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Evidence for Large Antisymmetric Superexchange in Tetrameric Copper Complexes
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Bell Telephone Labovatovies, Murvay Hill, New Jevrsey 07974
(Received 19 January 1972)

Transition metal cluster complexes often combine high local symmetry about individu-
al magnetic ions with low spin-pair symmetry, These complexes should therefore en-
rich greatly the field of study of highly anisotropic, particularly asymmetric, exchange
phenomena of low order. We illustrate by presenting evidence indicating strongly that
the tetrameric copper complex Cu,OCli[OP(C¢H;)sl, provides the first example in the
literature of large (lowest-order) antisymmetric superexchange between orbitally de-

generate magnetic ions.

The possible existence of contributions to mag-
netic insulator exchange asymmetric with respect
to the spins involved has-long been recognized in
the literature. In particular we are familiar with
the Dzialoshinski-MOfiyi aniisymmetr‘_ig bilinear
coupling of the form S,*K,*S,, where K, is an
antisymmetric exchange tensor.'*? Such an inter-
action exists only when spin-pair crystal sym-
metry is sufficiently low. In simple inorganic
magnetic crystals this low spin-pair symmetry
seems always, via space-group restrictions,
to lead to low local symmetry about individual
magnetic ions, producing in turn an orbitally
quenched magnetic ground state. Asymmetric
exchange contributions then occur only via ex-
change coupling through excited states and are
consequently small; rarely larger than a few
percent of the symmetric exchange and usually
even smaller.

There has recently been increasing recognition
of the value of using organic spacer molecules in
crystals to “isolate” chains or planes of mag-
netically coupled ions and elevate the study of
physics in less than three dimensions from the
realm of academic interest.’* We wish to point
to particular advantages concerning asymmetric
exchange to be gained from this principle when
taken a step further to “isolate” small clusters
of magnetic ions by embedding them in an organ-
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ic-ligand matrix.

First, the severe geometric restrictions im-
posed on magnetic ions in simple inorganic crys-
tals by space-group symmetry are removed in
cluster-complex crystals where only clusters as
a whole are subject to translational symmetry
conditions. In particular, high local symmetry
(and orbital degeneracy) is not necessarily in-
compatible with low spin-pair symmetry, en-
riching greatly the potential field of study of
highly anisotropic and particularly asymmetric
exchange phenomena of low order. Additional
advantages of cluster-complex studies relate to
the few-body nature of the associated statistical
problem (which is therefore particularly amena-
ble to exact solution) and to the extensive varia-
tions of composition which can be generated to
enable systematic study of exchange phenomena
in terms of bond length, bond angle, ionicity, etc.

As an example of the increased opportunities
afforded by these complexes for the study of a-
symmetric exchange, we present in this Letter
evidence from magnetic-susceptibility measure-
ments, which strongly suggests that the tetra-
meric copper complex Cu,0Cl,[OP(CH,),], pro-
vides the first example in the literature of large
(lowest-order) antisymmetric superexchange be-
tween orbitally degenerate magnetic ions.

Conditions under which effective spin-spin in-
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teractions may be highly anisotropic and result
in spin Hamiltonians grossly different from Hei-
senberg form have received much attention in
recent literature.® The simplest general class

of interactions exhibiting these effects involves
orbitally degenerate Kramers doublets, for which
the most general operator coupling the two ficti-
tious spins s =3 is

3yp = EBSanaBsza , a,B=x,y,2, 1)
o,

In particular, there is no a priovi reason why
asymmetric terms should not be of the same or-
der as symmetric ones if they are not precluded
on symmetry grounds. Additional simplification
results when the Kramers doublets involve single-
electron (or single-hole) wave functions, in which
case J, g can be directly related to orbital over-
laps and simple physical arguments in terms of
potential and kinetic exchange.®

The molecular structure of an individual cop-
" per-tetramer cluster in Cu,OCL[OP(CH,),], is
shown in Fig. 1(a) and consists of a regular tetra-
hedron of Cu®* (3d°) ions at the center of which is
an oxide ion. Six Cl~ ions bridge adjacent cop-
pers giving each Cu®* trigonal bipyramidal co-
ordination and near-regular C,, point symmetry
with a local ¢ axis defined by direction 0% - Cu?*.
At the outer end of each local ¢ axis is a neutral
triphenylphosphine-oxide molecule.

In local C,, symmetry, the d-hole eigenfunc-
tions for Cu®* (quantized along a local ¢ axis) are

100, [£19~|e1)y,52),

2)
[£2) ~[£2)xy |¥1),

L=0P (CgHs)3
X=Cl

FIG. 1. (a) Molecular structure of an individual copper tetramer cluster in CuyOClg[ OP(CgH;) 5l 4.

OXYGEN

where ly,l<1. Simple qualitative arguments dic-
tate that [+1’), involving primarily electron mo-
tion in d orbitals d,, and d,, which are directed
between the ligands, should have the highest hole
energy. The ground orbital state could thus be
0) or 1+2’). In the former case superexchange
within the tetramer would be Heisenberg-like in
lowest order; in the latter case an orbitally de-
generate theory would result.

We have measured the magnetic suceptibility
X (= Mesf?/3RT) per copper ion for Cu,OCIl[OP-
(C¢H,);), as a function of temperature T between
1.6 and 294°K with results, corrected for dia-
magnetism, shown in Fig. 2. The results cannot
even qualitatively be accounted for in terms of
quasi Heisenberg interactions. Even if we allow
for grossly unrealistic intercluster interactions
(the largest yet measured for cluster compounds
corresponds to a Curie-Weiss constant 6 ~2°K),”
a qualitative discrepancy remains. For example,
from high-temperature results (Fig. 2) the domi-
nant interaction is ferromagnetic. If antiferro-
magnetic intercluster forces are invoked to ex-
plain the maximum in p.¢; at 7~ 50°K, not only
are they required to be an order-of-magnitude
larger than ever observed before but also, to
produce the qualitative behavior of x at low tem-
peratures shown in the inset of Fig. 2, they need
to be of linear-chain form whereas the cluster
coordination is cubic with intercluster distances
of over 12 A.®

Also pertinent is the existence of the closely
related anionic cluster complex [Cu,0C1, J*" in
which the neutral triphenylphosphine-oxide lig-

CHLORINE

COPPER ‘b’

Z/

y =y’ INTO PAPER X’

(b) The rela-

tive spatial relationship of Cartesian coordinate systems (xyz) and (x¥'y’2’) used in the text to discuss orbitally de-
generate spin-pair interaction between adjacent copper ions @ and b.
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ands in Fig. 1(a) are replaced by chlorine ions.
From a point-charge theory this anionic cluster 2.5
should definitely have copper ground state 10). 2
In accord with this expectation the magnetic prop- P 2.0
erties of [Cu,OCl, J*" are grossly different from = \
those of Cu,0C1,[OP(C4H,),], and are wholly con- g . D=90°K, J*/D=~0.4,,2-0,46
sistent with a Heisenberg interpretation.® = % s 0.03 /
We therefore examine the consequences of hav- 3 g
ing ground orbital states |+ 2’). Under the in- % LOf o
fluence of spin-orbit coupling we find a ground ;f &
Kramers doublet 0.5 9;( |
f 0-025—"—6_14 18
To(K)
P*@2)~[|£2)* +ylF1)* £ €]0)7], (3) o | 1 | l ! |
0 50 100 150 200 250 300
T (K)
in which ¥ and € are real numerical constants, FIG. 2. Temperature dependence of effective mag-
and superscripts + refer to spin quantum num- netic moment pesr per copper ion in Cu,;OClIOP(C4H)sl,

comparing the best-fit theoretical curve from orbitally
degenerate theory (full curve) with experimental data
(circles). Inset is the equivalent comparison at low

bers +3. To discuss magnetic exchange in low-
est order we put € =0, thereby neglecting spin-

orb.ltal COI-ltl‘lbu.thIlS to exchange itself. The temperatures in terms of magnetic susceptibility itself
cation orbitals involved are and with an expanded temperature scale.
e@*2)=2"12(1 +y2)'1’2[dxa.y2 +ydxild,, - ydy,)], (4)

where Cartesian coordinates (¥yz) are defined locally for each copper site.

Forming Slater determinantal wave functions ®; (=1, 2, 3, 4) for two holes, one in a ¢*(+2) or
¢~ (- 2) xyz orbital on site a and the other in an equivalent x’y’z’ orbital on site b [Fig. 1(b)], we ex-
amine the 4X4 matrix (®;13C,®;), where ¥, is the exchange operator® (kinetic plus potential) defined
by Anderson.'® Writing the dominant exchange contributions,

([x2 — 3%, x2],[x"2 = "2, 272" },|8,d [% = v2, 52 ][5 = 72 x727] ) =27, (5)

([xy,yz][xy’, vz ]| 5. | [xy, vz ] [x'y", vz’ ] ) = 2, , (6)
where subscripts 1 and 2 refer to hole designation and

[xy,yz} = (1 +72)-1/2(dxy - ydyz) ’ (7)

[x% - 32, x2]= (1 +92)"V2(d 2. 2 +vd,,) (8)

: . . . . aps N - - 1
the resulting exchange matrix can be written in terms of fictitious spins §, and §, (s =3) as®
1r+ +
3Cop =37 (sazsbx' +saxsbx') - SaySpy’ +D(Sazsbx’ - saxsbz') s 9)

in which J*=J | +J, and D=2V2 (J, -J,)/3.

The resulting tetramer Hamiltonian (with six spin-pair interactions) can now be expressed as a 16
X16 matrix in the product spin space §,X3,X3,X3, and diagonalized numerically. There are in gener-
al five different energy levels, one sixfold degenerate, two threefold, and two twofold, with a nonmag-
netic doublet lowest. Including an applied field term in the Hamiltonian we again diagonalize numeri-
cally, sampling the field dependence of the levels, and formally calculate magnetic susceptibility as a
function of temperature and of the relevant parameters. It is isotropic, and a quantitative fit of theory
with experiment is found (Fig. 2) for € =0.4, y*=0.46, J,~28°K, and J,~67°K.

The solution is not unique with respect to spin-orbital admixture € [which enters through (3) via the
& factors; equally good solutions can be obtained for smaller €, but not in the limit € - 0]. Although,
for this reason, no great quantitative significance can be attached to the above values J , and J,, their
signs are relevant and it is pleasing to see them conform with physical expectations. From (5) the
dominant contribution to J, would seem to be potential exchange via near-orthogonal (relevant angle
81.5°) x* — y*~type orbitals o bonded to C1~ anions while from (6), J , is m-bonded kinetic exchange via
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both C1™ and O®".
change

3

with coefficients in degrees Kelvin.

5~ = 80(SxS px + SgeSpe) + 405,55y +40(S xS pz = SazSbx)

Expressed in the common coordinate system (xyz) we find, via (9), a spin-pair ex-

(10)

Further measurements have been made on closely related complexes Cu4OBr6[OP(C6H5)3]4 and Cu,O-
Cl;(C4H,N), with qualitatively similar findings.? Agreement with orbitally degenerate theory can again
be obtained with exchange parameters conforming qualitatively with physical expectations.
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The B-delayed neutron energy spectrum from I has been studied with a high-resolu-
tion neutron spectrometer. The neutron energy distribution is found to exhibit prominent
line structure. The overall shape of the distribution indicates that y-ray emission strong-
ly competes with d-wave neutron emission over a large excitation energy interval. The
line structure is shown to be in general agreement with spin-dependent level-density cal-

culations.

Delayed neutron spectrometry is a potentially
fruitful technique for precise level-density mea-
surements above the neutron binding energy. No
work has been reported previously on this sub-
ject because of the difficulty of producing delayed
neutron precursors in sufficient strength, and
the limited energy resolution of most fast neutron
spectrometers. The recent development of a *He
ionization chamber! with high detection efficiency
and superior energy resolution for fast neutrons,
in combination with an on-line mass spectrometer,
has permitted the investigation of neutron-emit-
ting energy levels in '*"Xe following B decay from
1371.

The OSIRIS on-line isotope separator? was used
to separate by mass the fission 'products from a
®5U sample located near the core of a 1-MW re-
actor. Ions with mass 137 were collected on
magnetic tape and transferred to the remote

neutron spectrometer, giving an initial source
strength of about 3 uCi and a fast neutron count-
ing rate of more than 1 count/sec. Fresh sam-
ples were collected simultaneously with the mea-
surement and transferred to the counting station
at 60-sec intervals.

The experimental pulse-height distribution is
shown in Fig. 1 for delayed neutrons emitted
from excited levels in '*"Xe. The prominent line
structure seems to suggest neutron emission
from widely spaced levels, particularly towards
the low-energy end of the spectrum. An interpre-
tation of the structure as arising from statistical
fluctuations® would appear to be less probable.
Analysis of the pulse-height distribution in terms
of the energy-dependent spectrometer response
function gives the individual energy components,
shown in Fig. 1 by vertical lines with appropriate
relative amplitudes. Two series of peaks are
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