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Magnetic susceptibility, heat capacity, and EPR studies reported here show that close
to 50 jp of the high-spin Fe + ions in this compound form isolated spin pairs each of which
shows a highly anisotropic superexchange coupling. Direct EPR transitions between the
superexchange-split energy levels have been observed.

The metalloporphyrins are a class of organo-
metallic complexes which have been extensively
studied because of their inclusion in certain bio-
logical molecules such as myoglobin, hemoglo-
bin, chlorophyll, etc. ' The paramagnetic forms
of the metallo- tetraphsnylporphyrins typically
can have nearest-neighbor distances between

0
paramagnetic sites in excess of 8 A. ' The mag-
netic interaction between these sites is expected
to be primarily the classical magnetic dipole-di-
pole coupling with resulting millikelvin-range
magnetic-ordering temperatures. The ultralow-
temperature behavior of copper tetraphenylpor-
phine does satisfy these expectations. ' However,
iron tetraphenylporphyrin chloride (FeTPPCl) ex-
hibits magnetic correlation effects in its suscep-
tibility and heat capacity at temperatures near 1
K. In this paper we shall show that this com-
pound possesses the following interesting proper-
ties:

(a) Close to 50% of the high-spin Fe" ions form
electron-spin pairs, each coupled via a superex-
change mechanism —a significant addition to the
small list of undiluted compounds in which isolat-
ed spin-pairs occur. 4

(b) The superexchange coupling is highly aniso-
tropic, which is unusual for S-state ions, and is
large compared to the classical dipole-dipole cou-
pling between the Fe" spins.

(c) The energy splittings due to this superex-
change coupling are small in comparison to the
energy splittings of each Fe" ion associated with
the crystal-electric-field parameter D, [see Eq.
(I)].

(d) These superexchange energy splittings in
zero magnetic field fall within the microwave
range of frequencies, 8 to 28. GHz. We have been
able to observe direct transitions between these
energy levels with an EPR spectrometer, includ-
ing forbidden magnetic dipole transitions.

Details of the 'He-~He dilution refrigerator and
the apparatus used in the susceptibility and the
heat-capacity measurements will appear else-
where. ' Polycrystalline samples of FeTPPCl
were obtained commercially. ' A 0.1-mg single
crystal was grown in a 1:2 mixture of dichloro-
methane and hexane, and its expected crystal
structure was confirmed by x-ray analysis. The
susceptibilities both parallel and pe rpendicular
to the c axis of this crystal were measured in
magnetic fields of 2.5 and 0.25 mT, respectively.
A super conducting-quantum-interference-device
(SQUID) magnetometer of standard design was
employed. 7 For the heat-capacity experiment, a
1.58-g polycrystalline sample was used. In or-
der to improve the thermal contact between the
grains, we heated this sample and added 0.07 g
of liquid Apiezon-N grease to it. The internal
thermal equilibrium time was as long as several
hours at temperatures near 100 mK.

The inset of Fig. 1 depicts the planar porphyrin
molecule with the Fe" ion, the four phenyl li-
gands, and the chloride ligand attached. Two
body-centered tetragonal unit cells are also
shown in Fig. 1. X-ray studies indicate an orien-
tational disorder for these molecules. ' The chlo-
ride ions can, with apparently equal probability,
be situated on either side of the porphyrin plane.
For 50% of the molecules we assume that the in-
dicated 1 A separation of the chloride ions should
allow some orbital overlap between them and
thereby provide a superexchange path between the
the associated Fe'+ ions.

As shown in Fig. 2 the two magnetic suscepti-
bilities deviate from a simple Curie law below
1 K, and the heat capacity passes through a maxi-
mum around 0.2 K. In order to interpret these
results we choose the following spin Hamiltonian
to represent the square-pyramidal coordination
of the ith Fe3+ ion, omitting spin-spin interac-
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FIG. 1. Diagram of an FeTPPC1 molecule and two
body-centered tetragonal unit cells. The unit cells are
drawn to scale only along the e axis. The spheres rep-
resenting the ionic radii are drawn to scale.
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tions:

X;=gpsS; .H+ D, tS;,2 —
~ S(S+ 1)],

where z is along the c axis, S;=—,', g=2.00, and

D,/k~~ 13 K. This choice of parameters is based
on far-infrared-absorption' and EPR studies of
other iron-chloride porphyrins' and on a com-
parison of the magnetic susceptibilities of these
other porphyrins with FeTPPC1." Our EPR stud-
ies of FeTPPC1 are in agreement with this choice
of the g factor.

We choose an anisotropic Heisenberg Hamilton-
ian to represent the superexchange coupling, and
we shall treat as negligible the classical magnet-
ic dipole-dipole coupling between all the Fe"
spins. Our total spin Hamiltonian for a given
spin pair is

3C = K~ +X~+ JiiS~ S~ +Jj(S) S~ + S~~ S~~),

A straightforward calculation produces the solid
curves in Fig. 2 which are in good agreement
with the experimental data. The parameters for
the curves are Jii/kq = —0.40+0.03 K, Ji/kz
=+0.152+0.003 K, and a=0.51+0.01, where n
is the fraction of Fe" spins in FeTPPCl which
form pairs. This value of e is in good agree-
ment with our expectation of n =0.50.

FIG. 2. Temperature dependence of the molar sus-
ceptibility and heat capacity of FeTPPC1. The suscep-
tibilities Xti and X& were measured, respectively, with
the magnetic field at 10' and 90 with respect to the e
axis of the single crystal. C is the heat capacity per
mole of FeTPPC1, and R is the molar gas constant.
The solid curves represent theoretical calculations dis-
cussed in the text.

These values of Jit and Ji were used to calcu-
late the four lowest energy levels shown in Fig.

These exchange sphttings are small compared
to their separation from the next sets of levels
approximately 2D, higher in energy. For conven-
ience the energy levels are given singlet-triplet
labels as if S;= S, = —,'. The wide arrows in Fig. 3
represent EPR transitions observed with an 8-mg
powdered sample. The length of each arrow is
drawn to scale and is plotted for the field at which
each rather broad resonance reached a maximum.
The thin arrow represents a transition seen for
a 0.05-mg single crystal with its c axis at ap-
proxirnately 10' to the external field. The shaded
region symbolizes those singlet-triplet transi-
tions where poorly defined maxima were observed
at low fields in the range 9.0 to 9.5 GHz. Clearly,
these observed transitions give a rather strong
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FIG. 8. Energy-level diagram for superexch~nge-
coupled pairs at 0' and 90' orientations of the c axis
with respect to an external magnetic field (in teslas).
The short curved arrows indicate the direction that
these energy levels shift as the field is rotated from 0'
toward 90 . The remaining symbols are explained in
the text.

where J/kB = —0.03 + 0.01 K and D~/k~ = —0.18
+ 0.01 K. The 9.05-A distance between the two
Fe" ions in a spin-pair gives a classical dipole
coupling parameter of D„/k~ = —0.003 K which is
negligible in comparison to the pseudodipolar ex-
change parameter D~. Thus the superexchange
coupling seems to be primarily pseudodipolar in
nature. As originally pointed out by Van Vleck, '4

pseudodipolar exchange can arise from spin-or-
bit effects. 4 Since spin-orbit coupling to a rather
low-lying excited state of the Fe" ion is respon-
sible for the unusually large crystal field param-
eter D„"it is suggested that such spin-orbit cou-
pling may be the origin of this pseudodipolar su-
perexchange.

In conclusion, we wish to re-emphasize the
point that further EPR studies of FeTPPC1 should
provide a very well-characterized superexchange
coupling. Further, we wish to point out that there
are iodide and bromide forms of the high-spin
Fe" tetraphenylporphyrins. Although their crys-
tal structures are not known, certainly the possi-
bility of spin pairing exists. The superexchange
coupling for these compounds would probably be
different because of the larger ionic radii of the
halogen ligands.

We wish to thank Dr. J. A. Cowen for providing
the EPR spectrometer and Mr. P. R. Newman for
assisting us in its operation. We also acknowl-
edge very useful conversations with Dr„R. D.
Spence, Dr. T. A. Kaplan, Dr. S. D. Mahanti, and
Dr. M. Barma.

X,, =+JS, ~ S;+Dz(3S,,S,,—S; S,), (3)

first-order confirmation of the simple exchange
Hamiltonian. An EPR study of a several-milli-
gram single crystal would significantly improve
the precision of the superexchange parameters,
particularly J~I, and probably would uncover the
limitations of the assumed superexchange Hamil-
tonian.

For this exchange Hamiltonian the singlet-trip-
let transitions are forbidden magnetic dipole
transitions. These forbidden transitions can be
clearly distinguished from the allowed transitions
when the external magnetic field'is placed paral-
lel to the microwave magnetic field. Possibly the
exchange Hamiltonian contains an antisymmetric
term of the Dzialoshinski-Moriya type, X„=C
~ (S, XS,), which would allow magnetic dipole tran-
sitions between the singlet-triplet states. ""

The superexchange coupling is highly anisotrop-
ic and can be alternatively expressed in an iso-
tropic-plus-pseudodipolar form:
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The superconducting transition temperature T, of aluminum has been measured as a
function of pressure to 62 kbar, at which point T, was reduced to 0.075 K from its zero
pressure value of 1.18 K. These data cover ranges of temperature and pressure which
allow differentiation between theoretical and empirical predictions. The data clearly
obey the empirical relation of Smith and Chu and suggest a new volume dependence for
the electron-phonon interaction.

Several theoretical models' ' have been pro-
posed to explain-the effects of hydrostatic pres-
sure P on the superconducting transition temper-
ature T, of nontransition metal superconductors.
Calculations of T, (P) have been reasonably suc-
cessful in explaining the reduction of 7.', at low
pressures (0 to 20 kbar); however, the effects of
higher pressures remain uncertain. Smith and
Chu" proposed an empirical relation which de-
scribed the pressure effects of T, up to 20 kbar
and suggested its validity at even higher pres-
sures. The relation is

b,T, /To= a& V/Vo,

where T, is the zero-pressure transition tem-
perature, V, is the zero-pressure atomic vol-
ume, &V is the change in volume induced by hy-
drostatic pressure, and e is a material-depen-
dent constant. None of the theoretical models de-
scribing the volume (pressure) effects on T, pre-
dict a volume dependence of this form at pres-
sures over 20 kbar.

In this Letter we report the results. of our study
on the press~re dependence of T, in aluminum.
The data cover ranges of temperature and pres-
sure which for the first time allow differentiation
between the various theoretical and empirical
predictions. The transition temperature of Al
was reduced to less than ~ of its zero-pressure
value (T,=1.18 K) at a pressure of 62 kbar which
represents the largest pressure-induced percent-
age reduction in T, ever reported.

Details of the pressure cryostat for achieving
the required temperatures and pressures are de-
scribed elsewhere'2 but are briefly reviewed here
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FIG. 1. Cross section of the variable-pressure, low-
temperature, diamond-anvQ cell.

since it has some unique features. Figure i
shows a cross-section drawing of the pressure
cell used for achieving P ~100 kbar and T ~0.025
K. A O. l-mm-diam Al sample is contained in a
hardened BeCu gasket and positioned between two
diamond anvils each having 0.5-mm faces. Pres-
sure produced between these anvils is controlled
hydraulically by externally regulating the 'He
fluid pressure in a large bellows which drives a
piston holding the top diamond. This feature per-
mits acquisition of data over the entire pressure
span in one run. Sample pressures are propor-
tional to the externally measured 'He pressures.
The system was calibrated against published Al
data up to 20 kbar. '

The BeCu pressure cell is an integral part of
a dilution refrigerator. The top plate of the cell
contains a small annular cavity which is the mix-
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