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The chloro, bromo, and iodo derivatives of the complex specified in the title have been examined

by Mossbauer spectroscopy and by magnetic susceptibility and magnetization measurements. All

derivatives have orbital singlet, spin quartet ground states. Mossbauer spectra are consistent with

positive-D crystal-field parameters in each case. Cooperative transitions are observed in the chloro
and bromo derivatives at 3.5+0.05 and 2.7+0.05 K, respectively. Below these temperatures the
Mossbauer spectrum consists of a magnetic hfs component together with an unsplit quadrupole
doublet whose intensity, relative to the magnetic hfs, decreases with decreasing temperature. A
table of Mossbauer hyperfine parameters is presented. The principal crystal susceptibilities of the
chloro and bromo derivatives have been measured over an extended temperature range, and are
found to be along the [101],(101)-normal, and [010] directions. Temperature- and field-dependent

magnetization measurements along these directions are also exhibited. The anisotropy in the sus-

ceptibility and the magnetization is very large, and of XY character. Ferromagnetic ordering occurs
at 3.463+0.01 and at 2.690+0.01 K in the chloro and bromo derivatives, respectively. Analysis
of the susceptibility data for these two systems leads to a determination of zero-field splitting para-
meters, g values, mean exchange interactions, and anisotropy fields. An extensive table of results

is displayed, and comparison is made with the corresponding series of halo-

bis(diethyldithiocarbamato)iron(III) complexes. The temperature dependence of the reduced mag-
netization in the chloro and bromo derivatives, as derived from Mossbauer and magnetization mea-

surements, is also exhibited. All the available evidence points to the conclusion that these systems
are classifiable as three-dimensional XY ferromagnets, and that they appear to be the first known

examples of this type of magnetic model system. Their XYcharacter is shown to be a logical conse-

quence of the anisotropic ground-state properties following from the observed zero-field splitting
parameters. Susceptibility measurements on a powder sample of the iodo derivative reveal signifi-
cant antiferromagnetic exchange interactions and permit a tentative determination of probable
zero-field splitting parameters to be made. Rather curiously, this system does not order down to
temperatures as low as 1.3 K. For all systems discussed here, a comparison is made between ob-

served ordering temperatures and those predicted by available theory on the basis of measured ex-

change and anisotropy parameters. The relative strength of the exchange interactions in the seleno-
carbamato and the thiocarbamato series is also considered, as are apparent trends in the ligand

dependence of the zero-field splitting parameters.

I. INTRODUCTION

The discovery of new insulating compounds whose
behavior approximates that of rarely realized magnetic
model systems is a major objective of modern magnetism
research. Materials that exhibit strongly anisotropic mag-
netic properties are especially to be sought, and among
these ferromagnets are particularly desirable, because rela-
tively few are known compared to antiferromagnets.
With such goals we report here an examination of the
magnetic properties of important members of a new series
of pentacoordinate ferric complexes, halobis(dialkyl-
diselenocarbamato)iron(III) (Ref. 1)—(bisdsc). A range of
these complexes has been synthesized, several of which ex-
hibit cooperative magnetic transitions. These materials

are analogous to the corresponding series of dithiocarba-
mate, or bisdtc complexes. ' The sulfur systems have re-
cieved considerable attention owing to the orbital singlet,
spin quartet ground state, A2, which is allowed by the
unusual site symmetry. For several members of the series,
the presence of significant intermolecular exchange in-
teractions, in conjunction with the single-ion anisotropy,
yields an interesting range of magnetic properties, with
magnetic ordering in several cases and highly anisotropic
behavior in certain examples of these. ' The ethyl-Cl
congener, Fe[SqCN(CqHs)q]qC1, has been the most exten-
sively studied member of the bisdtc series on account of
its ferromagnetism, ' extreme single-crystal anisotropy,
interesting thermal' ' and Mossbauer properties, ' ' '
and its unusual and puzzling critical behavior. ' '
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Nevertheless, the detailed nature of the superexchange in-
teractions responsible for the magnetic ordering in this
system remains somewhat obscure. Since the interaction
is believed to operate via Fe—S . . S—Fe intermolecular
paths, the effects of substituting the slightly larger seleni-
um for sulfur are worth investigating. Since low-

temperature magnetic behavior often depends crucially on
the detailed crystal-field anisotropy, the effects of seleni-
um substitution in the dtc ligand of the paramagnetic
Fe'+ ion and of halide substitution are also intriguing.
Eventually, mixed-crystal studies as have already been
performed on bisdtc's, 'ozo should be worthwhile for
suitable bisdsc's, and perhaps even for certain bisdtc-
bisdsc combinations.

This paper describes zero-field Mossbauer and field-
dcpcndcnt magnetization and susccptlbillty measurcmcnts
on the three members (Cl,Br,I) of the series halo-
bis(diethyldsc)iron(III). The data are analyzed to obtain
zero-field splitting parameters, g values, mean exchange
interactions, critical temperatures, anisotropy fields, and
Mossbauer hyperfine parameters. In addition, two
members of the series, Fe[SezCN(CzH5}z]zCl and

Fe[SezCN(CzH5)z]zBr, appear to be examples of a hereto-
fore unrealized class of magnetic model system, namely,
three-dimensional XF ferromagnets (3D-X1'-E).

II. EXPERIMENTAL

The procedures described by Cervone et al. ' were em-

Ploycd 111 tllc sylltllcsls of Fc[SczCN(CzHg)z]zCI, llcl'cRftcl'

Fe(dsc)zC1 and Fe(dsc)zBr. For Fe(dsc)zI a method simi-
lar to that used in preparing Fe(dtc)zI was adopted Re-.
crystallization from methylene chloride-toluene solutions
yielded small to medium size and generally well-formed
single crystals of Fe(dsc)zC1 and Fe(dsc)zBr. Similar re-
crystallizations of Fe(dsc}zI yielded only very large
grained polycrystalline material. Elemental analysis of
th.c thrcc mater][als yielded, ln each case, lcsults ln cxccl-
lent agreement (typically &1% relative) with expected
w'clght pcI'cents.

Although a complete structure determination has not
yet been performed on any of the bisdsc's, preliminary
slllglc-cl'ystal diff l'RctloIl datR oil Fc(dsc)zC1 stlollgly 1111-

ply that this material is isomorphous to Fe(dtc)zC1. The
molecular structure ls presumably also slmllar, and ls de-
plctcd ln Flg. 1. Thc unit-cell parameters and plobablc
space group of Fe(dsc)zCl are found to be a=16.81,
b=9.61, and c=12.95 A, and P=120.1', in F21/c (Czl„
monoclinic). Those of Fe(dtc)zC1 are known to be
a=16A3, b=9 42, and c=.12.85 A, and P=120.5'. The
unit cell is about 5.2% larger in the dsc. Powder diffrac-
tion patterns of Fe(dsc)zBr suggest, by comparison with
the rather similar patterns of Fe(dtc)zBr and Fe(dsc)zC1,
that a small increase in unit-cell size also occurs between
Fe(dsc)zC1 and Fc(dsc)zBr. It also seems likely that, as
with Fe(dtc)zC1 and Fe(dtc)zBr, the two structures are
isomorphous. The powder pattern of Fe(dsc)zI, on the
other hand, is distinctly different from any of the dtc or
dsc, chloride or bromide patterns. It is also substantially
different from the pattern of Fc(dtc)zI, which is not iso-
morphous" to Fe(dtc)zCI and Fe(dtc)zBr. Thus Fe(dsc), I
must be assumed to crystallize in a different structure.

J
FIG. 1. Probable molecular structure, principal axes of

molecular susceptibility and assumed relation to principal axes
of crystal susceptibility. See text, Sec. IV.

Fe(dsc)zCl and Fe(dsc)zBr crystallize from solution as
prisms, elongated in the direction of the c axis, [001],with
an unsymmetrical hexagonal cross section. The morphol-

ogy is essentially identical to that of the corresponding
bisdtc's. (101) is a cleavage plane. The three mutually
perpendicular directions, [101], [010], and (101)-plane
normal, hereafter called simply (101)I, are easily identi-
fied and oriented. It is worth observing that unlike
Fe(dtc)zBr, which when grown from methylene chloride-
toluene solution undergoes a destructive crystallographic
phase transition at about 220 K, Fe(dsc)zBr exhibits no
signs of crystallographic transformation between 300 and
1.7 K.

Magnetization and susceptibility measurements were
made using a Princeton Applied Research (PAR) Model
155 vibrating sample magnetometer coupled to a Janis
Model 153 Supervaritemp cryostat. The measuring field
was provldcd by a 12-1n.-diameter, 2-1n.-gap Magnlon
Model 128A electromagnet and a Model HS-1365 power
supply. A model FFC-4 field control unit, employing a
rotating-coil gaussmeter as a probe, allowed the field to be
held constant, or stepped up or down incrementally, with
better than 0.01% stability over extended periods of time.
Fields between 50 G and 14 kG, with homogeneity in the
sample region better than 0.005%, were readily obtained.
Accuracy of field settings were checked by NMR and

Hall-probe measurements, and is estimated to be max(2 6,
0.1%). Temperatures were measured with a Lake Shore
Cryotronics Model CGR-1-2000 carbon-glass resistance
thermometer, calibrated between 1.4 and 300 K. A Lake
Shore Cryotronics Model DTC-500A temperature con-
troller permitted temperatures to be maintained constant
to within 0.001—0.01 K, depending on the range. A
modification of the sample holder design of PAR allowed
both powder and orientation-dependent single-crystal
measurements to be made. Kel-F sample holders were
employed, Rnd data wcI'c cori cctcd fol thc very small
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background contributions of these and other parts of the
sample rod. Single crystals were affixed to the sample
holder with Apiezon grease. The magnetometer was cali-
brated with ferromagnetic nickel (99.999% purity) at 300
K and at 4.2 K, and with ferric ammonium sulfate be-
tween 65 and 4.2 K. Earlier measurements ' of the sus-
ceptibility and critical temperature of Fe(dtc)2C1 were also
checked, with agreement to within 1.5% in susceptibility
and 0.003 K in T, . It is estimated that magnetization and
susceptibility data reported here are accurate to +2—3%,
and temperatures to +0.01—0.05 K, depending on the
range.

Susceptibility measurements on Fe(dsc) 2C1 and
Fe(dsc)qBr were made in the minimum fields necessary for
adequate sensitivity. Samples consisted of a collection of
four of the largest well-formed single crystals available,
oriented similarly and stacked parallel in mutual contact
across their bc faces. The total mass was 24.25 and 8.96
mg for the chloride and bromide samples, respectively.
Fields as high as 4200 6 at high temperatures and as low
as 100 6 at low temperatures, and depending somewhat
on crystal axis, were employed. In all cases, the field used
at a given temperature was substantially less than a value
above which departures from linearity in M vs H could be
detected. Isothermal magnetization measurements, as a
function of field and crystal axis, were also made on these
samples. In addition, magnetization isotherms for the
[101]axis were obtained using individual single crystals of
Fe(dsc)zC1, 2.90 mg, and Fe(dsc)qBr, 0.89 mg. A 43.74-

mg powder sample was employed in susceptibility mea-
surements on Fe(dsc)zl, with a constant measuring field of
4200 G. For this system no significant departure from
linearity in M vs H could be detected at any temperature
between 80 and 1.68 K in fields up to 14 kG.

Mossbauer absorbers consisted of Fe enriched po-
lycrystalline material mixed with boron nitride and
pressed into lucite sample holders. Mossbauer spectra
were recorded with a conventional, constant acceleration
spectrometer. The source was Co diffused in rhodium.
All isomer shifts are referred to a natural iron foil ab-
sorber at 300 K. A Janis cryostat was used and tempera-
tures below 4.2 K were obtained by pumping on liquid
helium. Temperatures were measured by helium-vapor
pressure thermometry and by a calibrated germanium
resistance thermometer at the absorber, which was im-
mersed in liquid helium.
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III. MOSSBAUER SPECTRA

At temperatures above 4 K, Fe(dsc)2C1, Fe(dsc)28r, and
Fe(dsc)zI each display simple, quadrupole doublet
Mossbauer spectra with only a small temperature varia-
tion. At temperatures somewhat below 4 K, the chloro
and bromo derivatives undergo cooperative magnetic tran-
sitions and develop long-range order, with T, =3.5+0.05
and 2.7+0.05 K, respectively. Mossbauer spectra for
these complexes are shown in Figs. 2 and 3. The iodo
derivative continued to display an unsplit quadrupole
doublet to the lowest temperature available (1.3 K), and is
presumed therefore to undergo no magnetic ordering tran-
sition. As is typical of S =—, bisdtc complexes which or-
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FIG. 2. Mossbauer spectra of Fe[Se2CN{C2H5)2]zC1 in zero
external field. Temperatures are in K and internal fields, H, are
in ko. Solid curves are computer simulations with the parame-
ters in Table I according to the Hamiltonian Eq. (2).
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der magnetically, the Mossbauer spectra of Fe(dsc)2C1 and
Fe(dsc)2Br consist of superposed quadrupole doublet and
magnetic hyperfine splitting.

Electronic spectra, Mossbauer spectra, and room-
temperature moments of bisdsc's are similar to those of
bisdtc's, ' and it can be assumed that a well-isolated A2
ground term occurs for the iron in the bisdsc compounds
studied here. The crystal-field splittings in an S= —, term
are described by the usual spin Hamiltonian

H =D [S,—S(S+1)/3]+E(S„—Sy ) .

The linewidths of the Mossbauer spectra remained sharp
at all temperatures indicating fast electronic relaxation
rates and a positive-D crystal-field term. Exchange in-
teractions (discussed in detail in later sections) lead to a
spin polarization that produces an effective magnetic field
at the iron nucleus. The resulting Mossbauer magnetic
hfs for sample temperatures of 1.30 K were fitted with an
effective internal-field nuclear-spin Hamiltonian of stan-
dard form:

Hhfs givpNHint(~H PH ) I+(e'qg/12)

&&[3I, I(I+1)—+rj(I„Iy)] . —

The Mossbauer hfs parameters are given in Table I. The
hyperfine field H;„, as a function of temperature also ap-
pears in Figs. 2 and 3, and in reduced form in Fig. 4.
Here M/Mo H;„,(T)/H——;„,(0), where H;„„(0) was deter-
mined by plotting H;„, vs T and extrapolating to T=O K,
yielding the estimates 306+4 and 252+6 kG for
Fe(dsc)2C1 and Fe(dsc)2Br, respectively.

The internal magnetic field, H;„„ is related to the elec-
tronic ground state of Eq. (2) by the magnetic hyperfine

tensor A. Equations (1) and (2) may be combined and
written as

H =D[S,' S(S+1)/3]—+E(S„' —S,')

+(e qg/12)[3I, —I(I+1)+rj(I„I~)]—
+I -A„S„-+I-A -S -+I,-A,-S,- . (3)
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FIG. 3. Mossbauer spectra of Fe[SeqCN(CzH, )2]&Br in zero
external field. Temperatures are in K and internal fields, H, are
in kG. Solid curves are computer simulations with the parame-
ters in Table I according to the Hamiltonian Eq. (2).

From Eq. (3) it is clear that three coordinate systems are
involved in the ground-term crystal-field and hyperfine in-

teractions. The electric-field-gradient system (x',y', z') is
correlated with molecular structure; V is parallel to the
iron-halide direction. ' lt is likely, but not a priori cer-

tain, that the A tensor will also correlate with molecular

geometry. Further, the A tensor is not isotropic in
Fe(dtc)zX and Fe(dsc)2X complexes. The orientation of
the crystal-field tensor (x,y,z) is not deducible from po-
lycrystalline Mossbauer spectra, nor can it be reliably
correlated with molecular geometry on theoretical
grounds. Therefore, in so far as zero-field powder
Mossbauer spectra are concerned, the parameters in Eq.
(3) are highly undetermined.

More information can be obtained from magnetically
perturbed Mossbauer spectra, which will be reported and
analyzed separately. The result of most relevance to this
work is that the exchange field in Fe(dsc)zC1, which can
be induced above T, by an applied field, attains a max-
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TABLE I. Mossbauer hyperfine parameters for bis(diethyldiselenocarbomato)iron(III) halides. Values in parentheses are estimated
uncertainties in the last significant digit(s).

System

Fe(dsc)2Cl

Fe(dsc) 28r

Fe(dsc)2I

1.3
77

1.3
77

1.3
77

6E
(mm/sec)

0.565(3)
0.550(3)
0.544(3)
0.546(3)
0.530(3)
0.528(3)

AEg
(mm/sec)

2.71(3)
2.70(3)
2.89(3)
2.91(3)
3.01(3)
3.03(3)

0.13

0.05

3.50(5)

2.70(5)

(kG)

297(3)

240(3)

~H

(deg)

90(10)

90(10)

(()H

(deg)

0(10)

0(10)

imum value of 31.5+1.5 kG for H, ~~ & 10 kG. Moreover,
it appears to be directed nearly along the x axis of Fig. 1,
and somewhat out of the x-y plane. A similarly directed
exchange field, of magnitude 15+1 kG, appears to yield a
good fit to magnetically perturbed Mossbauer spectra of
Fe(dtc)2C1. Additional quantitative information concern-
ing crystal-field splittings (D,E) are most directly ob-
tained from single-crystal magnetization data which are
now discussed.

IV. MAGNETIC SUSCEPTIBILITY

Magnetic susceptibilities measured along three orthogo-
nal crystal directions, [101],(101)z, and [010], are shown
in Figs. 5 and 6, for Fe(dsc)2C1 and Fe(dsc)2Br, respective-
ly. The data are uncorrected for demagnetization. The
very large susceptibility observed along [101], and the
smaller but still large susceptibility along (101)z, are clear-
ly indicative of very substantial ferromagnetic interac-
tions, and of eventual ferromagnetic ordering.
Noteworthy is the pronounced anisotropy. Near and just
above the ordering temperatures (to be discussed) the ratio
X[ip|].X(&p|) .X[p&p] is 150:25:1 and 100:33:1 for the

chloride and bromide, respectively. The degree of aniso-

tropy is reminiscent of that in Fe(dtc)2Cl. However, in
that case the susceptibility attained a very large value only
along [101], remaining much smaller along (101)z and
[010] with magnitude comparable to those observed along
[010] here. But just as for Fe(dtc)qC], the principal axes

I.O

of the crystal susceptibility tensors of Fe(dsc)2C1 and
Fe(dsc)&Br are found to be [010], [101],and (101)z. The
twofold b axis, [010], must be one of the principal axes,
and this is confirmed experimentally. By rotating the
driver head of the magnetometer, with the samples
mounted so that [010] is parallel to the axis of rotation,
the prinicpal axis directions [101] and (101)z were easily
determined to within an experimental uncertainty of about
30

The large size and leveling behavior of X[ipi] below T,
suggests that [101]is the easy axis of ferromagnetic order-

ing. The somewhat gradual approach to a value indepen-
dent of temperature is due to two factors. First, the crys-
tals employed in the measurements are platelike in shape
(the materials are not readily worked into ellipsoids of re-
volution) so that a unique demagnetization factor does not
exist. Second, each of the samples consisted of four not
quite identically shaped crystals, so that there is a range of
effective demagnetization factors in each case. Neverthe-
less, the apparent demagnetization factor along [101],tak-
en to be equal to the reciprocal of the estimated volume
susceptibility when leveled below T„ is a quite reasonable

%[ipse]=3.56 and 3.36 for Fe(dsc)zC1 and Fe(dsc)2Br,
respectively. In obtaining the value of N for the bromide,
the density was calculated assuming that the unit-cell size
is 1.029 times that of Fe(dsc)zC1, which is the relation be-
tween Fe(dtc)2C1 and Fe(dtc)28r. From the relative di-
mensions of the average crystal of each sample along
[101], [010], and (101)z, and assuming that

X[]pf]+X(|pi) +N[p]p] —4n, the demagnetization factorsI
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FIG. 4. Reduced magnetization vs reduced temperature for
Fe[Se2CN(CzH&)z]AC[, Fe[Se2CN(CqH&)2]2Br, and
Fe[S2CN(C2H5)2]iC], obtained by various methods. Solid curves
are predictions according to simple theoretical models.
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FIG. 5. Principal crystal susceptibilities
Fe[SeqCN(C2H&)2]2C], before correction for demagnetization.
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FIG. 6. Principal crgstal susceptlbllltles of
Fe[SCICN(CIH5)z]IBr, before correction for demagnetization.

X[01o)=40,6.2 and N(IOI~
——5.0,3.0 for Fe(dsc)zC1 and

Fe(dsc)zBr, respectively, were estimated. Corrected molar
susccptlbIIItlcs, FIgs. 7 Rnd 8, to bc Used ln subsequent
Rllalysls Rrc obtaIncd f1'onl flic Ilsual cxpl"csslo11,

X~ X~„„,/[1 ——N(p!M'—)X~ „„,],
&herc Unc is Uncorrected, and %'herc E is thc appropriate
demagnetization factor, p is the density, and M' is the
molecular weight. It should be emphasized that even fair-
ly substantial potential errors in the demagnetization fac-
tors will have an almost negligible effect on later results.

An estitnate of the value of T, can be obtained from the
data of Fig. 7 by noting that peaks in each of X[OIo) and
X(-IOI I

occur at 3.42+0.01 K for Fe(dsc)zC1. For

Fe(dsc)zBr a peak appears only in X(TOI~, at 2.62+0.01 K.
In earlier work on Fe(dtc)zC1, peaks in X[OIol and X(TOI~

were observed at 2.50+0.01 and 2.46+0.01 K, respective-
ly, near but somewhat above the critical temperature,
2.45I K, determined fl'on1 R fit to X[IOI) data RccordIng
to the asymptotic power-law form, Xo——I [(T

T, )/T, ] I'. T—he rms applied field was a rather small

G,AG-

Q.55—

ooo &

FI(jr. 8. Principal cl distal susceptibilltles of
Fe[SeqCN(CqH5)z]qB1, after correction for demagnetization.
Solid curves are the best fit to the data vnth the parameters ap-

peanng ln TaMe II.

12 G in these earlier measurements. Here the applied field
18 somcwllat gI'catcl. Results to bc dIsc11sscd 111 Scc. V
show that a small field of 100 to 300 6 depresses the or-
dering temperature by several 0.01 K. The true values of
T, appear to be 3.463+0.003 and 2.690+0.005 K for
Fc(dsc)zC1 and Fe(dsc)zBr, resPectIvely, in agreement with
the zero-field Mossbauer data. The absence of a peak in

X[OIol for Fe(dsc)zBr, leveling behavior being observed in-

stead (Fig. 8), is also noticeable. Magnetization data in
Sec. V suggest that a small ferromagnetic (E) component
of moment develops along [010] in the bromide. It is un-

certain %'hcthcr this is intrinsic or' related to slig11t
misorientations or crystal imperfections.

As noted above, the effects of axial and rhombic
crystal-field distortions and an applied field on the ground
term Rrc described by thc HRITllltonian

H =D[S,' S{S+1)/3]+E[—S „' S„']-
+ps (g„H„S„+gyHySy +g,H,S, ) . (4)

III zclo fIeld tllc clgc11valucs co1181sts of R pair of KI'R-

mers doublets separated by an energy difference
5=2{D +3E )'~. If D~O and ~E/D

~

is small, the
ground doublet is essentially

~

+ —,
' ), with the upper doub-

let
~

+ —,
' ). For D~0 the situation is reversed. The ob-

served susceptibilities above the or'dering temperatures
will be accounted for in terms of single-ion contributions
to R total crystal susccptltNllty~ enhanced by exchange 111-

teraction in a mean-field approximation. 'The partition
function

G.G~'-

G.GG-
Q IQ 2Q 25

Z= g exp( EJ/kT)—

FIG. 7. Principal crystal susceptibilities of
Fe[SezCN(CqH5)q)qCI, after correction for demagnetization.
Sold curves are ihe best fit to the data with the parameters ap-
pearing in Table II.

X;=(kT/H) [d lnZ;/dH],

respectively, one finds after some algebra
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where r =6/kT and A„=(3E D)/2—,
Ay ———(3E+D)/2, A, =D, B,=(D+E)/2,
By (D ——E)/—2, B,=E.

In order to relate the measured susceptibilities along
[010], [101], and (T01)i to the single-ion susceptibilities
X„,X», and X„ the relative orientation of the two sets of
principal axes is needed. Based on the chemical and
structural similarities of Fe(dsc)zC1 and Fe(dtc)iC1 noted
in Sec. II, it will be assumed that the same relationships
occur for Fe(dsc)2Cl and for Fe(dsc)&Br as for their bisdtc
analogs. This means taking a =20.7', P=4.0', and

y =21.1', each +0.1', in the lower part of Fig. 1, valid for
one of the four molecules in the unit cell (with relations
for the other three molecules determined by symmetry).
The choice of x, y, and z molecular principal axes in Fig. 1

is that which leads to the most self-consistent set of pa-
rameters in the fit to both susceptibility and Mossbauer
data, to be explained. It is possible that full structure
determinations might reveal variations in the assumed an-
gles of as much as a few degrees. Deviations of this mag-
nitude will have only a slight influence of the parameter
values obtained in the following. A crystal susceptibility
Xk is related to single-ion principal susceptibilities 7; by

where
and

Xk ——gX; ~C~k ~ ti =x,y, z;k =[010],[101],(101)i],
i, m

where C;k is the direction cosine between axes i and k
for molecule m, and where m runs from 1 to 4. This rela-
tion assumes that the susceptibility is a second-rank ten-
sor, and is valid provided that the measuring field (Sec. II)
is sufficiently small so that the magnetization is propor-
tional to the susceptibility.

If one attempts to account for the observed susceptibili-
ties in terms of single-ion contributions alone, Eqs. (7) and
(8), calculated values are substantially below observed
values for any reasonable choice of parameters and the fit
is poor even at high temperatures. A ferromagnetic ex-
change enhancement of the susceptibility is obviously
occurring. In sufficiently low fields, where the field-
induced polarization is not large, this enhancement can be
introduced via a molecular-field approximation, in which
the interaction of ion i with its g neighbor ions j is taken

A A
to be H,„=—2gJS;.(SJ ). J is positive for ferromagnetic
exchange and negative for antiferromagnetic. The calcu-

lated susceptibility with exchange effects included, X', is
related to that obtained neglecting exchange, 7;, by

X,'"=X;[1 (2gJ/Nag; p~ )X;]—
Without a detailed picture of the different exchange in-

teractions that occur between specific numbers of near

and next-nearest neighbors, it is of course only an effective
interaction over g neighbors, gJ, that will be obtained.

Equations (7)—(9) contain six independent parameters,
D E Qz py fz, and gJ. Three independent principal crys-
talline susceptibilities and their detailed temperature
dependences are available. Previous experience with
Fe(dtc)2Cl and other systems shows that a unique deter-
mination of optimal values for these parameters is possi-
ble. A nonlinear least-squares fitting program was em-

ployed to search parameter space for the best values, with
all available data being fit simultaneously. Excellent fits
to the data in the ranges 30—11 K for Fe(dsc)2Cl, Fig. 7,
and 50—13 K for Fe(dsc)28r, Fig. 8, were obtained, with
rms deviations in X of 1.2% and 1.3%, respectively. The
fitted parameters are shown in Table II, along with values
determined earlier for corresponding bisdtcs. The indi-
cated uncertainties are conservative estimates that take ac-
count of potential systematic errors in T, X, demagnetiza-
tion, and molecular orientation. The lowest-temperature
data included in the fitting were those for which the quali-
ty of fit remained similar to what it was when this
minimum temperature was 1—2 K higher. Attempting to
fit still lower-temperature data led to a more significant
deterioration in the quality of fit. This was also the pro-
cedure employed earlier for Fe(dtc)zC1. In each of these
three cases it is found that the fitting cannot be satisfac-
torily continued below a temperature about six times
larger than gJ/k, and smaller than the zero-field splitting
5/k. At lower temperatures the calculated susceptibility
increases too rapidly, especially along [010]. We believe
that this behavior is due primarily to the increasingly un-
satisfactory nature of the mean-field approximation in the
form employed as the upper Kramers doublet is depopu-
lated, and as the effective exchange anisotropy arising
from the anisotropic character of the lower doublet be-
comes more pronounced.

In arriving at the parameter values shown in Table II,
many different combinations of initial values were em-
ployed. These included values well away from, and either
smaller or greater than, those finally obtained. Thus it is
believed that a true minimum in parameter space has been
located in the reported fits, and this is to some extent con-
firmed by the physically reasonable values obtained. Note
that

~

E
~

is quite small compared to ~D ~, indicating
that departures from axial symmetry are not large, and
substantially less than in Fe(dtc)2C1. It can be shown
that with a correct choice of principal axes,

~

E/D
~

& —,
'

is always satisfied. Two other natural choices of molecu-
lar principal axes correspond to the cyclic permutations
xyz —+yzx or zxy [as in Fe(dtc)2C1] in the upper part of
Fig. 1. With either of these alternative assignments of
quantization axes equally good fits can be obtained. The g
values are very similar, though permuted, and gJ is the
same. However, D and E assume very different values,
and though they yield the same value of 5, the
~E/D

~

(—, criterion is violated. It is also confirmed
that permutations of the principal axes of the zero-field
splitting tensor, with elements 5 =E —D/3,
5„»= (E+D/3), and 5~=—2D/3, yield the same pairs
of D and E values obtained in the fitting attempts with
yzx or zxy assignments. As an additional check, the only



3802 DCFOTIS, FAILON, WELLS, AND WICKMAN

c5

bQ

V

~ M

V

lQ

8
~ %k

5
V

5

tQ

cd

Q
~ l~+I e ~

Q
GC

E
Q

0
ae 0

~ ~

E
Ct

v W

5
v

cd

Pa

Q
*II% Q

g 8
ce

~ ~ g
N CP

g

CP

V
E

C3

~ 1~&4

~ I-0 Q

V
y$

Q Q
Q Q

Ch Q
cV cV

Q~Q

Yr Q
4A

Q YclWQQ

Q Q ~ ~ Q

Q Q
ÃÃM

Q Q

Q Q

Ch

~ Q
QC

Q

~t QQYr
M M W eq W

CF'

bQ

CC

QC

4

8
Q ~

CP ~ CP
V

off-diagonal element of the crystal susceptibility tensor
which is not equal to zero by symmetry, X~&0&~ «To», was
calculated and found to be less than 1% of the diagonal
elements. Possible misorientation of the assumed molecu-
lar principal axes, due to departures of molecular orienta-
tions from those assumed, probably does not exceed 5'.

Powder susceptibility data for Fe(dsc)21 appear in Fig.
9. It is evident that X~ is linear in T over a considerable
range of temperature. Data between 30 and 80 K con-
form well to a Curie-Weiss expression,

X~ C/(T——8), —

with C=2.077 emuKmole ' and 8=—3.52 K. Since
C =Nag p+S(S+1)/3k and S = —,, one calculates
g„=2.105. The negative 8 value indicates that the
iodide, in contrast to the chloride and bIomide, is charac-
terized by predominantly antiferromagnetic interactions.
However, there is no indication of (antiferromagnetic) or-
dering as low as 1.7 K, or even 1.3 K (Mossbauer).
Fe(dtc)2I, on the other hand, is known to order antifer-
romagnetically at 1.94 K, ' and its Wciss 6 is about —2
K. This comparison provides an additional indication
that the structures of the iodide systems are not the same.

Below 30 K significant departures from the Curie-
%eiss dependence are observed. An attempt has been
made to account for these data by applying the theoretical
formalism used for Fe(dsc)2C1 and Fe(dsc)28r. Since only
powder data are available, the calculated susceptibilities
must be averaged and the absence of knowledge regarding
the crystal structure and molecular orientations is not a
handicap. If it is assumed that g is isotropic, then a com-
paI'atlvcly simple cxprcsslon foI'

X,„=(X„+XI+X,)/3

can be obtained from the general results, Eq. (7); it takes
the form

X,„=(Nog,„lJ~/kT)[ ,' +r '(1 —e ')/—(1+e ")] .

Thus onc might cxpcct to bc able to dcducc a IIlcan g
value and the zero-field splitting from powder data over a
sufficiently extended temperature range. Because the in-
teractions in the present case are rather substantial, it is
also necessary to include a mean-field correction for ex-
change, Eq. (9), in order to fit the observed susceptibilities.
It is found that with g,„=2.11, 5/k =23 K, and
gJ/k = —1.5 K, the data can be nicely accounted for
(rms deviation of 1.0%) between 80 and 15 K. At lower
temperatures the calculated values are as much as 10%
too high. An attempt was therefore made to allow for g
anisotropy and to fit all six parameters of Eqs. (7) and (9).
An excellent fit to all data between 1.7 and 80 K was ob-
tained (rms deviation of 1.0% overall, 1.5% below 15 K)
with the parameters listed in Table II. The fit is repro-
duced ln Flg. 9. Dcspltc thc apparcIlt success, wc arc lc-
luctant to claim the same degree of reliability for parame-
ters deduced from powder data, and therefore the values
afc glvcn ln brackets ln thc table.

The anisotropy in the susceptibilities of Fe(dsc)~CI and
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Fe[Se CN(C, H, } ] O
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FIG. 9. Inverse magnetic susceptibility OE polpcrystalline
Fe[SeqCN(CzH&)zjzl corrected for demagnetization and di-

amagnetism. Curie-gneiss fit and detailed theory fit are
described in text, rvith parameters in Table II.

FIG. 10. Observed magnetization above and belo%v 7 ~ =3.46
K along the principal axes of Fe[SeqCN(CqHq}qj2CI. Solid
curves are guides to the eye.

Fe(dsc}zBr below T, can be used to estimate effective an-
isotropy fields which characterize these materials.
Molecular-field theory yields an expression for the suscep-
tibility of a ferromagnet at 0 K along a hard or next pre-
ferred axis i,

g (0)=(N +Hz/Nog p+S)

where Ã, is the demagnetization factor along axis i and
Hq is the anisotropy field associated with this axis. The
(uncorrected) susceptibilities along (101)~ and [010]can be
extrapolated to 0 K to estimate X — (0)=6.1, 9.8(T0I )j

emumole ' and X(oio}(0)=0.279, 0.579 emumole ' for
the chloride and bromide, respectively, in each case with
an uncertainty of about 4%. Converting these values to
pcr ulilt voluiilc dimensions aild llsiilg tllc dciilagilctiza-
tion actors estimated earlier, one obtains the anisotropy
ields given in Table II. Here Hz and Hz are associated

with the hard axis and with the next preferred axis,
respectively, and are sometimes referred to as out-of-plane
and in-plane anisotropy fields. Molecular-field theory
also yields for the exchange field

H =2m I~ I ~/gI a (14)

where g is along the easy axis. HE appears in Table II,
as do the useful measures of relative anisotro

Iz/Hz and a =Hz /Hz. Further discussion of these
results will be given in Sec. VI.

This is somewhat less apparent for Fe(dsc }qBr, due
presumably to the larger reduced temperature of about
0.7s. It is estimated that }u„,=(2.85+0.05)ps/ion and
2.75+0.05)ps/ion for the chloride and bromide, respec-

tively.
In Fe(dsc)iC1, the magnetization, M(oio}, is almost

linear in H, to 14 kG, even below T, . In Fe(dsc)qBr some
curvature in M(c,oi at relatively low field is evident for
T g T,', but above 3 kG the IDagnetiiation is linear in H.
Small misalignments due to crystal imperfections may be
responsible for the low-field curvature. From the intersec-
tion of the linear portions {at low field and at high field)
of the magnetization isotherms along [101] and (101)i, it
is possible to estimate the demagnetizing and anisotropy
ields. s6 The intersections are at 205 and 170 G alon

[101], and at 2260 and 1010 G along (101)i, for
a ong

Fe(dsc)zCI and Fe(dsc)28r, respectively, with at least 5%
uncertainties. The [101]values are in excellent agreement

} '
}

'
I

'
I

'
i

Fe [Se,CN (C, H, },] E}r

iZo 20

I.5

V. MAGNETIZATION

Magn«izatton as a function of applied field, tempera-
ture, and crystal axis is shown in Figs. 10 and 11 for
Fe(dsc)qC1 and Fe(dsc)qBr, respectively. It is apparent
from these data that both systems are ferromagnetic, that
[010] is a hard axis, and that the (010) plane is an eas
lp ane, with [101]the preferred axis in this plane. Near sa-

an easy

turation along [101] and (101)i in Fe(dsc)2C1 appears to
be achieved at 14 kG and 1.7—1.8 K (TIT =0.5 ).e 0 '

1.0

0,0 } & } ~ I i }

0 2 4 6 8 IQ l2 l4

H(kG)
FIG. 11. Observed magnetization above and below T, =2.69

K along the principal axes of Fe[Se2CN(CzH&}2jqBr. Solid
curves are guides to the eye.
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with the demagnetizing fields calculated (H~ X——M) from
the observed magnetizations and the values of X(IOI) es-
timated earlier, 194 and 161 G for the chloride and
bromide, respectively. Subtracting the similar demagnet-
izing fields along (101)I from the observed intersections

for this axis yields Hq ——2000 and 870 G, each +5%, for
Fe(dsc)zC1 and Fe(dsc)zBr, respectively. These values are
somewhat smaller than the 0 K values estimated from sus-

ceptibility data listed in Table II. This is not unreason-
able, however, since it is known that anisotropy constants
can vary strongly with temperature. The essential
linearity of the [010] data suggests that the anisotropy
fields Hz for Fe(dsc)zC1 and Fe(dsc)zBr, associated with
the [010] axis, are each in excess of 12—14 kG, consistent
with the susceptibility-derived values in Table II.

In order to obtain reliable estimates of the transition
temperatures for Fe(dsc)zC1 and Fe(dsc)zBr, and informa-
tion on the spontaneous magnetization as a function of
temperature, the magnetization along [101] in small
single-crystal samples was measured as a function of field
and temperature above and below T, . The results are
shown in Figs. 12 and 13, as isotherms of M vs H/M,
where H is the internal field, H,~„—NM. The rationale of
such Kouvel-Arrott plots is well known. The intersec-
tion of a T & T, isotherm with the H/M axis, (H/M)o, is
the inverse initial (zero-field) susceptibility; for T =T, the
expected value is (H/M)0 ——0. The extrapolation of a
T & T, isotherm to H/M=O (employing data taken at
low fields in excess of the demagnetizing field) yields a
value for the square of the spontaneous magnetization. In
Fig. 14 are shown the values of (H/M)0 as a function of
temperature for Fe(dsc)zC1 and Fe(dsc)zBr, and also for
Fe(d«)zC1 for purposes of comparison. Fairly reliable ex-
trapolations to (H/M)1l ——0 are possible, and yield the crit-
ical temperatures shown in the figure and in Table II.
T11e result fol' Fe(dtc)zC1 ls lll excelleIlt agreement with
that obtained previously' ' from the critical behavior of
the near-zero-field susceptibility, T, =2.457+0.005 K.

The spontaneous magnetization as a function of tem-
perature for Fe(dsc)zC1 and Fe(dsc)zBr, deduced from the
data in Figs. 12 and 13, appears in Fig. 4. Also shown are
results for Fe(dtc)zC1 obtained by the same method. In

Fe [Se,CN(C, H, ),] Elr
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FIG. 13. Kouvel-Arrott plot fol Fe[Se2CN(C2H5)2]2Br
single-crystal data along [101]. H is the internal field.

each case the reduced magnetization M/Mo ls obtained by
dividing the extrapolated value of (M')' ' at HIM=0 by
the estimated saturation magnetlzatlon from hIgh-fIeid
measuretnents: p„,=2.85ps/ion, 2.75pII/ion, and

3.12PII/ion for Fe(dsc)zC1, Fe(dsc)zBr, and Fe(dtc)zC1,
respectively. The value of p„, for Fe(dtc)zC1 is about 5%
lower than a result obtained previously employing a dif-
ferent apparatus, ' and is believed to be more accurate.

VI. DISCUSSION

For both Fe(dsc)zC1 aIld Fe(dsc)zBI tile anlsotropy ln

the principal crystal susceptibilities as a function of tem-

perature, and in the magnetization along three orthogonal
crystal directions as a function of field, are suggestive of
XF model behavior. None of the data display features

typical of two-dimensional (2D) lattice systems, nor does
the crystal structure [presumably isomorphous to that of
Fe(dtc)zC1] exhibit any obvious lattice anisotropy. There-
fore, it is likely that each of these systems belongs to the
universality class of three-dimensional XY ferromagnets
(3D-XF-F). Indeed, they appear to be the first such exam-

ples, previously examined XF-F systeIns having been ei-

thc1 2D, ' oI' 1D, ' and previously cxamlncd 3D-
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FIG. 12. Kouvel-Arrott plot for Fe[Se2CN(C2H5)2]2C1
single-crystal data along [101].H is the internal field.
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FIG. 14. Inverse initial susceptibility, (H/M)0, as a function
of temperature for Fe[Se2CN(C2H5)2]2C1, Fe[Se2CN(C2H, )2]28r,
and Fe[S2CN(C2H5)2]2CI. Extrapolation (solid curves) to
(H/M)0 ——0 yields estimates for the critical temperatures.
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XY systems having been antiferromagnets (AF's) (Ref. 45).
For this reason it is somewhat difficult to make compar-
isons with earlier systems. Nor are theoretical predictions
for the 3D-XY' model ' as numerous as those for Ising
or Heisenberg models. However, some comparisons with
expected XYmodel behavior can be made using the results
in Table II and in Fig. 4.

Consider first the ratio of anisotropy fields Hq and Hq
to the exchange field HE, n and n' in Table II. The out-
of-plane anisotropy is very strong, as shown by the large
values of a for Fe(dsc)2C1 and Fe(dsc)2Br, of the order un-

ity and much larger than values appropriate ( &0.01) for a
Heisenberg system. The in-plane anisotropy, though by
no means negligible, is much weaker, as shown by the
values of a', about 20 times smaller than a. This is in
marked contrast to the situation for Fe(dtc)2Cl, where a
and a' are both large and of similar magnitude, as can be
the case for a system that is Ising-like. ' In fact, a similar
ratio of a to a' as that found here for Fe(dsc)2C1 and
Fe(dsc)2Br, and also with a= 1, is observed in the well-

established 20-XY-AF's CoC12.6H20 and Coar2 6H20. '
The variation of M/Mo with T/T, for Fe(dsc)zC1 and

Fe(dsc)2Br, shown in Fig. 4, is also informative. It should
be noted that although T/T, is restricted to relatively
large values in this diagram this is the most sensitive re-

gion for distinguishing one model from another. For both
of these bisdsc systems it is apparent that the reduced
magnetization increases less sharply as T decreases below
'r, than is the case for Fe(dtc)2C1. The values derived
from the Kouvel-Arrott plot extrapolations are in reason-
able agreement with those obtained from Mossbauer data
[or from NMR, another microscopic probe, in the case of
Fe(dtc)zC1], except that the results for Fe(dsc)28r are evi-

dently too low. The discrepancy here is possibly due to a
relatively large weighing error for the very small (0.89-mg)
single crystal employed in the measurements. Apart from
this set of results, and allowing for scatter in the other
data, it is apparent that for both Fe(dsc)zCl and
Fe(dsc)28r the temperature dependence of the spontaneous
magnetization is approximately intermediate between the
theoretical curves for the 3D Ising and the 3D H-S = —,

'

models. ' We are unaware of any analogous theoretical
predictions for the 3D-XY model, but based on other re-
sults it is reasonable to assume that the temperature
dependence of M/Mo would be intermediate between
those of the 30 Ising and Heisenberg models.

The XY'-type anisotropy which is present in Fe(dsc)zC1
and Fe(dsc)&Br can be understood in terms of the anisotro-
pic character of the ground Kramers doublet. The degree
of admixture of

~

+ —,
'

& and
~

+ —',
& in the actual ground

doublet is given by

Oi, &=Ci
I

+ i &+C2
I
+ 2 & (15)

where the coefficients Ci and C2 are known functions of
D and E (Ref. 50)

C =[3E'/(2D'+6E'+AD)]' ' C =(1—C')' '

(16)

The resulting values for C] ——0.0174 and 0.0160, and
Cz ——0.9999 and 0.9999, for Fe(dsc)zCI and Fe(dsc)&Br,

respectively. Because D&0 and
~

E/D
~

is small, the
ground doublet turns out to be an almost pure ~+ —, &

state. The upper doublet is a correspondingly pure
~

+ —, &

state. The exchange integral is J/k=0. 37 K (assuming
g=5) and is quite small compared to the zero-field split-

ting 5/k. Thus one anticipates no appreciable additional
mixing of the doublets through this interaction. It can
further be shown that within the ground doublet, con-
sidered as an effective S'= —,

'
state, the effective g values

are~o

g.
' =2g. (C', +3'"C,C, ),

gi' =2g~(Ci —3' C, C2),

g.
' =g.«~ —3Ci) .

The resulting values are g„' =4.40 and 4.52, gy' =3.97 and
4.03, and g,

' =2.09 and 2.07, for Fe(dsc) iC1 and
Fe(dsc)28r, respectively. It can also be shown that al-

though the true Heisenberg exchange interaction

H,„=—2JQS, S,
(i,j )

will normally be isotropic for an orbitally nondegenerate
ground state, the effect of the crystal-field anisotropy is to
introduce an effective anisotropy into the exchange in-

teraction, which becomes" ' '

A
H,„=—2 g J„S,'„SJ„+JyS IyS qy +J,S,',S1, .

(ij )

(19)

The effective exchange constants are related to the true
isotropic exchange by

'

J„=(g„'/g„)'J, &y=(gy/gy)'J, J, =(g,'/g, )'J .

(20)

Apart from the fully isotropic Heisenberg case, two situa-
tions are commonly distinguished: (1) J,&0 and
J„=J~ =0, the Ising model, and (2) J,=0 and J =J~&0,
the XY' model. A real system very rarely fulfills these
conditions exactly, but is nevertheless often assignable to
one of these classes because its overall thermodynamic
behavior, and more especially its critical behavior, approx-
imates reasonably well to theoretical predictions for one of
the pure models. In a situation where the ground state is
A2, with true spin —', , the Ising model will be approached

when D&0 and E=O, so that a pure ~+ —, & doublet is
low-lying. Then when T«5/k, only the lower doublet
will be appreciably populated, with effective g values such
that J„=J„=Oand J,=9J. This case is approximately
fulfilled in Fe(dtc)qC1. The strict XY'inodel is more diffi-
cult to attain, since even with D~O, E=O, and T ~&5/k,
with ~+ —,

'
& lowest, there results J„=Jz——4J and J,=J.

Thus the full XY exchange anisotropy is not realized.
Nevertheless, even this degree of anisotropy is usually suf-
ficient for XY model behavior to be observed. In the
case of Fe(dsc)iC1 and Fe(dsc)&Br one estimates that
J/ 4 24J7 Jy:3 76J7 Jg J7 and J/ 4 22J7 Jy 3 78J7
J,=J, respectively. This should be sufficient for XY
behavior to develop as the upper doublet is depopulated,
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though some degree of Ising anisotropy (preferred axis x),
apparent in the data and in the nonzero value of a' can
also be anticipated.

From the results in Table II it is apparent that the mean
exchange interaction in Fe(dsc)zC1 and Fe(dsc)zBr is sub-

stantially larger than in the corresponding bisdtc's by 8
factor of about 2.3. Although the structures of Fe(dsc)zI
and Fe(dtc)zI are, on the available evidence, not isomor-
phous~ thc Incan cxchangc 1ntcractlon 1s almost tw1cc Rs
large in the selenium system. It should be noted that the
value of gJ/E for Fe(dsc)zI given in Table II, obtained
from the detailed fitting procedure described in Sec. IV,
agrees fairly well with that obtained from the molecular-
field theory expression

e = 2S(S+1)gJ/3k (21)

using the obsex'ved Weiss constant, 8=—3.52 K, the re-
sult being gJ/k =—1.41 K. It might also be mentioned
th8t prcllQllnary susccptlb111ty mcasurcmcnts on 8 po-
lycrystalline sample of Fe(dsc)zCI were well accounted for
between 11 and 80 K by the Curie-%eiss formula, Eq,
(10), with g„=2.11 and 8=5.04 K. The g value is con-
sistent with the results in Table II, and the 8 value yields
an estimate gJ/k=2. 02 K, similar to that determined in
the detailed fitting of single-crystal data. A reasonable
Curie-Weiss fit over an extended temperature range is also
an indication that a system is 3D rather than of lower lat-
tice dimensionality. . The magnitude of the exchange
fidd employed in fitting magnetically perturbed
Mossbauer spectra above T„31.5+1.5 and 15+1 kG for
Fe(dsc)zCI and Fe(dtc)zC1, respectively, is also in reason-
able agreement, in view of the approximations involved,
with the values in Table II obtained from gJ using Eq.
(14).

Structux'al considerations do indeed suggest that the ex-
change interaction should be enhanced in Fe(dsc)zC1 rela-
tive to Fe(dtc)zCI. One might normally assume that an
1nclcasc 1Q covalcncy woUld occUI' by vaI'y1ng 8 llgRnd
down a group, and that the enhanced delocalization of
clcctron dcnslty would ylcld cnhanccd sUpcI'cxcbangc 1Q-

teractions, as is the case for the series MnO, MnS,
MnSe. There may also be some direct evidence for in-
c1cascd covalcncy 1Q blsdsc s vs b1sdtc s. Thc csscntlally
identical Mossbauer quadrupole splittings in Fe(dsc)zC1
and Fe(dtc)zC1, EE~ =2.70 mm/sec, ' provides an indica-
tion that the covalency in Fe—S and Fe—Se bonds in these
materials is at least similar. %C note that purely geome-
trical considerations suggest an enhancement of near-
neighbor intermolecular Se-Se overlap in Fe(dsc)zC1 vs S-S
overlap in Fe(dtc)zCl. Such overlaps must be crucial in
determining the magnitude of the exchange inter'action in
these materials& since the separation of the metal ions is
too large ( =7 A) for direct exchange to be significant and
since no efficient single atom bridge between the metal
ions is suggested by the crystal structure of Fe(dtc)zC1.
First, the expansion of the unit cell from the dtc to the dsc
is 5.2%, so that a typical length element is increased by
1.7%. Consider now the most important intermolecular
S-S separations in Fe(dtc)zCI, rss ——3.61, 3.82, 3.84, and
4.01 A. ' The van der Waals (vdW) radius for sulfur is
typically 1.85 A. ' The ratios rss/2r„~w(S) are 0.976,

1.032, 1.038, and 1.084 in the same ordeI'. Ratios less
than 1 OI' at least Qot Illuch gx'catcx' thaQ 1 lndlcatc 8 s1gnl-
ficant amount of overlap, so that corresponding superex-
change interactions involving these S-S contacts are likdy
to bc nontrivial. Now, assUII11ng that posltlons, s1zcs, RQd
relative orientations of Fe(dsc)zC1 molecules in their lat-
tice are similar to those of Fe{dtc)zC1 molecules in theirs,
one can estimate rathex' roughly that intermolecular Se-Se
separations in Fe(dsc)zC1 will be larger than those in
Fe(dtc)zC1 by about 1.017. Yet the vdW radius of Se is
typically 2.00 A, 8% larger than for S. Therefore the
series of ratios rs,s, /2r„~w{Se) is 0.918, 0.971, 0.976, and
1.020, in the same order as before. These ratios are about
6% smaller than those for the dtc. The calculation is ob-
v1oUsly vcx'y Rppx'oxlIDatc, necessarily so 18ck1ng 8 dctallcd
structure determination for Fe(dsc)zC1. But it seems prob-
able that Se-Se overlap integrals, which will appear
squared in theoretical expressions for associated superex-
change integrals, will be larger than corresponding S-S
ovcI'1Rps, Rnd that enhanced cxchangc 1ntcract1on 1Q 8Q
isomorphous bisdsc relative to the bisdtc is quite likely.

That the dominant exchange interaction in each of
Fe(dtc)zC1, Fe(dtc)zBr, Fe(dsc)zC1, and Fe(dsc)zBr is fer-
romagnetic 1S perhaps slightly surprising. AF cxchangc 1s
morc comIHonly obscrvcd 1Q 1nsUlator's, 8nd according to
the most recent experimental and theoretical work,
morc stllngcnt geometrical cond1tlons arc assoc18tcd with
ferromagnetic superexchange. However, most of the evi-
dence pertains to single anion bridged systems, where the
most important exchange path is of the type M—X—M.
The characteristics of M—X X—M bridges have been
mUch less cxaIQlncd. Thc Rva11ablc cvldcncc suggests that
while supc1cxchangc lntcract1ons across such bridges Rre
also more likely to be AF, the linearity of the bridge will
be crucial in determining both the magnitude and the sign
of the interaction. Departures from linearity of as little as
30' for dihahde bridges appear to be capable of changing
an AF interaction (when linear) to one that is I'. Each
of the likely Fe—S(Se) (Se)S—Fe superexchange paths
in the four systems mentioned above is far from being
linear. We suspect that this is the qualitative explanation
for the dominant ferromagnetism of these materials. In
Fe{dtc)zI the most important superexchange paths have
not been as clearly identified as in Fe(dtc)zC1, though it is
believed that S-S overlaps are the major mechanism for ex-
change. ' The structure of the bisdtc and bisdsc iodldes
afc not, thc same Rs tIlosc of thc chlof1dcs Rnd bromldes~
and it can be assumed that differences in detailed bridge
geometry, possibly more linear in the iodides, account for
thc predominantly AF lntcIactions 1Q thcsc t%'o systclTls.

It is inter'esting to consider whether the observed critical
temperatures of Fe(dsc)zC1 and Fe(dsc)zBr, as well as
those of previously examined bisdtc systems, can be ac-
counted for theoretically. The simplest form of mean-
field theory is Eq. (21), with

~
8

~

identified with T, .
Values calcUlatcd from tllls equation Rrc listed, along with
observed T, 's, in Table III. The usual mean-field theory
overestimate of an ordering texnperature is clearly evident
for the bisdsc's, but much less evident for the bisdtc's.
One notes that it is only for Fe(dtc)zC1, a negative-D Ising
system, that T, (obs) is clearly larger than the mean-field
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TABLE III. Ordering temperatures (in K) of some iron(III)-halide bisdsc and bisdtc systems, and
comparison with theoretical values.

System

Fe(dsc)2Cl
Fe(dsc)28r
Fe(dsc)2I

Fe(dtc)2Cl
Fe(dtc)2Br

Fe(dtc)2I

Observed

3.463 (F)
2.690 (F)

(g1.3) (AF)
2.460 (F)
1.347 (F)
1.52
1.937 (AF)

Mean
field

4.62
4.62
3.88
2.02
2.00

2.00

Series
expansion

3.11
3.11
2.70
1.98
1.34

1.39

CEF
k=5

3.96
3.33

2.69
1.39

CEF
g=6
3.15
2.74

2.30
1.14

prediction. Certainly a better approach should be to em-

ploy series-expansion predictions for the ratio of T, to J.
For cubic Heisenberg ferromagnets and general S, the fol-
lowing semiempirical relation has been obtained,

T, =(g —1)(J/k)[0. 579S(S+1)—0.072] . (22)

Values obtained from this equation using the gJ in Table
II, S= —,, and taking g=5 (rather than the simple cubic
@=6, which however, yields T, 's only 4% higher) are
given in Table III in the series-expansion column, for the
two ferromagnetic bisdsc's and for Fe(dtc}28r. The result-
ing value for Fe(dtc}zC1 is 1.36 K. For this Ising system
it should presumably be better to use the best available es-
timate for a simple cubic, S = —, Ising ferromagnet, that
kT, /J'=2. 7127, where J'=2S J in terms of our J. This
is the value, 1.98 K, entered in the table. Had g =6 been
assumed, the result would have been T, =1.6S K. For
Heisenberg antiferromagnets an analogous expression to
Eq. (22) has been given (Ref. 61)
T~ T,[1+—', gS(——S+I)], where T, is obtained from Eq.
(22). For S= —, and g =5, this yields a Neel temperature
only 3.5% above the corresponding Curie temperature;
this is how the values for the two iodide compounds were
obtained. Certainly some portions of the discrepancies be-
tween observed and calculated ordering temperatures are
due to the simple cubic lattice approximation that has
been made, but one suspects that additional factors also
enter.

In order to obtain yet better agreement the anisotropy
must be taken into account in a more satisfactory way.
Lines has recently devised a means of estimating the effect
of anisotropy on T, for a wide range of situations, includ-
ing general S and both negative-D (easy-axis anisotropy)
and positive-D (easy-plane anisotropy), within the context
of a correlated effective field (CEF) theory. The results
of this approach appear to be inferior only to exact high-
temperature series-expansion predictions (not available for
the cases of interest here) and to diagrammatic Green's-
function calculations (not yet applied for S= —', and gen-
eral anisotropy). In the last two columns of Table III we
enter the values of T, obtained for the four ferromagnets
(the antiferromagnetic case can be but has not yet been
treated) as estimated from Lines's plots of kT, /JS vs
D/J for a simple cubic lattice. Again, a lattice approxi-

mation must be made, and in order to obtain a feeling for
the sort of error that might accompany this, we have en-

tered the results by assuming either g =5 or g =6. It ap-
pears that taking g=6 leads to better overall agreement
with the observed ordering temperatures. That the g=6
prediction is below that observed for Fe(dtc)qC1 is possibly
encouraging, since an underestimate appears to be expect-
ed in applying the theory to a large negative D/J situa-
tion. Except in the case of Fe(dtc)28r, the g =6 CEF pre-
dictions are an improvement over the series-expansion
predictions. It should be noted that neither the CEF nor

any other theory incorporates an E(S„—S~) anisotropy
term, which might be significant for the bisdtc s especial-
ly. In view of the approximations involved, the agreement
is probably quite satisfactory.

A few remarks concerning the zero-field splitting pa-
rameters determined in this and earlier work are appropri-
ate. D for Fe(dsc)2Br is found to be substantially larger
than for Fe(dsc)2C1. A larger zero-field splitting in an iso-
structural bromide complex, relative to the chloride homo-
log, is almost invariably observed. This can be rational-
ized on theoretical grounds, the primary factor being the
relative covalency of the M—X bond. For the same
reason then, it is expected that the D value and zero-field
splitting for an isostructural iodide should be larger yet.
This trend is observed in a recently examined high-spin
iron(III) porphyrin series. The prediction appears to be
fulfilled in the entire bisdtc series under consideration
here, but may fail for the bisdsc iodide. However, it is
also known that small structural variations can have a
pronounced effect on the magnitude and sign of the zero-
field splitting parameter D. Since the crystal structure
and precise molecular geometry of Fe(dsc)2I are at present
unknown, and since moreover the zero-field splitting pa-
rameters listed for this system in Table II are less reliably
determined, a final judgment on the regularity of the vari-
ation of D with halide in the bisdsc series should obvious-
ly be postponed. Along similar lines it may also be ob-
served that, with the possible exception of Fe(dsc)ql, the
zero-field splitting is substantially larger in a bisdsc halide

complex than in the corresponding bisdtc. Again, the
probably somewhat greater covalency of Fe—Se relative to
Fe—S bonds is very likely a major determining factor here.

In conclusion, we consider the apparent saturation rno-
ments of Fe(dsc)zC1 and Fe(dsc)qBr: 2.85@~/ion and
2.75pz/ion, respectively. These values may be compared



with the moments computed for a system exposed to the
exchange fields listed in Table II. Using the appropriate
crystal-field parameters and magnetic fields applied paral-
lel to the x axis of Eq. (4), we find the values 2.80@a/ion
and 2.45'~/ion for Fe(dsc)2C1 and Fe(dsc)2Br. The value
for Fe(dsc)2C1 is in excellent agreement with experiment.
The value for Fe(dsc)28r is only slightly below experi-
ment. In either case, they are significantly smaller than
the observed moment in Fe(dtc)2C1, 3.12@it/ion. Thus in
dtc or dsc complexes with T, g4 K, the saturation mo-
ments alone are a useful indicator of Ising versus XI'char-
acter.
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