Br 4875.0(10) 1042.(10) 3749.9(7)
Cl 0 0 5000

Na 0 0 2500

O 1930(8) 875(9) 3443(6)
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TABLE II. Fractional atomic coordinates (X10*) for
[Na(OH,),][Cr(en);],Cl; with estimated standard deviations in
parentheses.

x y z

Cr 3333 6667 3820.5(3)
N(1) 1795(2) 6546(2) 3080(1)
N(2) 2925(2) 7920(2) 4561(1)
C(1) 1662(2) 7816(2) 4258(1)
C(2) 1609(2) 7689(2) 3299(1)
CI(1) 4864.7(6) 1008.2(5) 3748.7(3)
Cl(2) 0 0 5000

Na 0 0 2500

O 1984(2) 865(2) 3428(1)

two independent [Na(OH,)s]™ cations show FNaO)
at 2.43(3) and 2.43(2) A;' and in sodium tetraborate
decahydrate, the two independent [Na( 0H2)6] cations
show ANaO) at 2.40(1) and 2.43(2) A." In con-
trast, in the slats [Na(OH,)¢][Cr(en);],Br¢Cl and
[Na( OH2)6][Cr en);],Cl;,, 7AANaO) is at 248(1) and
2.454(2) A, respectively; the coordination geometry cor-
responds, as expected, to octahedral, with the bond
lengths being at the upper end of the range of previously
observed values {F(NaO);,=2.42 A}. The structure of

TABLE IIL Intramolecular distance (A) and angles (°) in (I)
[Na(OH,)¢][Cr(en);],BrsCl, and (II) [Na(OH,)¢][Cr(en);],Cl,,
as compared with (IIT) [Cr(en);]Cl;-3H,0, with estimated stan-

dard deviations given in parentheses. The footnotes (a)—(f) are
symmetry elements.

I II IIT (Ref. 5)

(a) Bonds
Cr—N(1) 2.082(10) 2.059(2) 2.075(3)
Cr—NI(2) 2.090(10) 2.076(2) 2.084(3)
N(1)—C(2) 1.503(16) 1.475(4) 1.463(5)
N(2)—C(1) 1.485(14) 1.475(3) 1.482(5)
C(1)—C(2) 1.526(16) 1.498(3) 1.518(5)
Na—O 2.478(9) 2.454(2)
(b) Angles

N(2)—Cr—N(2)* 91.7(3) 92.17(7)
N(1)—Cr—N(1)* 91.6(3) 91.71(7)
N()—Cr—N(Q2)° 171.8(3) 172.04(7)
N(1)—Cr—N(2) 82.7(3) 82.62(8) 82.5(1)
N(1)—Cr—N(2)* 94.5(3) 94.03(6) 94.6(1)
N(@2)—C(1)—C(2) 108.2(9) 108.5(2) 108.5(3)
Cr—N(2)—C(1) 108.7(6) 108.8(1) 108.5(2)
Cr—N(1)—C(2) 108.0(6) 108.3(1) 108.7(2)
N(H)—C(2)—C(1) 106.1(9) 107.5(2) 107.3(3)
O—Na—O°¢ 86.7(3) 86.53(8)
O—Na—O0¢ 90.0(4) 88.88(7)
O—Na—O¢ 96.7(3) 96.12(6)
O—Na—Of 175.2(4) 173.14(8)

1=y, 1+x —y,z
by —x,1—x,z.

C=px—yz
d N
XY, 7V 7
e 1
,vaq z

f 1
—X,y—X,5 "z

FIG. 1. The unit cell of [Na(OH,)s][Cr(en);],Br¢Cl. The hy-
drogen atoms are not represented.

[Na(OH,)s]" found here appears to be the least per-
turbed (by hydrogen bonding) of any of those reported.

The structures of the four compounds studied here
consist of trigonally distorted [Cr(en);]*" ions, with all
the molecular trigonal axes parallel to the crystallograph-
ic ¢ axis. The halide ions are relatively isolated, and con-
nected to the (1,2 diaminoethane) groups by N—H - - - Cl
hydrogen bonds. The water molecules are all found to be
octahedrally coordinated to the alkali metal ions.

In order to study the superexchange interaction of the
magnetic ions we have to analyze the spatial distribution
of the transition-metal ions and the pathways connecting
them. From the crystal symmetry and the cell dimen-
sions of the salts, the chromium(III) cations are observed
to form an almost hexagaonl closed-packed (hcp) lattice.
The ¢ dimension is contracted to a c/a ratio of close to
1.35, instead of the ideal value 1.63 for hcp, which gives
each chromium(III) cation eight nearest neighbors at al-
most the same distance, close to 8 A. The chromium ions
are connected through hydrogen-bonded halogen ions in
long superexchange paths Cr—N—H - - X - - - H—N—
Cr, with X=Cl or Br. As a consequence of the long dis-
tances and the number of intervening atoms we expected
to have a very weak magnetic exchange interaction. The
water molecules do not participate in these bonds, and
they form hydrogen-bonded channels by themselves, or
as hexaquo alkali complexes. This independence explains
the high hygroscopicity of the compounds.

C. Magnetic-susceptibility and heat-capacity results

The experimental susceptibility data are illustrated in
Fig. 2 along with fitted curves to be described in the fol-
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FIG. 2. The longitudinal (circles) and transverse (squares) susceptibilities of single crystals of [Cr(en);]Cl;-:3H,0, (a) ;
[Na(OH,)4][Cr(en);],Cl;, (b); [K(OH,)s][Cr(en);],Cl;, (c); and [Na(OH,),][Cr(en);],Br,Cl, (d). The continuous lines represent the

fits for exchange-corrected paramagnetism [Egs. (1)-(3)].

lowing. It is clear from the data that all the compounds
order as antiferromagnets; furthermore, no absorption
was observed in the out-of-phase signal. The ordering
temperatures are below 0.15 K in all the compounds as
seen in Table IV, with T, taken from the point of max-
imum slope in the longitudinal data sets. With such low
transition temperatures, it is apparent that the exchange
constant is comparable in magnitude with the zero-field
splitting. Since such a situation was also found earlier!

with Cs,CrCls-4H,0, the method of analysis presented
there was followed.

Generally, the heat-capacity measurements were per-
formed by the so-called relaxation time method. Because
of the increasingly large relaxation times at lower temper-
atures, successively smaller samples had to be used (about
10, 2, and 0.35 mg). At the lowest temperatures, we had
to resort to adiabatic calorimetry. The typical error in
the determination of the heat capacity amounted to 5%.



670 K. E. MERABET et al. 42

TABLE IV. Transition temperatures derived from the experimental susceptibilities, and exchange
constants, zero-field splittings and Landé factors derived from the fittings of the experimental measure-

ments to Eqgs. (4) and (5).

T.(K) 27 /k(K) 2D /k5(K) g g
[Crlen);]Cl;-3H,0 0.124(5) —0.061(2) —0.091(8) 1.994 1.988
[Na(OH, )]Cr(en);]Cl, 0.116(5) —0.068(4) —0.058(8) 2.01 2.00
[K(OH,)s][Cr(en);]Cl, 0.093(5) —0.046(4) —0.060(8) 1.993 1.951
[Na(OH,),][Cr(en);]BrCl 0.112(5) —0.066(4) +0.064(8) 2.001 1.991

The data were corrected for the contribution of the emp-
ty sample holder, that was measured in a separate run,
and amounted to 0.5-20 % of the total heat capacity.
The data obtained on the various samples are plotted in
Fig. 3. For clarity, the experimental heat capacity above
0.2 K, multiplied by a factor of 10, is also depicted.

The paramagnetic susceptibilities of a * A, state with
zero-field splitting 2D /kp are well known'® and are
found as

e Ngtuy | 1+9exp(—2D /kgT)
X1 ™ 4k, T | 1+exp(—2D /kzT) |’

(1)

xP=(Ng2ul /ky T)[1+exp(—2D /kpT)] ™!
+(3Ng2u} /4D ))tanh(D /kgT) . )

When the exchange interaction can be considered a
small perturbation on the paramagnetic Hamiltonian,
|J| << |D|, exchange effects may be accounted for in the
usual molecular-field approximation as

X =xf[1—(2zJ /NgHxF171, 3)

where i =|| or L.
When both |D| and |J| are much smaller than kg T, the
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FIG. 3. Heat capacity of various samples of

[Na(OH,)¢][Cr(en);],Cl;. The sample indicated by an asterisk
has been measured by adiabatic calorimetry(see the text).

linear approximations to Egs. (1) and (2), corrected for
exchange effects, are found as

X, =(Ngtpuk /3kg T){ 2 +[(2)2] /kp)—3D /kgl(1/T)}>
@)
X, =(Ngiu} /3kp T){ 3 +[(2)z2] /ky+3D /2kg(1/T)]}
(5)

Note that plots of y,; T vs 1/T should be linear at high
temperatures. These plots for the four compounds are
shown in Fig. 4. Straight lines are indeed obtained at
high temperatures. The values of the parameters were
obtained graphically, since the g values can be obtained
from the intercepts of each of the lines, while the values
of D and J may be found from the slopes of the lines.
The resulting g values for [Cr(en);]Cl;-3H,0 are 4%
lower than the experimental EPR average value, assum-
ing the stated water content. The microanalysis of the
powder suggests it to be the trihydrate, but the crystal
has been grown from aqueous solution and the structure
can admit additional water molecules that would account
for the low values of g. Therefore, the susceptibility data
for this compound has been scaled with a common factor
to fit with the experimental EPR value.® The resulting
parameters for the exchange constant zJ/kp the zero-
field splitting, 2D /kp and the Landé factors, g, and g,
are given in Table IV.

The parameters agree well with the EPR results on
[Cr(en);]1Cl1;-3H,0, but these measurements also yield
the sign of D. The zero-field splitting is of the order of
that observed in other compounds.!* The major
difference between the chloro and bromo compounds is
the change in the sign of the zero-field-splitting parame-
ter between them. This has significance for the different
ordering which the two compounds undergo, as discussed
in the following. The exchange constants are small and
antiferromagnetic in sign.

With these parameters in hand, the data was then plot-
ted the data over the whole temperature range along with
the theoretical curves for exchange-corrected paramagne-
tism, Eq. (3). The only small change in the para-
meters which was required in order to make the best
fit was found with the exchange constant for
[Na(OH,)][Cr(en);],Br¢Cl. In this case, zJ/kg
=—0.074 K was needed. These plots are found in Fig.
2, and it can be seen that the curves fit the experimental
data quite well at temperatures down to close to the max-
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FIG. 4. Experimental susceptibilities of the four compounds above 1 K plotted as x-T vs 1/T. Longitudinal susceptibilities are
represented with circles and transverse susceptibilities with squares. The linear fits to Eqs. (4) and (5) in two directions provide the

parameters as listed in Table IV. (a)
[Na(OH,)¢][Cr(en);],Br¢Cl.

imum of the susceptibility (7, ). This kind of approach
would be justified when the exchange interaction is a
small perturbation on the crystal-field energy levels.

The parameters J and D are of comparable magnitude
in the compounds under discussion. These terms should
be introduced together in the interacting Hamiltonian
and treated at a comparable level. But such a problem
has not been solved and our data analysis is bounded by
this limitation.

An estimation of the possible errors in the calculated
values of the susceptibilities can be given by following the
opposite approach. That is, one can take the exchange
interaction as the dominant one, and treat the zero-field
splitting as a small perturbation. In this case, we used
the high-temperature series expansion prediction for a
Heisenberg antiferromagnetic interaction on a bcc lattice
with §=2 for which seven terms are known."> In order
to improve the convergence of the series and increase the
range of temperatures for which the expansion is valid,
Padé approximants were applied to the direct series and

[Cr(en);]Cl;3-3H,0; (b)

[Na(OH,)¢][Cr(en);],Cl;; () [K(OH,)6][Cr(en);],Cl;; (d)

to the transformed susceptibility series (x)'/7. The
three-dimensional critical exponent ¥ =1.405 was taken.
The susceptibility is then given by
_ Ng?ujS(S+1)P/Q)
- 3k, T

) (6)

where
P=1—56.000388 K—448.0661 K*+2021.85165 K3

and
Q=1—70.235264 K+350.76412 K2 8139.45679 K?

—19019.872 K*,

and where K =J/kzT. Finally, a first-order correction
for the axial anisotropy can be applied, yielding the equa-
tions,

x,=x(1+2D /5kyT) . (8)
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The value of the exchange constants can be evaluated
from this analysis.

The reduced critical temperature has been located as
K,=|J/kpT,|=0.0680, and the ratio of the ferromag-
netic to the antiferromagnetic singularity is known for
this model, K- /Ky =1.021. The values of the suscepti-
bility maximum,

X =Xm I /Nog*ul =0.0297
and of the corresponding temperature

Tm=kgT,, /|J|S(S+1)=4.20

. | (a)

=

0

T
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have been obtained from the Padé approximants.
From the experimental values of Ty, T,,, and x,, aver-

aged over the principal directions, on the cases where
both directions have been measured

Xm z%(X”)m +% (Xl)m ’

values for zJ /kyz, —0.059 K, —0.063 K, —0.048 K, and
—0.066 K, respectively, were obtained for the four com-
pounds given in Table IV. These values agree with the
values derived above from the paramagnetic analysis with
zero-field splitting and weak exchange. This takes into

(b)

X, (emu/mol)

)

X (emu/mol)

T (K)

FIG. 5. Magnetic susceptibilities for a Heisenberg Hamiltonian in a bcc lattice, with S= %, [Eq. (6)]. The exchange parameters
zJ/kp have been calculated from the maximum of the averaged susceptibility in each compound, being —0.059 K for

[Cr(en);]Cl15-3H,0, (a); —0.063 K for [Na(OH,)¢][Cr(en);],Cl;, (b); —0.048 K for [K(OH,)¢][Cr(en);],Cl,, (c); and 0.066 K for

[Na(OH,;)s][Cr(en;);],Br¢Cl, (d). The experimental values show the additional splitting due to single ion anisotropy, D <0 in (a), and
D >0in (d).
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account that z =8 for the bcc lattice. The same g values
previously derived were used. The excellent agreement
between the two approaches gives us confidence in the
values of the parameters reported above, and in our un-
derstanding of these systems.

Figure 5 represents the experimental measurements to-
gether with the Padé approximant calculations. The ex-
perimental susceptibility along the easy axis is expected
to remain finite near T =0 K, as seen in the data. This
effect is produced by the random occupation of the water
sites. They create a randomly varying field at the nearby
tris(1,2 diaminoethane)chromium(III) ions, giving rise in
turn to a zero-field splitting which varies in strength and
in the orientation of its principal axis.

The A anomaly occurring in the heat-capacity measure-
ments at 0.112+0.005 K marks the onset of three-
dimensional (3D) long-range order. This temperature is
about 25% lower than the temperature T,,=0.142 K
corresponding to the maximum of the susceptibility,
which is not unusual for 3D antiferromagnetic (AF) sys-
tems.!® The data in the paramagnetic region were ana-
lyzed by fitting them the expression C=aT 2+BT3,
where the two terms reflect the magnetic and lattice con-
tribution, respectively. A satisfactory description of the
data above 0.2 K was obtained with the parameters

a=(57t1) mJ K /mol

and
B=(30£10) mJ/mol-K* .

The result of this fit is represented by the full curve in
Fig. 3. Using the first term of the high-temperature series
expansions, the parameter a can be expressed in the pa-
rameters of the spin Hamiltonian:

D |’ 2RzJ3SXS +1)

?B- +—, 9)

a=R
3k3

where R denotes the molar gas constant. If we insert the
parameters zJ/k=—0.068 K and 2D /kz=—0.058 K
deduced from the susceptibility measurements in this ex-
pression, we find

a=(7X107340.36/z)J K /mol .

For z=6 and 8 this yields =67 and 52 mJ K/mol, re-
spectively. Comparison with the value 57 mJ K/mol ob-
tained from the heat-capacity measurements suggests an
effective number of nearest neighbors z =8. This value
agrees with the number of nearest magnetic neighbors
linked by superexchange pathways as we have analyzed
for this structure. In order to estimate the entropy asso-
ciated with the ordering, we have to extrapolate the heat
capacity below the ordering temperature down to zero.
We assumed a T behavior as predicted for an isotropic
AF system by linear spin-wave theory. This extra-
polation is reflected by the dashed curve in Fig. 3.
Integration of C/T yields a theoretical value
R In(25 +1)=11.52 J/mol-K for an § =2 system, which
is most likely due to the large uncertainty in the extrapo-
lation below T=0.1 K. More than 70% of the entropy is
removed below Ty, which corroborates the three-

dimensional character of the present system.

Note that the easy axis of the chloro compounds lie
along the longitudinal axis, as is commonly found for an-
tiferromagnets with a small Ising or uniaxial anisotropy.
This behavior is strikingly different from that of
[Na(OH,)¢][Cr(en);],BrgCl, in which the easy axis lies in
the transverse plane, similar to that anticipated for a sys-
tem with XY anisotropy. These different alignments of
the easy axes are a consequence of the change in sign of
the zero-field-splitting parameter D beween the two ma-
terials. With a * 4, single-ion ground state, an XY model
magnet may be obtained when the lowest Kramers dou-
blet is the |i%) state (D positive) and the zero-field split-
ting is comparable to or larger than the exchange interac-
tion.

In a *F free-ion state, an octahedral crystal-field splits
the orbital degeneracy in a * 4, ground-state and two ex-
cited states *T, and *T,. The first excited state is split in
an orbital singlet and a doublet by any uniaxial field, in
this case a trigonal field. The introduction of spin-orbit
coupling causes the ground-state spin quadruplet to split
in two doublets due to the interaction with both states
coming from the excited *T, states. The ground-state
quadruplet can be described by a spin Hamiltonian with

=3 and Landé factors

4
"7

|4k

g=2 , 81=2 vk (10)
1

where A, and A, are the energy differences between the
ground-state orbital singlet and the excited singlet and
doublet from the *T, state, respectively. Depending
whether the singlet or the doublet is lower in the excited
term the resulting ground-state splitting is positive or
negative according to the calculation.

11

2D =28\?
A A

. (11

An axial trigonal compression should produce a negative
value for the splitting 2D.

In all the compounds studied here, there is a trigonal
compression but additionally there is a distortion due to a
small rotation between the triangles of N perpendicular
to the trigonal axis that define the octahedron around the
Cr3" ion. Just considering a trigonal compression of a
perfect octahedron we would expect a negative zero-field
splitting, but the additional distortion can introduce new
terms that might change the sign of the splitting.

In any case, comparing the structures ana-
lyzed in this paper, the trigonal compression is
stronger in  [Na(OH,)¢][Cr(en);],Cl;  than in

[Na(OH,)¢][Cr(en);1,BrCl that would imply a more neg-
ative value of D for the chloride, as it happens.
Effectively, D is negative for the first compound and posi-
tive for the second one.

The lone previous example of a three-dimensional XY
antiferromagnet is the [Co(ONCsH;)¢]X, system, where
the ligand is pyridine N oxide and X may be nitrate, per-
chlorate, or tetrafluoroborate.!” These are spin S 2% Sys-
tems, as is Cs,[CoCl,], which is an example of the linear
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chain XY antiferromagnet. For several reasons,'® it has
appeared that cobalt(II), whether in octahedral or
tetrahedral stereochemistry, would be the most likely
source of XY-model magnetic systems and that has
proved true to date. But, octahedral chromium(III) has
the same *A4, ground state as does tetrahedral
cobalt(I),' except for the major difference that the zero-
field splitting (ZFS) is much smaller. The sign of the ZFS
is what determines whether a cobalt(II) sample will fol-
low the Ising or XY model of magnetic ordering,'® so that
one requires a chromium compound with especially small
exchange in order to observe the effects of the zero-field
splitting on the magnetic ordering.

In this regard, it is noted that the similar compound
[Cr(NH;)6]Cl; obeys the Curie-Weiss law in the *He tem-
perature region with |6| less than 0.01 K.!* Magnetic or-
dering has not yet been observed in this salt, while

[Cr(NH;)¢][ClO,],Br-CsBr remains paramagnetic down
to 40 mK.%°
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