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9% ABSTRACT

K9 SUPEREXCHANGE-COUPLED ELECTRON-SPIN PAIRS IN

IRON TETRAPHENYLPORPHINE CHLORIDE AT LOW TEMPERATURES

BY

Gary L. Neiheisel

Iron tetraphenylporphine chloride (FeTPPCl) has a

unique crystal structure which allows approximately 50% of

the molecules in the crystal to form isolated superexchange

pairs. The remaining 50% of the FeTPPCl molecules act as

isolated paramagnetic molecules (neglecting the weak classi-

cal dipole-dipole coupling). The spin—pairing occurs in a

low temperature region (0.1 K - 1.0 K). Magnetic suscepti-

bility measurements on a small aligned single crystal of

FeTPPCl have been made using a Superconducting Quantum

Interference Device (SQUID) magnetometer mounted in a

3He-4He dilution refrigerator. The zero-field heat capacity

of a powdered sample of FeTPPCl has also been measured using

the dilution refrigerator. In addition, electron spin

resonance measurements on a small aligned single crystal and

on powdered samples of FeTPPCl exhibit direct ESR transitions

between the superexchange-split energy levels. A simple

highly anisotropic Heisenberg exchange term was chosen to

characterize the superexchange coupling. The theoretical

results are in good agreement with the experimental data.
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INTRODUCTION

The metalloporphyrins are a group of organic molecules

which have been extensively studied because of their inclu-

sion in certain biological molecules such as myoglobin,

hemoglobin, chlorophyll, etc.1 The porphyrin skeleton is a

planar molecule of four pyrrole rings each contributing a

nitrogen atom in a square arrangement with respect to the

center of the molecule.2 In the metalloporphyrins a metal

atom is bonded to the center of the porphyrin plane. The

magnetic properties associated with the unpaired spins

present on this metal atom are of particular interest. Both

high and low-spin metalloporphyrins containing a variety of

metal atoms (e.g. Fe, Cu, Ag, Mn) are available.

Since the metalloporphyrins form large molecules, the

crystal structures give rise to rather large separations

between adjacent metal atoms. This magnetic dilution results

in rather weak inter-molecular magnetic coupling, character-

istic of a classical dipole-dipole system. A consequence of

this dipolar coupling in the low-spin metalloporphyrins are

their low magnetic ordering temperatures. This particular

property is of current interest in the search for an

ultra-low temperature thermometer in the millikelvin range

to replace cerium magnesium nitrate (CMN). Also, a low

ordering temperature presents the possibility of using one



2

of the metalloporphyrins as a refrigerant by the technique

of adiabatic demagnetization for achieving very low tempera-

tures. An interesting feature of the high—spin porphyrins

is that the relatively strong classical dipolar coupling

should bring about magnetic ordering in the middle tempera-

ture ranges available to a dilution refrigerator (e.g.

50 - 100 millikelvin). Susceptibility measurements might

then yield valuable information on the ground state of such

a dipole system. The direct hyperfine interaction of the

Cu2+ unpaired electron with the Cu nucleus in copper tetra—

phenylporphine (CuTPP) has been observed from magnetic

susceptibility measurements in our laboratory.3 The ultralow

temperature behavior of this low-spin compound indicates

that magnetic dipole-dipole coupling dominates the inter-

2+ ions.action between the Cu

A possible application of the high-spin metallopor—

phyrins is in the study of the surface interaction with

liquid 3He. Unusually good thermal contact between CNN and

pure 3He has been observed by Bishop gt 31.4 This is

believed to be due to magnetic coupling between the CNN

unpaired electronic spins and the 3He nuclear spin. The

high-spin metalloporphyrins would be especially suited for

this kind of study due to their large magnetic moment. Also,

their large planar molecular shape causes the porphyrins to

be strongly adsorbed at surfaces, thus forming rather stable

films.2
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Of particular interest to this thesis is a less

obvious physical phenomenon which happens to be perfectly

suited to one of the metalloporphyrin complexes. This is

the isolated superexchange-coupled pair. The exchange inter—

action takes place only among the members of a pair of

nearest-neighbor paramagnetic sites and does not allow for

a similar interaction with any other neighboring sites.

This type of system should be valuable from the theoretical

standpoint since it allows for a first-principles calculation

of the relevant exchange parameters without the added compli-

cations of long range correlations. The crystal structure

of Iron (Fe3+) Tetraphenylporphine Chloride (FeTPPCl)

exhibits such properties. The unusual structure of FeTPPCl

allows the formation of isolated superexchange pairs where

the iron electrons couple via Fe-Cl--Cl-Fe orbital overlap

along the crystalline c-axis. Approximately 50% of the

high—spin Fe3+ ions form electron-spin pairs - a significant

addition to the small list of undiluted compounds in which

isolated spin-pairs occur.5 An additional factor which

makes the FeTPPCl system truly unique concerns the

intra-molecular crystalline electric field experienced by

the unpaired iron electrons. This crystal field affects the

iron 3d orbitals and the spin via the spin-orbit interaction.

This gives rise to an effective crystal-field interaction

.term in the spin Hamiltonian which, for FeTPPCl, is much

larger than the superexchange energy. At sufficiently low

temperatures this large crystal-field term enables a simple
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calculation of the exchange-split ground state energies.

Because of the weak superexchange coupling, the

pairing takes place in a low temperature region (0.1 K -

1.0 K). A dilution refrigerator has been used in our

laboratory6 to make measurements in this low temperature

region. Due to the flexible design of our machine, both the

magnetic susceptibility and the heat capacity of the FeTPPCl

system have been measured. A Superconducting Quantum Inter-

ference Device (SQUID) magnetometer was used to obtain the

susceptibility of a small aligned single crystal along two

mutually perpendicular crystalline axes. The zero field heat

capacity of a powder sample was measured using a specially

designed tail mounted in the dilution refrigerator.

The fact that the crystal-field term is much larger

than the exchange term in the spin Hamiltonian allows for a

straight—forward theoretical solution in terms of an aniso-

tropic Heisenberg superexchange. Using the energy levels

predicted by this model, it became evident that electron

spin resonance (ESR) should provide a direct verification of

these levels. Spin resonance studies were undertaken at

l - 4 K in both X and K-band frequency ranges. A very small

aligned single crystal was measured at 9.3 GHz, and a powder

sample was studied over a wide spectrum of frequencies (8.7 —

24 GHz). The results of these observations yield the transi-

tions consistent with the energy levels predicted by the

theoretical formulation.



CHAPTER I

THE EXPERIMENTAL APPARATUS

A. Dilution Refrigerator 

A dilution refrigerator was initially constructed by

this research group to make low temperature magnetic sus—

ceptibility measurements.6 The design was sufficiently

flexible that it has also been used to make heat capacity

measurements.

3 4
The operation of a He- He dilution refrigerator is

based on the phase separation of a mixture of 3He and 4He

3He concentrated region and a 3He diluted region.7into a

Since the entropy of a 3He atom is larger in the 4He-rich

layer than in the 3He-rich layer, a cooling of the sur-

roundings is made possible when 3He atoms pass from the 3He

concentrated region across the phase boundary into the 3He

dilute region. The entropy per 3He atom has increased with

a corresponding absorption of heat from the dilute solution.

This represents a cooling process.

The design of a dilution refrigerator combines the

phase separation process with a means of achieving the low

temperatures at which the dilution occurs and a means of

allowing continuous circulation of the 3He atoms. In

practice 3He atoms enter the refrigerator as a gas and pass

through a condensing capillary thermally anchored to a 1°

Pot. This 1° Pot acts as a small evaporation refrigerator
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in which 4He liquid is pumped on causing the temperature of

the liquid to be lowered to approximately 1 K. Immediately

following the condensing capillary is a large flow impedance

which results in a high enough pressure to ensure liquifica-

tion of the incoming 3He gas. The liquid 3He then passes

through one capillary and three sintered copper heat

exchangers for further cooling. The concentrated 3He then

enters the mixing chamber where the actual phase separation

occurs. From here the dilute 3He returns via the heat

exchangers to the still. At the still temperature (approxi—

mately .65 K), the 3He atoms have a higher vapor pressure

than the 4He atoms. With proper suppression of the 4He

superfluid film flow, the vapor pressure difference allows

the 3He atoms to be selectively pumped from the still to the

room temperature part of the system. The retrieved 3He gas

is then compressed and returned to the refrigerator as input

to the condensing capillary. This results in a closed con-

tinuous cycle dilution refrigerator.

Of particular interest to this work is the dual tail

mixing chamber designed for our apparatus.6 This design is

shown in Figure 1. Tail #2 contains a pill of cerium

magnesium nitrate (CMN) or 10% cerium magnesium nitrate and

90% lanthanum magnesium nitrate (LCMN) for thermometry.

(These materials have a linear dependence of magnetic sus—

ceptibility on inverse temperature into the millikelvin

range, making them excellent thermometers.) Tail #1 normally

contains the sample whose susceptibility is to be measured as
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Figure l. A schematic drawing of the dual tail mixing

chamber. The arrows represent the flow of

3He through the mixing chamber. For clarity

only the upper half of one of the magnetic

susceptibility coils is shown.
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a function of temperature. The mounting of samples in the

mixing chamber is facilitated by the glycerin and soap

flakes seals8 made at the threaded portions of the mixing

chamber tails. (The sample holders are long epoxy cylinders

with male threads at the upper end.) Both samples sit in

the cold dilute 3He solution with the phase separation

boundary roughly 1.0 cm above each sample. The overall

design is to ensure good thermal contact between the tails

and weak magnetic coupling between the samples. A Super—

conducting Quantum Interferance Device (SQUID) magnetometer

has a sample port located above tail #2 where the dilute

solution provides good thermal contact between the SQUID

sample and the CMN thermometer. A complete description of

the SQUID magnetometer is given in the next section.
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B. Measurements of Magnetic Susceptibility

One of the most convenient thermodynamic properties

to measure is the magnetic susceptibility. This is largely

due to the simplicity of design and ease of installation of

mutual inductance coil systems. In addition, the rather

sophisticated lock-in amplifiers now available allow the

observation of very small susceptibility changes. Also, the

advent of the Superconducting Quantum Interferance Device

(SQUID) makes possible the measurement of extremely small

aligned single crystals. The compact design available with

SQUID systems is another attractive feature.

Mutual Inductance Bridge

The conventional method of obtaining a magnetic

susceptibility is to measure the mutual inductance change

between a primary and secondary coil brought on by a change

in the magnetization of the sample. The sample is located

on the axis of the coil system within one—half of an astatic

secondary coil. The astatic arrangement is made by winding

one-half of the secondary coil in one direction and then

winding the other half in the opposite direction. This makes

the primary-secondary mutual inductance zero to first order.

The secondary coil halves are wound over the primary coil

along the same axis as illustrated in Figure l. A 17 Hz

current is applied to the primary coil, and the induced emf

appearing across the secondary is balanced against an adjust-

able fraction of a 17 Hz reference voltage. This makes
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possible a very accurate null measurement which can be

enhanced by the use of a lock-in amplifier tuned to a very

narrow band of frequencies centered about the AC driving

frequency. As the temperature of the sample is changed,

the magnetization of the sample changes causing a measur-

able output voltage to appear at the lock-in. This voltage

is then nulled by adjusting the reference ratio transformer.

This AC bridge is patterned after one reported by A. C.

Anderson 23.31.9 with detailed descriptions available in

the Ph.D. thesis of J. L. Imes.6

Because of the dual tail arrangement, it is necessary

to magnetically isolate the two coil systems from each other.

This is done by rigidly connecting each coil to a supercon-

ducting shield made from a brass tube of 4.76 cm i.d. and

.079 cm wall thickness, the inside of which is electroplated

with a .003 cm layer of lead. The coil #1 shield also has a

heater and superconducting solenoid wrapped around its out-

side to allow for the application and trapping of DC magnetic

fields as large as 200 gauss. This is also shown in Figure 1.

The shield #1 heater consists of approximately 1 m of .01 cm

diameter manganin wire having a resistance per unit length

of 105 Q/m. It is wrapped in a snakelike fashion up and down

over the cylindrical outer area of the shield. It is held in

place with a thin layer of GE7031 varnish. The magnet con—

sists of 487 turns of .023 cm diameter Kryoconductor super-

conducting wire10 wrapped in one layer on a hollow mylar

tube. The tube was slightly oversized so that it would easily
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slide over the shield and heater. It rested on pieces of

string wrapped around the perimeter of the shield cylinder

and over the heater. The string provides some thermal

isolation of the superconducting solenoid windings from the

heater. The solenoid was 5.08 cm in diameter and 11.1 cm

long, having a field capability of 50 gauss/amp.

SQUID Magnetometer

~The Superconducting Quantum Interference Device

(SQUID) is an extremely sensitive flux measuring device. Its

operation is based on the Josephson theory11 of tunneling

currents between two superconducting materials. The

Josephson junction, superconducting weak link, and point

contact are used interchangeably to mean any low critical

current connection between two pieces of superconductor.

The relevant equation resulting from the Josephson theory12

is

I = I sin 8 (1)
s c

where Is is the supercurrent through the junction, 6 is

the quantum-mechanical phase difference across the junction,

and Ic is the critical current, a characteristic para-

meter for a particular junction. A niobium cylinder, con-

taining two holes situated symmetrically about a slot down

the axis of the cylinder, has a weak link made by causing

the tips of two 000-120 niobium screws to touch across the

slot. This two-hole symmetric SQUID is shown in Figure 2.

Now the total flux trapped within one of these holes as a
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Figure 2.
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Two-hole symmetric SQUID cylinder. The cylinder

is machined from solid niobium stock with a

slot running down the axis. The weak link is

made by two 000-120 niobium screws just

touching across the slot.
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function of an applied external flux when the cylinder is

superconducting gives rise to a step-like dependence which

is used to explain the details of the SQUID operation.

This relation has the form:

¢/+ = «I /+ — ILIc/¢o)sinI¢/+o) (2)
0 ext 0

where O is the total flux trapped within one hole of the

SQUID, O is the external flux applied to this hole, L
ext

is the self-inductance of the hole and junction, Ic is

the critical current for the junction, and 4b = OO/Zn where

¢

The detailed explanation of the SQUID operation based on

o is the flux quantum which has the value 2x10"7 gauss-cmz.

this equation is rather lengthy and will not be undertaken

in this thesis. One is referred to the review article by

Giffard, Webb, and Wheatley.13 However, a short discussion

from an operational point of view will be given.

A radio frequency (RF) coil is inserted in one hole of

the SQUID as shown in Figure 2. This coil is in parallel

with a 500 pF capacitor. An RF oscillator applies a signal

to this tank circuit at its resonant frequency which results

in an RF supercurrent being induced through the point con—

tact. If the RF amplitude is large enough, the critical

current of the junction will be exceeded, and the weak link

will undergo a transition to the normal state. There is an

almost instantaneous re-adjustment of flux between the two

holes such that the point contact immediately goes back to

the superconducting state. This RF induced transition takes
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place about the average DC flux in the SQUID cylinder.

Since the rest of the niobium cylinder is always in a

superconducting state, the average DC flux trapped within

the entire SQUID body is a constant. Thus, if the average

DC flux within one hole of the SQUID body should change due

to the presence of a signal coil (one-half of a flux trans-

former which senses the magnetization of the sample), a

flux change would also appear in the other hole containing

the RF coil. Now the average DC flux in the RF hole is

slowly modulated by a 1000 Hz audio signal introduced via

the same RF coil. Through a rather detailed analysis, it

can be shown that the amplitude of the 1000 Hz frequency

component at the RF detector is directly proportional to the

DC flux change of the signal coil. Thus the output of the

RF detector can be fed into a lock-in amplifier tuned to

the audio frequency. The output of the lock—in is a DC

voltage directly proportional to any small DC flux change

in the SQUID body. To ensure that the change in DC flux

experienced by the RF coil is small (a condition necessary

for a linear response), a feedback resistor sends back just

the right amount of DC flux to the RF coil to balance out

the original change in flux. This is the flux—locked mode

of operation. A digital voltmeter (DVM) is used to measure

the feedback voltage which now varies linearly with the

flux change due to the signal coil. Flux changes as small

as 10'2 to 10'4 of ¢o can be detected, the ultimate

sensitivity being limited by noise in the SQUID body and in
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the amplifiers.

A flux transformer is used to couple the flux change

due to the sample magnetization into the SQUID sensor body.

This consists of a superconducting sample coil having two

halves wound in series opposition (astatic) to mimimize

the effect of external magnetic field changes. The sample

of interest is placed within one-half of the sample coil.

This coil is connected via a tightly twisted pair of super-

conducting leads to another coil, the signal coil, which is

inserted into one of the holes in the niobium SQUID

cylinder. The complete SQUID circuit is shown in Figure 3.

The RF coil resides in the other hole. The flux coupled

into the SQUID body is given by:

O = M I (3)

where M is the mutual inductance between the signal coil

and the SQUID body, and I is the current in the signal

coil due to the change in magnetization of the sample. Now

the current due to the sample is obtained from

NC =LI (4)
sample

where N is the number of turns in one-half of the sample

coil, ¢ is the flux due to the sample magnetization,

sample

and L is the total self-inductance of the flux transformer.

(5)= +L +L
Lsignal sample leads

If the sample is small compared to the coil diameter, the

equation for a uniformly magnetized sample may be used:
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Figure 3. Block diagram of the SQUID magnetometer circuit.
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osample = 4nMy/D (6)

where M, is the magnetization of the sample, V is the

sample volume, and D is the coil diameter. Now if a DC

magnetic field is applied to the sample, the magnetization

of a paramagnetic material is given by:

M,= x no (7)

where x is the magnetic susceptibility of the sample and

no is the applied magnetic field. Now combining equations

(3) through (7) gives the following relation between the

flux coupled to the SQUID and the sample susceptibility:

¢/+o = (NM/L)(41r/¢o)(HoV/D) x (8)

This equation dictates all the flux transformer design

considerations. The signal coil dimensions have two com-

peting effects. A larger number of turns on the signal

coil increases the mutual inductance, M, to the SQUID body,

but it also increases the total self-inductance, L.

Similarly, a larger number of turns on one-half of the

sample coil, N, would seem to provide a larger coupling of

flux, but this is offset somewhat by an increase in the

self-inductance. Giffard, Webb and Wheatley13 have measured

the relevant inductances as a function of the number of turns

for coil dimensions compatible with the SQUID body origi-

nally purchased from S.H.E. corporation.14 These design

parameters are provided with the S.H.E. corporation operating

manual.
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A hollow niobium shield-cylinder surrounding the

sample coil is used to trap the magnetic field applied to

the sample. The presence of this shield affects the sample

coil inductance. Since the Giffard article also lists

measured sample coil inductances as a function of the

number of turns with a particular niobium shield present, it

was decided to machine a trapping niobium cylinder of similar

dimensions. This, in turn, put limits on the dimensions of

the sample-coil form. Within these limitations, the flux

transform factor

f = NM/L (9)

was maximized by the following choice of coil dimensions.

The signal coil was 117 turns of .0096 cm insulated niobium

wire wound in two layers on a Delron coil form of diameter

.13 cm. The self-inductance obtained from the SHE corpora-

tion manual for a coil of these dimensions was 4.75x10"6 H.

The mutual inductance to the SQUID body for such a coil was

also given as 1.43x10'8 H. The sample coil consisted of two

.356 cm i.d. sections of 21 turns each of .0096 cm niobium

wire with a center to center separation of .64 cm between the

two halves. The self-inductance given by the S.H.E. manual

was 2.15x10'6 H. The length of leads necessary to join the

sample coil, located in the SQUID chamber mounted on the

mixing chamber, to the signal coil, located in the SQUID body,

was 89 cm. Using the figure of 3x10'7 H/m for the lead

inductance of a tightly twisted pair13, the flux transformer
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lead inductance, Lleads' was calculated to be .3x10'6 H.

Thus the flux transform factor, f , was calculated to be

.032 which is very near to the optimum value suggested by

the S.H.E. corporation manual. The hollow niobium shield

mounted around the sample coil is .51 cm i.d. with a length

of 1.59 cm and .063 cm wall thickness. The SQUID sample

coil, niobium shield, sample chamber, and other relevant

features are shown in Figure 4. It should be noted that

the first successful SQUID run was done using a .0048 cm3

sample of 100% CMN with a mass of 6.4 mgm in a field of

0.25 gauss. CMN has a Curie-law dependence of susceptibility

on temperature

x = C/T (10)

where C is the Curie constant, and T is the absolute tem—

perature. The measured value gave a dependence of O/eb =

(2.32 K)/T as compared to the calculated value of (2.5 K)/T

based on the design parameters applied to equation (8). The

agreement is considered quite good.

In order to apply a stable DC magnetic field to the

sample, a number of design considerations are necessary. To=

minimize the effect of external magnetic fields (notably,

the earth's), a lead shield within another shield of high

permeability (mu-metal) is placed on the outer wall of a

vacuum can which surrounds the refrigerator. In addition

there is the shield consisting of the niobium cylinder

around the sample coil. The magnetic field is applied par-

allel to the axis of the sample coil by a superconducting
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Figure 4. The SQUID sample chamber. This is attached to

the mixing Chamber's dilute solution return line

as shown in Figure l. The diameter of the

niobium cylinder is oversized and thus is not

drawn to scale.
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solenoid wound on an inner vacuum can which surrounds only

the heat exchangers and the mixing chamber. When the field

is at the desired value, the heater on the niobium shield is

turned on in order to drive the niobium above its critical

temperature. The onset of the normal state is observed by

monitoring the resistance of a niobium sensor wire in inti-

mate thermal contact with the walls of the niobium shield.

When the transition occurs, the heat is removed; and the

niobium cools back to its superconducting state trapping the

applied field within this hollow niobium shield. The

‘external field is then turned off. The heater consists of

approximately 33 cm of .0036 cm diameter Evanohm wire15 having

a room temperature resistance of 320 n. The sensor is 1.05 m

of .0096 cm niobium wire with a room temperature resistance

of 42 9. This wire was twisted and lagged in snakelike

fashion along the outer area of the niobium shield cylinder.

It was attached to the surface of the shield with a light

coating of Apiezon N grease16 in order to provide good

thermal contact. It was then tied down by numerous wraps of

thread. The sensor electrical leads were two 1.3 cm lengths

of copper-clad niobium-titanium wire spot-welded to the

niobium wire. The sensor leads were connected to the room

temperature part of the circuit by a four-terminal arrange-

ment. This was to ensure a true current-voltage measurement

of the sensor resistance, thereby minimizing lead resistance

effects. The heater is well lagged to a piece of cigarette

paper glued in place over the sensor and cylinder with GE 7031
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varnish. Numerous wraps of thread are also used to hold the

heater in place. The heater and sensor are also shown in

Figure 4.

The small flux changes observable by the flux trans—

former - SQUID combination require careful shielding from

any external fields, even the small fields produced by nearby

current-carrying leads. The flux transformer leads connect—

ing the signal coil to the sample coil were placed in a

cupro-nickel tube of length 74 cm with an inner diameter of

.061 cm and wall thickness of .0075 cm. This tube was coated

with a .0025 cm layer of lead-tin solder to provide a super-

conducting magnetic shield around the leads when used at

liquid helium temperatures. The leads from the sample coil

were also encased in a lead-coated cupro—nickel tube speci-

ally designed to fit under the niobium shield as shown in

Figure 4. The leads from this point to the longer inter—

connecting leads mentioned above were shielded with a 15 cm

length of indium foil. The foil was rolled out to a thick-

ness of .01 cm and width .5 cm and folded over the leads.

The foil was sealed shut with a warm soldering gun. The

indium foil was very flexible and was easily lagged to the

upper copper flange on the mixing chamber so as to minimize

the heat flow to the magnetometer from the higher temperature

parts of the refrigerator. At the signal coil end of the

flux transformer, the entire SQUID cylinder including signal

coil, RF coil, and 500 pF capacitor were all encased in a

lead-foil shield, mounted in the vacuum space, and thermally
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anchored to the 4 K bath.

Due to the weak nature of the Josephson junction, it

is essential to shield this point contact from any type of

electrical discharges which might change the critical

current of the junction. This necessitates a complete

electrostatic shield extending upwards from the lead-foil

shield mentioned above to the room temperature part of the

system where the SQUID electronics are located. This shield

is a stainless steel tube, 1.27 cm outer diameter with a

.041 cm wall thickness. It contains the leads which bring

the RF signal from the room temperature electronics to the

RF coil. This shield is carefully grounded to the top of

the cryostat at the point where the RF signal is fed into

the cryogenic part of the system. The ground is made com-

pletely around the outer circumference of the tube by a tight

press fit into a 1.27 cm hole drilled in the top of the cryo-

stat. This is the only ground point for the entire SQUID

system, so as to avoid any ground-loop currents which might

affect the SQUID operation. .

Since the operation of the SQUID is dependent on the

RF signal, it is essential to prevent any external radio

frequency energy from entering the cryostat. For this

reason, all the SQUID heater and sensor leads pass through

RF filters consisting of 22 uH inductors in series and

1000 pF capacitors to ground.
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C. Heat Capacity Measurements

In order to make heat capacity measurements in the

temperature range of interest, it was necessary to design

a special addition to the refrigerator. The heat capacity

addition is a modification of epoxy sample holder #1.

Figure 5 shows the relevant details of this addition. A

sintered copper cylinder approximately 1 cm high sits in

the dilute 3He of the mixing chamber where a paramagnetic

sample would normally be located. There is a .318 cm diam-

eter, OFHC copper "stem" extending from the sintered copper

down through the center of the epoxy piece containing the

threads. The large surface area of contact presented by

the sintered copper to the dilute 3He solution provides

good thermal contact via the copper stem for cooling the

sample mounted below. The leak tight seal through the epoxy

is made by a special "housekeeper's seal" to allow for the

differential thermal contraction of the epoxy and copper.

(The copper stem and the copper piece for completing the

housekeeper's seal are soldered together with Wood's metal.)

At the bottom of the copper stem is a flattened tab where a

superconducting heat switch is attached via spot welds to

platinum tabs. The heat switch consists of a piece of

99.9999% pure zinc of mass .03 gm shaped into a thin strip

8.3 cm long, .091 cm wide, and .0076 cm thick. This gives

a length to cross-sectional area ratio of 1.2x104 cm'l.

The large 2/A ratio is to ensure a minimal heat flow due to

a temperature gradient across the zinc. The critical
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A schematic diagram of the heat capacity tail.

This unit is joined to the refrigerator via a

glycerin and soap flakes seal at the epoxy

threads. The threads are machined so that the

unit screws into the place in the mixing

chamber occupied by tail #1 as illustrated in

Figure 1.
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temperature of zinc is 0.85 K, and the critical field is 52

Gauss.l7 These superconducting properties are the basis for

the operation of the heat switch. The thermal conductivity

of a superconductor is phonon limited and varies as T3. At

temperatures above the transition, the conductivity is pri-

marily due to electrons and varies as T. Thus to cool the

sample the switch must be closed (i.e. in its conducting

state) requiring the superconducting metal to be in its

normal state. A way this can be done when the absolute

temperature is below the transition temperature of the metal

is by the application of a sufficiently large magnetic field

(i.e. larger than the critical field) to drive the material

into its normal state. (A magnetic field of 150 gauss was

used in the experiment.) The magnet wound around the coil

#1 shield (Figure l) is used to produce this field. When

the lowest temperature is reached, the magnetic field is

removed; and the zinc goes back to its superconducting state

of low thermal conductivity. The heat switch is now open,

and the sample is thermally isolated from the rest of the

refrigerator.

To make the heat capacity measurements a heat pulse

is applied to the sample through a heater sandwiched between

two of the sample wafers (see Figure 5). The resistance of

a calibrated germanium resistor mounted on the sample is read

before and after the heat pulse to obtain the temperature

change produced in the sample by the pulse. As the sample

temperature is increased toward the zinc transition
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temperature, it becomes more necessary to minimize the tem-

perature gradient between the refrigerator and the sample.

Thus the refrigerator temperature determined by the LCMN

thermometer in tail #2 was paced with the sample temperature.

As mentioned earlier, the large length to cross-sectional

area ratio (l/A) for the heat switch also helps minimize

the thermal leakage in the l K temperature range. (This is

the upper limit of the temperature range investigated.) It

should also be noted that too large an z/A ratio would

have resulted in an unacceptably long cool down time for the

sample.

The heater used to supply the heat pulse was made of

approximately 15 cm of Evanohm wire.15 This wire was .0036

cm in diameter and had no insulation. It has a resistance

of 1346 Q/m. This length of wire was lagged down in snake-

like fashion to a .00064 cm thick piece of mylar using a

thin layer of GE 7031 varnish. The mylar was a square of

side .9 cm, and the heater wire was centered so that it

would be completely covered by the area of one of the sample

wafers. The room temperature resistance of the heater was

measured to be 205 0. During the actual experiment the

heat pulse was delivered and monitored by a 4-terminal

current-voltage arrangement to eliminate to first-order

lead resistance effects. The only 2-terminal section of the

circuit was the length of leads right at the sample, and

these were made with niobium superconducting wire. The

mylar square containing the heater was greased on both sides
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using Apiezon N grease16 and placed between the fourth and

fifth sample wafers. The sample consisted of seven wafers,

each press-fitted into a rugged free-standing form using a

brass die and plunger. This die was 6.6 cm long with a

.98 cm inner diameter and a 1.9 cm outer diameter. It was

machined to accept a solid brass seat .84 cm in height with

the same diameter as the die. A solid brass plunger 6.1 cm

long and .98 cm in diameter was also made. Approximately

.21 gm of FeTPPCl powder was placed in the die with the

brass seat in place. The seat was covered with a thin layer

of teflon tape to prevent the sample from sticking to the

seat. A light layer of silicone grease was placed around the

inside of the die to prevent the powder from sticking to the

sides. Two or three drops of chloroform were added to the

sample powder in hopes of dissolving some of the powder.

The brass die was then warmed with a heat gun to drive off the

chloroform, hoping to leave behind polycrystalline globs that

were adhering well to each other. After cooling, the plunger,

with teflon tape covering, was inserted and the sample pill

was pressed to approximately 84% of the crystalline density

using a hydraulic press. Then the sample pill was removed

by pushing the plunger all the way through the die. Seven

sample pills, approximately .26 cm thick by .98 cm diameter

with a mass of approximately .21 gm each, were fabricated in

this manner. The pills were then placed on the bottom of a

glass dish and set on a hot plate at a temperature of about

100°C. Apiezon N grease was heated in a separate beaker to

the point that it melted. Then a drop of the hot liquid
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grease was placed on each sample pill and allowed to soak

in. The pills were then allowed to cool. The result was a

rather rugged free-standing sample in which the individual

grains were hopefully in good thermal contact with each

other due to the impregnation of grease. The grease also

acts as a filler to give mechanical strength to the pills.

The sample pills were then placed one on top of the other

with a thin layer of Apiezon N grease between each wafer.

The sample mass without grease was 1.509 gm. The total

mass of grease impregnated in the seven wafers was .067 gm.

The total sample formed a cylinder 1.9 cm high of diameter

.98 cm with the heater sandwiched within. The temperature

of the sample was measured using a Cryocal CR-SO germanium

resistor18 calibrated down to .04 K. This resistor was

mounted in a copper resistor-well of mass .54 gm with a

grooved base of diameter .98 cm. It was held in place on

top of the sample with a thin layer of Apiezon N grease.

The copper leads of the CR-SO were well lagged to this

resistor mount. The low temperature part of the circuit

was completed using niobium superconducting wire up to the

4 K bath region of the refrigerator. The connection from

the zinc heat switch to the sample is made via a thin copper

foil support. This is also shown in Figure 5. This support

has a curved back to conform to the sample shape. A circular

base for the sample to rest on is perpendicular to the

support back. This foil was .015 cm thick with a mass of

0.6 gm. The top of the foil has a small copper tab which was



35

spot-welded to a platinum tab of mass .02 gm. The platinum

tab was then spot-welded to the zinc heat switch. The base

of the foil support is notched to reduce eddy current heating

when the magnetic field is removed to open the heat switch.

The base of the support was well scored with a razor knife

and then coated with grease to provide good thermal contact

to the sample. The sample and copper support were placed

inside a thin graphite support tube attached to the epoxy

piece at the top. The purpose here is to provide mechanical

strength without sacrificing thermal isolation. Half of

this tube was machined away to provide access for insertion

of the sample and support piece. This tube is 7.6 cm long,

1.52 cm in diameter, and .08 cm in wall thickness. Graphite

was chosen because of its poor thermal conductivity and good

mechanical rigidity. The space in the cryostat occupied by

the sample unit is normally at a high vacuum. However, in

the initial stages of refrigeration, 3He exchange gas is

allowed to enter this region to cool the refrigerator to 4 K

during the transfer of liquid 4He into the main bath. Then

the exchange gas is pumped away, and the dilution refrigerator

is started up. However, 3He is highly adsorbed inside gra-

phite and is almost impossible to completely pump away at 4 K.

This could lead to problems when the sample is heated since

some remnant 3He gas could boil off the graphite providing

a thermal short to the refrigerator and modifying the apparent

heat capacity of the sample. To avoid this adsorption, a

light coating of GE 7031 varnish was applied over the entire
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surface of the graphite. Also, a copper can, .013 cm thick,

was placed over the graphite support tube to minimize the

3He exchange gas entering the sample region and to provide

a shield against thermal radiation, RF interference, and

relatively hot 3He atoms coming off the walls of the inner

vacuum can 0
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D. Thermometry
 

The low temperaturesattained in our system are

measured by the Curie law extrapolation of the suscepti—

bility of cerium magnesium nitrate (CMN) or 10% cerium

magnesium nitrate and 90% lanthanum magnesium nitrate

(LCMN). These materials are characterized solely by their

weak magnetic dipole-dipole interactions. Thus they are

accurately described as a system of non-interacting spins

down to the millikelvin temperature range (about 6 mK for

CMN). The magnetic susceptibility of such a system is

described by the relation

x = C/T* (11)

where C is the Curie constant and T* is the magnetic

temperature of the spin system which is assumed to be in

good thermal equilibrium with the lattice. The suscepti-

bility of a CMN powder sample is measured from 4 K to

.3 K using the mutual inductance bridge mentioned earlier

with the temperature obtained from a calibrated germanium

resistor (CR-100).19 A least-squares fit is applied to

this data to yield a best slope and intercept for a linear

extrapolation of the CMN susceptibility to lower tempera-

tures. The CMN susceptibility is then measured, and from

the fit a temperature is determined. The CR-lOO germanium

resistor was calibrated against the vapor pressure of 3He

in a previous run.6
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For the heat capacity measurements, the temperature

was measured using a calibrated CR-SO germanium resistor as

mentioned earlier. This resistor was calibrated against

the CR-lOO resistor in the .3 K-4 K range and then against

the extrapolated LCMN Curie law down to .04 K in a separate

run. The calibration data are given in Table A1 of the

Appendix. To obtain the fine interpolation necessary for

the heat capacity measurements, the CR-50 calibration data

were fitted in six different temperature ranges using the

relation

’5
2.11 RCR-SO = All. T + Bi (12)

where T is the temperature determined by the CR—lOO and

LCMN corresponding to the reSistance Ron-so . Ai and B1

are the desired fitting parameters for the temperature range

of interest (i = l, 6). The fit for these regions was

excellent with less than 1% deviation of any calculated value

from a measured value. The heat capacity reduced data given

in Table A5 are based on the ILn RCR-SO vs T45 fit.
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E. Electron Spin Resonance Apparatus

The electron spin resonance (ESR) measurements were

made on a spectrometer in the lab of Professor J. A. Cowen

with the help of Dr. Cowen and Paul R. Newman. These

measurements were made in the 1-4 K temperature range at

various frequencies. The temperature was determined from

the 4He vapor pressure using mercury and oil manometers.

X-band measurements were made in the frequency range of

8.7 - 10 GHz. Ku-band measurements were made from 10 - 17 GHz

and one K-band run was made at 23.7 GHz. Single crystal

measurements were made in a cylindrical cavity at X-band

frequencies. Some powder measurements were made in a special

variable-frequency tunable cavity designed by Paul R. Newman.

The ESR spectra were displayed on an X-Y recorder where the

X-axis is driven by the output voltage from a Hall probe

measuring the magnetic field. The Y-axis is driven by the

output voltage from a crystal detector which can be ampli-

fied to give a direct absorption signal. For derivative

detection the magnetic field is modulated slightly at 280 Hz,

and the output of the crystal detector is fed into a lock-in

amplifier operating at the modulation frequency. The lock—in

output is then used to drive the Y-axis of the recorder.

Several ESR traces will be shown later. A small amount of

diphenyl picryl hydrazyl (DPPH) was placed in each sample

holder as a reference. DPPH has a very narrow resonance

line and a well known isotropic g value of 2.004. This

material acts as a convenient marker for that field corres-

ponding to a g=2 transition. It is also a valuable
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diagnostic for spectrometer operation.



CHAPTER II

THE STRUCTURE OF IRON TETRAPHENYLPORPHINE CHLORIDE

A. General Information on Metallo:porphyrins

The metallo-porphyrins are a group of organic mole-

cules containing a porphyrin plane with a metal atom in

the center. The porphyrin plane consists of four pyrrole

rings bonded together via methene bridge carbon-atoms

(the meggepositions a,B,Y,6) as shown in Figure 6. The

pyrrole ring is a pentagon containing 4 carbon atoms and a

nitrogen atom. The porphyrin molecule is essentially planar

with a diameter of approximately 8.5 A and a thickness of

4.7 A.2 The classification of the various metallo-porphyrins

is based on the substitution of some or all of the hydrogen

atoms bonded to positionsl-B and to the methene bridge carbon

atoms. The tetraphenylporphines are produced synthetically

by attaching the six-sided phenyl rings at the a,B,y,6

positions. These phenyl rings bond in such a way that

their plane is perpendicular to the porphyrin base plane

in FeTPPCl. Protoporphyrin IX iron chloride (hemin) is a

similar compound to FeTPPCl in that it has an iron atom at

the center of the porphyrin plane with a chloride ion

bonded above the iron. It has methyl groups at the l,3,5,8

positions, vinyl groups at the 2,4 positions, propionic acid

Chains at the 6,7 positions, and hydrogen atoms at the

41
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The upper diagram shows the structure of a

metalloporphyrin molecule. The 1-8 positions,

as well as the a,B,y,6 positions, are normally

occupied by hydrogen ions. The site labelled

M represents the metal atom.

The lower diagram shows the tetraphenyl

structure, where the a,B,y,6 positions are

now occupied by phenyl rings oriented approxi-

mately perpendicular to the porphyrin plane.
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a'B'Y,6 meso-positions. Deuterporphyrin IX iron chloride

has the same structure as hemin except that the 2,4

positions have hydrogen atoms instead of vinyl groups.

The crystal-field parameter for these high-spin compounds

has been measured and will be referred to later in the

thesis.

The iron-porphyrins are of biological interest

because they form the basic structure for the proteins

myoglobin and haemoglobin. There are also several physical

properties which make the metallo-porphyrins interesting.

The presence of the unpaired electrons on the metal atom

is attractive from a magnetic standpoint. In addition, the

rather large molecular weight (greater than 400) allows for

a magnetically dilute system. This magnetic dilution can be

easily altered by the attachment of various ligands at the

1-8 positions and the meso positions. Also, the spin state

of the metal atom can be changed by the bonding of various

axial ligands. The lack of waters of hydration eliminates

some of the storage and handling problems encountered with

other dilute magnetic salts. In addition, the

metallo-porphyrins are quite stable so that they can be

heated to as much as 300°C without danger of decomposition

of the individual molecules.
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B. Iron (Fe3+) Tetraphenylporphine Chloride
 

Molecular Structure

The structure of iron tetraphenylporphine

chloride (FeTPPCl) is shown in Figure 7. The interesting

features of this molecule stem from the iron and chlorine

positions. .The iron atom is out of the porphyrin plane

with the chlorine atom bonded on the side of the iron away

from this plane. The iron-chlorine bond is coincident with

the c-axis of the crystal which is normal to the porphyrin

plane. The FeTPPCl molecule has a molecular weight of 704

atomic units and has no waters of hydration.

To appreciate the magnetic behavior of FeTPPCl, it is

essential to consider the bonding characteristics of the

iron atom when placed in this molecule. Iron loses two 43

electrons and one of its 3d electrons as it becomes ionized

in the bonding process. Two of these three electrons can be

pictured as shared by the four porphyrin plane nitrogen atoms.

The third electron is taken up by the chlorine atom. The

remaining five 3d valence electrons give rise to the inter-

esting magnetic properties. The crystalline electric field

experienced by these electrons is axial. The two electrons

shared by the nitrogens can be thought of as smeared out in

a doughnut-like bonding arrangement in the x-y plane

(porphyrin plane) with the largest electron density at the

nitrogen sites. The chlorine atom provides a third negative

Charge above the iron ion on the z-axis. The electric field

at.the iron is thus very similar to that at the center of a
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The molecular structure of iron tetraphenyl-

porphine chloride. The iron ion is displaced

out of the porphyrin plane by .383 R. The

chlorine ion is bonded above the iron ion

along the z-axis away from the porphyrin plane.
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square-based pyramid with 1/2 negative charges at the four

corners of the base and one negative charge at the top. A

consideration of the 3d orbitals will lead to a splitting

in energy of these levels when placed in this environment.

The angular dependence of the five orthogonal 3d wave

functions (orbitals) is shown in Figure 8. The response of

these orbitals to a crystal field of this symmetry is shown

in Figure 9. The orbitals are classified into two groups

based on the splitting caused by the presence of anocta-

hedral crystal electric field. The t29 (sometimes called

d8) group containsthe dxy' dxz’ dyz orbitals. The eg (or

d ) group contains the d and d orbitals. This

Y 22 x2_Y2

splitting is obvious since the t2 elements avoid the

9

corners of an octahedron where the negatively charged ions

would reside in an octahedral structure. Thus the eg group

would have a larger energy due to the higher Coulomb repul-

sion experienced by the d and d lobes which point

22 x2_y2

straight at the negative charges. The presence of a tetra-

gonal distortion along the z-axis acts to split the dxz and

d in energy from the d of the t set. Similarly d

YZ xy 29 2
2

will be split to a lower or higher energy than d 2 2

X 'Y

depending upon whether the distortion is an expansion or

contraction along the z-axis. A rhombic distortion which

destroys the four-fold symmetry in the x-y plane will further

split the remaining dxz and dyz degeneracy.

The relative separation of the 3d orbitals is important

in determining the spin state of the iron atom. In the free



49

Figure 8. The angular dependence of the d orbitals.
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Figure 9. The splitting of the 3d orbital energies in

crystalline field environments of different

symmetry.
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ion Hund's rule dictates putting one electron in each orbital

so as to overcome the repulsive interaction of two electrons

occupying the same orbital. However, in the octahedral

crystal environment, the energy difference A between the

t and e orbitals may be so large that the energy

29 9

necessary to put a fourth electron into the e orbital may

g

be larger than the Coulomb repulsion experienced by placing

another electron in one of the three singly occupied t29

orbitals. If this were the case, a "high-field" or low-spin

material would result. The FeTPPCl system is a "low—field"

or high-spin compound because the octahedral splitting, A ,

is not so large. It is still energetically advantageous to

put one electron into each of the five orbitals so as to

have five unpaired spins. This results in a high-spin com-

pound. The tetragonal distortion and slight rhombic distor-

tion of FeTPPCl thus give rise to five orbitals all of

slightly different energy which can be treated as an effec—

tive spin-S/Z system. Because each of the five orbitals

contains an electron, the electron distribution looks spheri-

cal and the orbital angular momentum has a value of zero

for the Fe3+ ion. The orbital ground state (6A1) is thus

regarded as an 8 state (i=0) spin sextet. (Since S = 5/2,

the spin multiplicity is ZS+1 = 6.)

The presence of the higher orbital excited states is

particularly important to the magnetic properties of the

iron 3d electrons in FeTPPCl. This comes about through a

consideration of the spin-orbit coupling between the
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intrinsic spins of the 3d electrons and their own orbital

angular momentum. As just mentioned, the ground state

orbital angular momentum is zero, and this might suggest

zero coupling. However, the excited orbital states give

rise to an important contribution to the spin-orbit coupling

when second-order perturbation theory is applied. For the

tetragonal distortion of the square pyramidal FeTPPCl mole—

cule, the excited orbital quartet states are important. A

quartet state has a spin of 3/2 (spin multiplicity 28+l = 4)

such that two of the five 3d spins have paired up leaving

only 3 unpaired spins. There are actually three different

quartet states which provide non-zero matrix elements of

the orbital angular momentum to the ground state. One has

the dx orbital filled (4A2), one has the dxz orbital filled

20

y

(4E ), and the other has the d orbital filled (4E ).
xz yz YZ

(The 4A2 state lies closest to the 6A1 ground state, being

only .26 eV higher in energy.20) The presence of these

quartets give rise to a non-zero spin-orbit coupling when

second-order perturbation theory is applied with the

spin-orbit term as the perturbation. The resultant spin

Hamiltonian for the axial symmetry displayed by FeTPPCl i521:

H - $2 - 1 8+1 13—DC[z 3'S( )1 <)

where DC is the crystal-field parameter which is propor-

tional to the orbital angular momentum matrix elements

between the sextet ground state and the quartet excited

states. S is the total spin quantum number (S = 5/2 for

FeTPPCl) and S2 is the z-component operator of the total
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spin. The z-axis is defined by the normal to the porphyrin

plane. When rhombic distortion is present, there is an

additional term in the spin Hamiltonian EC(S§ - 5;) which

is believed to be quite small (EC<.01 Dc) for similar

metalloporphyrin complexes.22

The crystal-field parameter, Dc , has been measured

by Richards and co-workers23 for a number of Fe-Cl por-

phyrins (Protoporphyrin IX iron chloride and Deutero-

porphyrin IX iron chloride among others) using infra-red

absorption techniques. They found DC to be in the range

7 cm'1 (10 K) to 9 cm'1 (13 K). The value for Dc to be

used in this thesis is 13 K (9 cm'l), which is within the

range of accepted values for iron-chloride porphyrins. The

exact value of DC within a range from 10 K (7 cm’l) to 17 K

(11.8 cm'l) has very little effect on the results to be

presented. The important point to be stressed is that this

crystal-field parameter is much larger than the exchange

interaction to be presented later. Hence the effect of Dc

comes in only to higher order in the exchange-split ground

state energies.

The effect of the crystal-field parameter, D is toc’

cause a zero field splitting of the spin-5/2 sextet. For

positive DC (as measured for the iron-chloride porphyrins)

the i l/Z state is lowest at an energy 2 DC below the

t 3/2 state. The t 5/2 state is the highest at an energy

of 4Dc above the t 3/2 state. When a magnetic field is

applied, each of these doublets is split in energy. The
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spin Hamiltonian then takes the form

H = D [S2 - 1 S(S+1)] + u H cose S
c z 3 9" B o z

+ gi “B Ho sine 3x (14)

where H0 is the magnetic field applied in the x-z plane at

an angle 8 to the crystalline c-axis; Sx and S2 are the

x and 2 component spin-S/Z operators; 9" relates the

z-component of magnetic moment to the z-component of the

angular momentum (in this case spin only); gi relates the

component of magnetic moment in the x-y plane to the x-y

component of angular momentum; and 9" = 91 = 2.00, the

free-electron 9 value. For FeTPPCl, Dc/kB : 13 K , and

the largest ESR fields employed are 10 kG (2 l K). Thus,

since 2DC >> “B Ho , one chooses I+1/2>, I-l/2>, |+3/2>,

|-3/2>, |+5/2>, I-5/2> as the basis states, where the

c-axis (i.e. the normal to the porphyrin plane when the

molecules stack in the crystal) represents the z-axis of

spin quantization. Now if one solves the Hamiltonian in

equation 14 for the energy eigenvalues using this basis set,

the degenerate ground state of 1:1/2> is split by the

magnetic field. The result of this calculation can be

expressed in terms of an anisotropic 9 factor of the form:

gluBHo
2 2 2 . 2 k

= [g +(9g -g )Sln 0] [1+2geff || l H ( 2 Dc
)2 men (15)

92 + (9g2/4 - gz)sin28

4sin28 H i ll (16)

2 ' 2 2 . 2

+ (9 - )Sln

9“ 91 gH

F(6)

6
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o , the 9 factor variesThus, for the case when 2Dc >> uB H

from geff II = gll = 2.00 for 8 = 0° to geff l = 391 = 6.00

for 8 = 90°. This is the result of a perturbation calcula—

tion on the 2x2 ground state subspace of |+1/2>, I-l/2> ;

and thus is good at low temperatures where kBT << Dc .

Hence, the iron ion in FeTPPCl may be treated at low temper-

atures as having an effective spin of 1/2 with a highly

anisotropic 9 value. At high temperatures (kB T >> DC) ,

the iron ion acts like a normal spin of 5/2 with an isotropic

9 factor of 2.00. These low temperature values are

geff

consistent with the single crystal and powder ESR measure-

ments to be presented at the end of this chapter for FeTPPCl.

This summarizes the most important terms in the spin

Hamiltonian for an isolated FeTPPCl molecule.

Crystal Structure
 

The original X-ray diffraction work on the

structure of FeTPPCl was done by Fleischer 2; 21.24 and

was re-interpreted by Hoard, Cohen, and Glick.25 These

results yield a body-centered tetragonal unit cell with

dimensions a=b= 13.53 A and c=9.82 A . There are two

molecules per unit cell. The density is 1.31 gm/cm3, and

the space group for the statistically averaged molecule is

I 4/m - C4h . Of particular interest is the result that the

iron ion lies either above or below the porphyrin plane by

.383 A with an apparent equal probability. The chlorine is

always bonded on that side of the iron which is away from the
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porphyrin plane. The FeTPPCl molecule shown in Figure 7

is based on this X-ray work.

To appreciate the existence of superexchange pairs,

it becomes necessary to consider the ionic radii of the

Fe3+ ion and the Cl- ion when present in the FeTPPCl

crystal lattice. The Fe3+ ionic radius is 0.64 A and the

Cl- radius is 1.81 A.26 Two primitive cells are shown in

Figure 10 with all the relevant distances. The porphyrin

planes are represented by small squares drawn around each

lattice point and are not drawn to scale. The phenyl rings

are also not shown. They point neither along the crystal-

line axes nor along the diagonals but are oriented so as to

avoid overlap with phenyl rings from adjacent molecules.

The Fe-Cl bond lengths and other vertical dimensions are

drawn to scale to emphasize the existence of pairs. It is

easily seen that if two chlorine ions from adjacent molecules

are at their closest possible approach to each other, then

no other chlorine neighbor can be this close. The exchange

path now becomes obvious. The iron 3d orbitals overlap with

the chlorine 3p orbitals within the FeTPPCl molecule. (The

exact mixing of the Fe-Cl orbitals is not clear and would

provide for an interesting theoretical calculation. It is

felt that the iron 3dz2 and chlorine 3pz orbitals contribute

strongly to the intra-molecular exchange.) In addition,

these chloride ions provide an electronic superexchange path

via weak overlap of Cl' 3pz orbitals. Hence, there is a

superexchange pairing of the iron unpaired electronic spins

on one FeTPPCl molecule with those on an adjacent molecule
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Diagram of two body-centered tetragonal unit

cells of the FeTPPCl crystal structure. The

unit cells are drawn to scale only along the

c-axis. The spheres representing the ionic

radii are drawn to scale.
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through the chloride ions: Fe-Cl---Cl—Fe. The chlorine

3pz orbital extends quite far into space with an exponential

decrease allowing for a small overlap between the neighbor-

ing chlorines. (Based on theoretical calculations of

Butterfield and Carlson27, the charge density 1 A out from

the ionic radius of the Cl' ion is approximately 2% of the

value at the ionic radius. The ionic radius for chlorine

is so defined that one electron charge lies outside a sphere

of such radius.) Whenever two chlorines of adjacent mole-

cules are not at the closest approach, there is no super-

exchange path, and these FeTPPCl molecules act as isolated

magnetic molecules in the lattice. (They are isolated to

the extent that the classical dipole-dipole coupling can be

ignored.) Thus there is a unique dual system in which there

is a combination of isolated exchange pairs and isolated

individual magnetic molecules.

Crystal Growth
 

The study of FeTPPCl necessitated the growing of

a single crystal. This turned out to be a difficult under-

taking, eventually yielding only one usable crystal. The

crystal growth technique employed was to dissolve some

FeTPPCl powder obtained from the Strem Chemical Company28

into a solvent in which it was soluble. Then a second

solvent, in which the FeTPPCl was rather insoluble, was

added. The soluble solvent was chosen such that it had a

higher evaporation rate than the insoluble one. The resul-

tant solution was allowed to sit until enough of the more
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volatile solvent evaporated to cause a precipitation of the

FeTPPCl.

Approximately 30 mgm of FeTPPCl powder was added to

150 ml of chloroform in which the FeTPPCl dissolved quite

easily. Methyl alcohol was then added in quantities

ranging from 10 ml to 150 ml depending on the desired ratio

of chloroform to methyl alcohol. The FeTPPCl was rather

insoluble in the methanol which had a much lower evaporation

rate than the chloroform. This solution was then filtered

through a sintered glass funnel containing 200 mesh acti-

vated alumina. The alumina had been previously heated at

150°C for several hours to drive off any water which may

have been present. The filtered solution was then poured

into several small beakers and wide-mouthed bottles and

covered with parafilm. The parafilm is somewhat permeable

to organic vapors and thus it allows a slow evaporation of

the chloroform leaving behind a methanol rich solution.

Tiny holes were poked in the parafilm covers of some

solutions to increase the evaporation rate. The FeTPPCl

eventually precipitated out of the solution. The result

was generally a mass of small micro-crystals or polycrystal-

line chunks. The evaporation rate seems to be the critical

factor and should be made as small as possible. This method

gave several regularly shaped micro-crystals, but none had

an external morphology that would have allowed a simple

alignment for X-ray verification. Several of these small

crystals were used as seed crystals in other
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chloroform-methanol-FeTPPCl solutions, but no usable crystals

ever resulted.

A second set of solvents were dichloromethane and

hexane. 30 mgm of FeTPPCl powder was placed in a beaker with

150 ml of dichloromethane in which the FeTPPCl was very

soluble. 300 ml of hexane was added and the resultant solu-

tion was stirred with a glass rod. The FeTPPCl is insoluble

in the hexane. This solution was then filtered and approxi-

mately 50 ml was placed in a small wide-mouthed bottle. The

plastic cap for this bottle had a single .034 cm diameter

hole drilled through it. The cap was placed on the bottle,

and the solution was set aside at room temperature. One

month later several small micro-crystals were observed. Upon

observation under an 8X microscope one small crystal had a

very regular cubic shape with a somewhat mis-shapen top. The

top was believed to have broken off when the crystal was

removed from the side of the growth bottle. This

micro-crystal was approximately cubic of side .04 cm as

measured with a travelling microscope. The mass was measured

with a Mettler balance to be .00010 gm. These values are

compatible with the reported density of 1.31 gm/cm3. It was

handled using the tip of a syringe while viewed under a

microscope. A diagram of the crystal is shown in Figure 11.

It was decided to mount this crystal and perform the

X-ray diffraction to check its single-crystal character. The

X-ray work was done using a GE XRD-S X-ray diffractometer

with a Molybdenum source tube. The lattice dimensions of
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Figure 11. Diagram of 0.1 mgm FeTPPCl single crystal.
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.a=b= 13.5 A and c= 9.8 A were verified. The I 4/m

symmetry was also verified using No. 87 of the International

firables of crystal structures. The crystal was oriented via

a goniometer situated in the center of the diffractometer so

'that sweeps through three mutually perpendicular crystal

directions were easily made. The reciprocal space plot of

the diffracted intensity maxima yielded the above informa-

tion thus confirming the single crystal character of the

Inicro-crystal.

The electron spin resonance (ESR) of this small crystal

'was now undertaken. The crystal was mounted in an epoxy

holder of dimensions such that it could eventually be placed

directly into the SQUID sample chamber on the dilution

refrigerator. The crystal and holder were then placed in a

cylindrical X-band ESR cavity and aligned so that the

external DC magnetic field could be rotated in the a-c

crystal plane. The cavity was placed in a Helium-4 cryo-

stat, and an ESR spectrum was obtained at a temperature of

4.2 K. The frequency was measured to be 9.22 GHz which

correlated with the position of the DPPH line. The

derivative detection signal was recorded as the magnetic field

'was swept from 0 to the 5 kilogauss range. The field was

rotated from 0° to 90° at 10° intervals with respect to the

aligned crystalline c-axis, and an intensity vs field trace

was obtained at each angle. The result was a single absorp-

tion line which "moved" in field as the angle between the

field and the c-axis of the crystal was varied. The minimum
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g \Ialue obtained from this rotation was g||= 2.25 + 1%

euui the maximum value was 91- = 6.04 i 2%. The rather large

deVniation of the 9H value from 2.00 was due to misalign-

rmurt of the crystalline c—axis in the ESR cavity. The

c—aacis happens to pass through the mis-shapen top of the

crymital which makes alignment along this axis difficult.

The purpose of this ESR run was to provide further

cxnmfirmation of the single crystal nature of the sample

crystal as well as to verify the gII = 2 , geffi = 6 axial

befuavior of this high-spin metallo-porphyrin. At the time

<IE this run, the existence of pairs was not suspected.

TWnas only measurements at 4.2 K were taken, since they gave

time expected information concerning the g values for such

a liigh-spin system. No pair structure for this small

crystal was observed since the pair transitions are much

imeaker. Later, after the single crystal magnetic suscepti-

1bility measurements were made, it became evident that

ennchange pairing might be occurring; and more detailed ESR

investigations at l K were undertaken to verify this. (The

Signals are much larger at l K due to the larger number of

Spins being in the ground state.) The ESR pair results will

be discussed later.

Two other ESR runs were undertaken to observe the

gll = 2.00 signal. A single crystal run gave a 9" = 2.10

‘Which indicated only a 6.5° misalignment from the c-axis.

However, it became obvious that, without an adjustable

goniometer mounted in the ESR cavity, an exact alignment
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along the c-axis would be impossible. Hence a powder run was

done. (The later powder run was completed after the suscepti-

bility and heat capacity measurements. Even at 4.2 K, the

larger mass powder sample gave evidence of the pairing.)

Because of the averaging over all possible crystallite

orientations in a powder, the gi powder peak was shifted

away from the 6.0 value as was the gll value step shifted

from the 2.0 value. To interpret this data the line shape

29 was used. This analysisanalysis of Ibers and Swallen

applies to an axially symmetric system and assumes a

Lorentzian line shape. A computer program was written to

apply the expressions given in this article. Since the

actual line shapes are more Gaussian than Lorentzian, it

was necessary to use smaller values for the line width in the

computer calculation than were measured from the single

crystal runs. This is because a Lorentzian distribution

function falls off less rapidly as one goes away from the

center of the peak. The Gaussian function is, in general,

more sharply peaked. For a good comparison of the two

distribution functions one is referred to the book by

Bevington.30 The results for a Lorentzian line width of

50 gauss, 9" = 2.00 , and geffi= 6.00 gave a powder inten-

sity curve very similar to that observed experimentally.

From this analysis it was concluded that a 9" value of 2.00

was consistent with our powder data.

The single crystal rotation diagram for the isolated

single FeTPPCl molecules is given in Figure 12. This curve
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Angular dependence of the geff value for the

non-interacting (neglecting dipolar coupling)

single FeTPPCl molecules. The abscissa gives

the angle at which the magnetic field was

oriented from the lab z-axis. The effect of a

10° misalignment between the crystalline c-axis

and the lab z-axis is also included. The

crosses, + , represent the experimental data,

and the smooth curve represents the theoretical

expression given in equation 18.
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was obtained at a later data when investigating the pair

structure at l K. It is presented here as evidence for the

isolated singles because the magnetic field values for

this run were the most accurately measured. The field

sweep was stopped at the center of each derivative line,

and the field was measured using a rotating coil gaussmeter.

A theoretical calculation of the ground state energy

splitting of the S2 = t 1/2 state was done as a function of

angle, 8 , from the crystalline c-axis using the spin

Hamiltonian given earlier in equation 14. Now, however, the

fact that the lab frame z-axis could be misaligned from the

crystalline c-axis by an arbitrary angle, 6 , was included.

The calculated splitting is related to the g value for an

effective spin-l/Z system by the formula:

u H (17)
AB = E+k ' E-% = geff B o

The resultant g factor, including misorientation, is

 

given by:

3: 911K
2 2 2 2 L B 0 2 2

= [ 4 + 9g W ] [1+2 (______ W

geff gll i 2 DC

2+92

x(“§> 3)] (18)

4 + 9 W

4 = cos 6 cos 9 (19)

. 2 . 2 2 8
W = [Sln 8 + BID 6 cos 8] (20)
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2, the free electron 9 value; 8 is thewhere gll = 9.1.:

angle between the magnetic field, Ho , and the z-axis in the

is the misalignment angle between the crystal-].ab frame; 6

Dc is the crystalline c-axis and the lab frame z-axis;

electric field parameter; and “B is the Bohr magneton.

The computed theoretical curve, based on equation 18 with a

misalignment of 10° (6=10°) , is shown superimposed on the

The existence of a systemexperimental data in Figure 12.

of isolated spin-5/2 molecules with axial symmetry is thus

readily confirmed.



CHAPTER III

THE MAGNETIC SUSCEPTIBILITY

OF IRON TETRAPHENYLPORPHINE CHLORIDE

As was pointed out in Chapter II, the dominant term

in the spin Hamiltonian for the Fe3+ ions in FeTPPCl is

the second-order spin-orbit coupling to the higher energy

crystal-field-split orbitals. As mentioned before, the net

effect of such a crystal-field spin-orbit term at low tem-

peratures (T << DC/kB) is to reduce the spin-S/Z system

to an effective spin-l/2 system with a gII = 2 and a

geff i = 6. Thus, at these temperatures, the Hamiltonian

can be characterized by a Zeeman term (when a magnetic field

is present) with a highly anisotropic g factor, plus other

small energy terms. These other terms are a result of such

interactions as hyperfine, superhyperfine (transferred hyper-

fine), classical dipole-dipole, and very weak superexchange.

The Hamiltonian containing the relevant interactions

which might govern the low temperature magnetic behavior of

FeTPPCl is given by:

I

H = Z { 531-911 + hep. be +Z§i'~31j°§j
l ” ~ 3 ~

+ Z. (l/rij)[Bi'Ej ' 3(Bi°£ij)(3j°?ij)] +. §1-§§J)-ENIj)

3' 3

1
=1 '4

+ §i'§cl°§cl} (21)
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The first term on the right represents the Zeeman term where

g is the anisotropic g tensor. The second term is the
z

hyperfine interaction between the spin §i on the 57Fe

atom and the nuclear spin of the 57Fe nucleus. (The more

abundant 56Fe isotope has a zero nuclear spin.) Since only

2% of the naturally occurring iron is 57Fe, this term can be

neglected. The third term is the exchange term written in

the Heisenberg formulation. In practice, only nearest

neighbor exchange is important, and in FeTPPCl only isolated

superexchange pairs contribute, so that this term will become

greatly simplified. The fourth term represents the classical

dipole-dipole coupling between two magnetic moments u. and
~l

u. separated by a distance rij . The fifth and sixth terms

~J

represent the superhyperfine coupling between the unpaired

iron electrons and the nuclei of the surrounding intra-mole4

cular neighbors. In the case of FeTPPCl, there are the 4

nitrogen nuclei (IN=1) of the porphyrin plane and the

chlorine nucleus (Ic1=3/2) above the iron. The super-

hyperfine coupling to the nitrogen nuclei has been measured

to be only .4 mK for the related material hemin.22 The

iron-fluorine superhyperfine coupling was measured by

Morimoti and Kotani31 for myoglobin fluoride to be as large

as 6 mK. Since the halogen-iron-porphyrin plane structure

is the same, the iron-chlorine transferred hyperfine inter-

action is assumed to be of the same order. For a high-spin

material with such a highly anisotropic 9 factor, the

largest classical dipolar coupling is in the perpendicular
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direction. It can be approximated by

~ 2 2 3
D ~ r 22

where geffi = 6 , “B is the Bohr magneton, and rij is

nearest neighbor distance. For FeTPPCl, the coupling con-

stant has the value: Dd/kB 3 24 mK. Thus for the

Hamiltonian in equation 21, we are left with only three

significant terms: Zeeman, superexchange, and classical

dipole—dipole. The superexchange term will be shown to

clearly dominate the classical dipolar coupling.

A convenient way to observe the low temperature

behavior of such weak systems is to measure the temperature

‘dependence of the zero-field magnetic susceptibility. In

its tensor form, the zero-field susceptibility is given by:

5 (T) = .1133 3% <23>

The magnetization, H , is obtained from the statistical

mechanical partition function according to the relation:

. = 1 3<M1> (V) kBT 557 (1n Z) (24)

l

where Z is the partition function, Hi is the ith component

of the applied field, T is the absolute temperature, V

is the volume of the material, kB is the Boltzmann constant,

and <Mi> is the thermal average of the ith component of the
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magnetization. The partition function is given by:

-H/k T -€-/k T

Z = trace e B = X e 1 B (25)

i

where H is the Hamiltonian, and 81 are the energy

eigenvalues. Thus, the partition function can be obtained,

in principle, once the energy levels are obtained by a

diagonalization of the Hamiltonian. Of course, if all the

terms in the Hamiltonian of equation 21 are very small

compared to kBT , then the susceptibility has a simple

Curie behavior:

Xi = Ci/T (26)

where C-1 is the Curie constant along the ith crystalline

direction.

For comparison purposes as to what x would do if

only the Zeeman and dipole-dipole terms of equation 21 were

k32
important, Van Vlec treated the case of a system of

magnetic dipoles in a perturbation expansion. He showed

that the magnetization should have the form:

— Ci ‘1 27Mi - (CiHi/T) (1 - E.— (Di) ( )

where Ci is the Curie constant; Hi , the applied field;

and 41 , the lattice sum along the ith crystalline direction.

The susceptibility for an axially symmetric system follows

33
and is given by Daniels in the Curie-Weiss formulation as:



 

 

CH
X =

(28)

c

xi- Ti ‘
’ 1

__ ' 5 2_ 2
All - (ell/N) g (1/rij)(rij 3 zij) (30)

_ _ . 5 2 _ 2
11 - (cl/N) g (l/rij)(rij 3 xij) (31)

where N is Avogadro's number; rij is the distance from

the point at which the sum is being evaluated to the jth

lattice site; xij and zij are the x and z-components

of this distance; and T is the absolute temperature. For

the FeTPPCl system, the Curie constants are given by:

= 2 2 = 222
CII N gll uB/(4kB) .375 le-K (32)

_ 2 2 _ emu

Ci — N(geffl) uB/(4kB) — 3.38 fiaié.x (33)

The lattice sums in equations 30 and 31 were evaluated for

the FeTPPCl system using a computer generated lattice. The

out-of-planarity of the iron ion was taken into account by

using a random number generator to put the iron ion on one

side or the other of the lattice site by .383 A. Then the

distances from the origin to all the nearest neighbors were

evaluated using a convergence factor proposed by J. R.

34 This was done for 10 random lattices, and thePeverley.

average parallel and perpendicular sums were obtained to

yield the following values for the Curie-Weiss constants:



Based on these sums, it was determined that the perpendicular

susceptibility should start to show a few percent deviation

from a Curie law relationship at a temperature of about

.125 K. The fact that the FeTPPCl powder susceptibility

exhibits a marked deviation from Curie's law even at l K

indicates that a spin-spin interaction larger than the

classical dipole coupling is needed.

At this point, the single crystal of FeTPPCl was grown,

and its susceptibility was measured both parallel and perpen—

dicular to the crystalline c-axis in two separate runs. The

ESR had been done on this single crystal mounted in the same

epoxy holder that was inserted in the SQUID port for obtain-

ing the susceptibility. As mentioned earlier, it was

impossible to align the c-axis exactly so that the 10° mis-

alignment from the c-axis indicated by the ESR data was also

present in this parallel susceptibility run. The powder and

single crystal measurements were made to as low as 5 mK.

These data are given in Tables A2-A4 in the Appendix. The

high temperature (i.e. T > .1 K) single crystal data are

shown in Figure 13 along with the best-fit theoretical curves

to be discussed shortly.

The high temperature behavior of XII and Xi pro-

vided additional evidence to the powder data for the presence

of an interaction much stronger than the classical dipolar
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Temperature dependence of the molar suscepti-

bility from a single crystal of FeTPPCl. The

susceptibilities XII and xi were measured,

respectively, with the magnetic field at 10°

and 90° with respect to the c-axis of the

crystal. The smooth curves represent the

theoretical fit to the data.
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coupling. When the ionic radii of the iron and chloride

ions are considered in conjunction with the Fe displacement

from the porphyrin plane, the possibility of superexchange

pairing becomes quite evident as shown in Chapter II.

The Superexchangejpair Hamiltonian
 

The superexchange pairing has been represented

by an anisotropic Heisenberg model chosen to reflect the

single ion axial symmetry. The exchange Hamiltonian for

consideration is then:

H . = ’JII (812322) ‘ Ji (81x52x + Sly82y) (34)

where JH is the superexchange parameter governing the 2

component spin coupling between the members of the pair, and

J1 is the superexchange parameter for the x and y com-

ponent spin-coupling. Si and S2 are true spin-5/2

operators. At the low temperatures of interest (kT<<DC) ,

the superexchange coupling represents a perturbation on the

S2 = t 1/2 ground state of the spin-orbit crystal-field term.

Thus one could treat 5 and S as effective spin-l/Z
~1 ~2

operators. The result is only a re-definition of Ji :

(1/2) _ (5/2)

For the perturbation calculation to be mentioned, S1 and

82 are treated exactly as spin-5/2 operators.

For the sake of completeness, two other higher order

exchange terms have been investigated. The biquadratic
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exchange term35 -j(§1:§2)2 allows for magnetic striction

and/or a combination of a and n electron transfer in

the superexchange mechanism. Since the exact exchange

mechanism is beyond the scope of this thesis, this term

has been investigated only insofar as the best fit to

the data is concerned. It has no significant effect on the

fit and so its relevance to the FeTPPCl system awaits an

adequate theoretical treatment of the exact superexchange

mechanism. The antisymmetric exchange term C'(§1x§2) of

Dzialoshinsky36 37and Moriya is a result of a higher order

spin-orbit-exchange contribution. This contribution

requires a lack of inversion symmetry about the midway point

between the chloride ions of the pair. The effect of this

term on the best fit parameters is negligible. Since some

of the ESR pair results relate to this term, it will be

discussed again in Chapter V.

The total Hamiltonian for the system (neglecting the

classical dipolar coupling) may be written as:

N-Za - a .
H = 2 “(Singles) + 2 ”(Pairs)

'=]_ J- 3:1

(36)

H(Singles) = D
cl 5% - § S(S+l)] + glluBHo sz cose

+ “BHo(31 + s;)sine (37)

N
I
H

91
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(Pairs) = 2 + 2 _ L + _l _
H Dclslz $22 3 31(51 1) 3 82(Sz+l)] JHslzs22

- l J (S+S-+S-S+)+g u H cos8(s +s ) (38)
2 i 1 2 1 2 II B 0 12 22

1 . + _ + _
+ 5 91 “B HO Sln8(Sl+Sl + 82+82)

+

= +where S Sx 1 8y (39)

s’ = s - i s (40)

X Y

are the spin raising and lowering operators for a spin-5/2

system. The crystal field effect term has been included,

as well as the Zeeman term for a magnetic field, Ho ,

applied in the a-c plane at an angle 8 with respect to the

c-axis. The number of pairs is given by a , and the total

number of paired molecules is 2a . The solution to the

singles problem yields an effective spin-l/Z system with an

anisotropic g factor ranging from 9" = 2 to geffi = 6 ,

as described in Chapter II. The susceptibility of the

singles follows a Curie law with only (N-Za) effective-spin—l/Z

ions contributing rather than N spins.

The pair problem can be approached from two directions.

The first deals with an exact solution of the problem

involving the diagonalization of the full 36x36 Hamiltonian

including all the crystal field states. The basis states to

be used are combinations of the single ion states for a

spin-S/Z system:



I+—>. I--§->. I+->. I-—>, (+3». I-§-> .

For a pair system in which there are two spin 5/2 ions inter-

acting, there are 36 possible combination basis states based

on the 6-fold spin multiplicity of each ion alone. These

combination states are of the form:

The exact solution involves calculating the matrix elements

for the Hamiltonian in equation 38 using this basis set, and

then diagonalizing this 36x36 matrix to obtain the energy

eigenvalues. Then all the appropriate thermodynamic quanti-

ties of interest can be calculated by a direct application

of equilibrium statistical mechanics. This is a straight-

forward problem, but it must be done on a computer in

numerical form. Thus no analytic expressions result.

A second approach is a perturbation method. Since the

temperature range investigated in our laboratory is below

4 K, it is obvious that a calculation on the S2 = i 1/2

crystal-field ground state should yield acceptable results.

Thus the exchange and Zeeman terms were treated as perturba-

tions on the Dc(Siz + 832) crystal-field term. This calcu-

lation was carried out to third order for the 4 lowest

exchange-split ground state energies. The next set of

exchange-split energy levels are 2Dc higher in energy.

From this calculation analytic expressions were obtained for
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the energies, eigenvectors, partition function, and the

resulting thermodynamic quantities for the parallel (8=0°)

and perpendicular (8=90°) cases. For intermediate angles,

the diagonalization of the 4x4 ground state subspace was not

possible in a reasonable analytic form so the exact computer

solution was used instead. The agreement between the exact

computer calculation and the third order perturbation calcu-

lation for the 8=0° and 90° cases is excellent. (The

difference between the computer and perturbation calculations

for the 8=0° zero field energy levels is .005%.)

Theoretical Expressions for the Magnetic Susceptibility

From the energy levels, the susceptibility can

be obtained by a straightforward application of statistical

mechanics. The results for the combination pairs and

singles system are:

2 2

X = 4(d/N) ( II ) 1 + q e cosh(9Ji8/2) (41)

II 4kBT

2 2
N9 )1

+ (l-2o/N) (.__U_;E)

4k T
B — J -9J

2 2 8(Jll 9%) -8( ll 1)
N8 u 2 _‘2__ 2 _T—

x = 4(a/N)( eff]. B) [e -q e ]

1 4kBT
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where a = number of pairs,

= =2
9" 9

1

geffi = 391 = 6

_ -1
B - (kBT)

2 2 2
-B 14J /D - 9J J /(2D )

q = e ( C II 1 ° ) (43)

J -9J J +9Jg

p = e 1 + q e (44)

N = Avogadro's number, kB = Boltzmann constant, “B = Bohr

magneton.

The details of the perturbation calculation are given in

Appendix B. The theoretical curves for XII and Xi are

superimposed on the experimental data for the single

crystal in Figure 13. The XII data were obtained from the

SQUID magnetometer in an applied field of 25 gauss, while

the X1 data were measured in the SQUID using a field of

2.5 gauss. The XII curve has been obtained from the

computer calculation to include the 10° misalignment. The

parameters used to obtain this fit are:

J k = (+.40 i .03 K ; J k = (-.1525 i .003) K (45)

a/N = .255 i .004 (46)

DC/kB = 13 K , gll = gi = 2 ; geffi = 391 = 6 .

The values for Jll , Ji , and a/N result from the best fit

of the theory to three different pieces of experimental data:
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single crystal magnetic susceptibility, powder heat capacity,

and electron spin resonance on both powder samples and a

single crystal. It should be stressed that slightly

different values for Jll, J1, and a/N may give a better

fit for one particular set of experimental data. However,

the theoretical result for the other sets then gives bad

agreement. The errors given on the values of Jll, Ji ,

and a/N reflect the range within which these parameters

may be varied without a serious change in the fit to all

of the experimental data. Figure 14 shows the effect of

changing Jll, Ji , and a/N on the fit to the single

crystal susceptibility data.

To ensure that there was no gross difference in purity

between the FeTPPCl powder and the FeTPPCl single crystal,

the ”effective" powder susceptibility obtained from the

single crystal runs was compared to the actual powder data.

The effective powder susceptibility is given as:

_ 1 2

Xeff-Exll +§X1 (47)

which is a result of averaging over all the crystallite

orientations in the powder. The l/3 and 2/3 are a result

of the cylindrical symmetry of the FeTPPCl molecule. The

comparison to the actual powder data is shown in Figure 15.

The agreement is quite good, thus confirming that the

crystallization process did not affect the purity of the

FeTPPCl. It also confirms the stability of the FeTPPCl over

long periods of storage, since the powder data shown here was

taken about 4 months after the first single crystal run.
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Figure 14. The effect on the susceptibilities, XII and

X1

and a/N.

, of changing the fit parameters Jll , Ji ,
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Figure 15.

90

Comparison of single crystal susceptibility data

with the powder susceptibility data in the high

temperature (.2 K - 4 K) range. The solid

curves represent the theory using the best fit

values of JII' Jl' and a/N mentioned in

the text.
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Classical Dipolar Corrections

It should be pointed out that the effect of the

classical dipole-dipole interaction within the pair is, in
 

effect, included in the values of JII and J1 . For two

ions which have parallel principal axes and which have the

line joining them along the common z-axis, the dipole-dipole

interaction can be written a338:

2 -3 2 2
= .. + -Hd uB r1] [91(8le2x SlySZY) ZgllsleZZ] (48)

where rij is the distance between the two interacting

dipoles; u is the Bohr magneton; 911 = g-L = 2 ; S

B 12

and S are z-component spin operators which take on the

22

values t 1/2 in the ground state configurations; and

Slx' SZx' Sly’ 82y are the x and y component spin-S/Z

operators for the members of the pair. Because of this

simple form, the original pair Hamiltonian contains the

effect of the pair dipole-dipole interaction if one merely

re-defines J and J as:

II 1

2

J JeXCh +2911uB JeXCh 0068 K (49)=
= +.

.

II II —3-—r II
12

2 2
exch g u exch

J = J - _1__§ = J -.0034 K (50)

i 1 r3 1

12

0

where r = 9.05 A is the iron-iron distance between the

12

members of the FeTPPCl pair. Thus the effect of the classical

dipolar coupling within the pair is quite small compared to
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the superexchange.

As indicated earlier, the lattice sums for the FeTPPCl

system without the presence of pairing have been calculated so

that a rough estimate of the lower temperature behavior is

possible. If one were to treat the system as made up only

of singles without superexchange pairing, then the

Van Vleck32 expansion given earlier would apply. Since the

pair susceptibility goes to zero at the lower temperatures

(T<.l K), the exact method would randomly populate the N

lattice sites with N-Za magnetic dipoles (yet allowing for

2d pair sites), and then carry out the dipole lattice sums.

This exact treatment has not yet been undertaken. A rough

calculation assumes that pairs do not form. Then one adds

a term such as derived by Van Vleck so that the suscepti-

bility becomes:

~ Pairs Singles C11 2 Z”

X ~ X + X + (___) (- _) (51)

II II II T N

~ Pairs Singles C E

+ x + (.142 (-__J_—)

 

X ” X (52)

1 1 1 T N

2

N92 uB

where Cll = II (53)

4kB

2 2

N9 u
C = effi B (54)

1 4k
B

and Z = -l.296x1021 cm-3, Z = +6.45x1020 cm-3 are the

1
lattice sums for FeTPPCl.
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If one uses these numbers to estimate a dipole correction

to the susceptibility theory at 1/T = 10 K”1 , the

result is to give almost perfect agreement to the x1 data,

and about 1/2 the difference needed for the x data. It

is important to note that the signs of the dipole sums are

such that they pull the theory down in the perpendicular

direction and enhance the theory in the parallel direction.

This is exactly what is needed to give better agreement

between the low temperature data and the theory.



CHARMfiIIV

THE HEAT CAPACITY OF IRON TETRAPHENYLPORPHINE CHLORIDE

When the susceptibility measurements were completed,

the pair formation was postulated, and the calculations were

carried out as stated in Chapter III. However, it was felt

that the existence of naturally occurring superexchange pairs

was sufficiently unique that a measurement of another in-

dependent thermodynamic quantity would be useful. In addi-

tion, the susceptibility data pull-over is just not very

striking. It was decided to attempt a measurement of the

zero~field heat capacity. The heat capacity has a number

of attractive features. First, if superexchange pairs were

forming, there should be a peak in the heat capacity in a

temperature range characteristic of the pairing energy.

Second, the amplitude of such a heat capacity peak should

give information concerning how many pairs were forming.

Lastly, heat capacity measurements can be carried out on a

powder sample, thereby by-passing the difficulties attendant

to growing large single crystals. The difficulties involved

were of an experimental nature. The temperature range of

interest was from 0.1 K to l K, which is below that acces-

sible to standard low temperature heat capacity systems.

Thus, our dilution refrigerator was modified as described

in Chapter I to make these measurements.
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Over 120 heat capacity data points were taken in the

temperature range from 1.5 K down to .052 K. There was

quite a bit of scatter (approximately 5%) due to heat leaks,

resulting in drifting in time of the temperature of the

CR-SO thermometer. This was primarily due to the imperfec-

tion of the heat switch. Other metals have a much higher

ratio of normal thermal conductivity to superconducting

thermal conductivity. Unfortunately, other superconducting

switches such as lead, indium, and tin also have higher

critical fields. The solenoid wrapped on the coil #1 shield

has only a 200 gauss capability, so that a major experimental

modification would have been necessary to install a high field

magnet. Consequently, the thermal isolation was not perfect.

This was compensated for by running the refrigerator as

close in temperature to the heat capacity sample unit as

possible. This minimized the temperature gradient and any

attendant heat flow to or from the sample. However, the

output of the CR—SO resistor, which was monitored on a strip-

chart recorder, quite often indicated a significant temper-

ature drift in time. Enough time was allowed to elapse

between data points so that the drift became a minimum.

The refrigerator temperature was also adjusted to stop the

temperature drift. As a result of these drifts, there is

some scatter in the data. Of the original 127 data points,

only 81 were judged to have a slow enough temperature drift

in time to be accurate experimental points. In addition,

because of the rather long thermal equilibration times at
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the lower temperatures (several hours below 0.1 K), much

fewer lower temperature points were taken.

Background Considerations

It should be mentioned that the heat capacity

data has not been background corrected. The contributing

factors to a background heat capacity are the copper re-

sistordmount and support foil, the zinc heat switch,

platinum tabs, Evanohm heater and leads, and CR-SO resistor

and leads. Excluding the CR-SO resistor, the total mass of

all of these components is less than 1.2 gm with the copper

contributing over 90% of this mass. Pure-copper heat

capacity measurements of Franck, Manchester, and Martin39

yield the expected linear relationship characteristic of

the electronic contribution. Their values at l K indicate

that the contribution due to the copper parts of the heat

capacity tail is less than 1.5% of the measured FeTPPCZ

value at this temperature. The effect at lower temperatures

becomes completely negligible due to the linear decrease

with temperature of the copper heat capacity. The other

sources of a background heat capacity are the Apiezon

3
N grease and absorbed He. The heat capacity of N grease

has been measured down to 0.4 K by Wun and Phillips4o.

Based on their measurements, a total mass of 0.1 gm of

Apiezon N grease contributes only 0.25% of the FeTPPC£

value at l K. Because of a Tn dependence (n>1), its effect

at lower temperatures is completely negligible. The 3He

which might have absorbed to the graphite support tube
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could have a significant effect, if some of the heat

believed to be going to the sample was actually liberating

some 3He from the graphite. The coating of the graphite

with GE 7031 varnish should have minimized this problem.

Theoretical Expression for the Heat Capacity
 

The heat capacity data is shown in Figure 16

along with the theoretical curve based on the pair model.

The singles contribute nothing to the zero-field heat

capacity since they are essentially non-interacting in the

temperature range of interest. The expression for the heat

capacity due to the pairs can be obtained from the zero-

field energy eigenvalues and partition function:

C/R = (a/N)(l/T)2 e-BJII[(Jil/k3)zcosh Ji 8

-2 (Ji/kB)(Jil/k3)x(sinh J]8)+(Ji/kB)2(cosh JiB+e-BJII)]

x [1+e’BJllcosh JiBJ-z (55)

' 2 2
= J 2 14 D - J 29 56Where JII 11/ “I" J_J_/ C 9 _LJII/( C) ( )

J' = 9J 2 57)1 1/ I

B = (kET)’1 (58)

kB== Boltzmann constant, R = gas constant, N = Avogadro's

number.

The curve in Figure 16 is a best fit of this expression to

the experimental data. It is based on the values

Jll/kff(+.40 i .03)K; Ji/kB;(-.1525 + .003)K; a/N= .255 i .004



Figure 16.
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Temperature dependence of the heat capacity

from a 1.5 gm powdered sample of FeTPPCl.

C is the heat capacity per mole of FeTPPCl.

and R is the molar gas constant. The solid

curve represents the theoretical calculation

using the best-fit values of Jll, J1, and

a/N mentioned in the text.
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mentioned earlier as the susceptibility fit values.

The amplitude of the heat capacity peak is a good measure

of the number of pairs and is consistent with the value

of a/N just quoted. Figure 17 gives some idea of how

changing J||, J1, and a/N affects the heat capacity fit.

The heat capacity expression is calculated for zero mag-

netic field.

Phonon Contribution
 

It should be noted that because of the T3

tail of the phonon contribution to the heat capacity,

the theoretical curve is not drawn for temperatures above

1 K. If one uses the Debye relation

C =11)3p (59)

to estimate this contribution, the effect could be as

large as 9% of the measured value at l K assuming an

unrealistically large value for the constant A. (E.g.

41 foruse the largest value given in the CRC Handbook

the organic material polystyrene.) However, as the

temperature is lowered, even such a large value for 1

gives only a 1% contribution at 0.5 K. At temperatures

lower than this, the phonon contribution is completely

negligible. Thus, due to the existence of a T3 phonon

tail, it may not be too surprising that the high temperature

data (i.e. T>0.5 K) fall a little above the theoretical

curve .
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Figure 17. The effect on the heat capacity of changing the

fit parameters Jll, J1 , and d/N.
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CHAPTER V

THE ELECTRON SPIN RESONANCE OF IRON

TETRAPHENYLPORPHINE CHLORIDE

The heat capacity confirmation of the pairing

model suggests a careful examination of the energy levels.

The combination of the heat capacity and magnetic suscep-

tibility data give stable best-fit values for JII and

J1, which, in turn, give well-defined values for the energy

splittings. A check of these energy spacings reveal that

they should be within the range of electron Spin resonance

(ESR) frequencies.

The first ESR measurements undertaken to Specifically

check on the pair spectra were taken on a single crystal.

This single crystal was half of the 0.1 mgm single crystal

from which the susceptibility data were obtained. The crys-

tal had broken into two pieces when it was removed from the

SQUID epoxy sample holder. Fortunately, the crystal broke

into two well-defined halves so that the external morphology

was still sufficiently recognizable. When placed under the

8X microscope, it was possible to align satisfactorily the

crystal in the epoxy holder for the ESR experiment. The

singles rotation diagram shown in Chapter II (figure 12)

was obtained from this .05 mgm single crystal. As men-

tioned earlier, there was a 10° misorientation of the

external field with respect to the c—axis, which is not

104
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too surprising considering the small size of the crystal.

During this single crystal run, the temperature was lowered

to 1.2 K. This lower temperature gave a sufficient over-

population of the pair ground state levels that a pair

resonance line was observed in addition to the more intense

line due to the single FeTPPCl molecules. The position

of the center of an ESR line indicates the magnetic field

at which the energy level separation is exactly equal to

the energy quantum supplied by the oscillating microwave

field. An actual experimental ESR trace for the single

crystal run is shown in Figure 18. This derivative

detection trace was taken with the DC external field, Ho,

oriented at approximately 3° from the assumed position of

the crystalline c-axis. The singles line, the pair line,

and the DPPH marker are all clearly visible above the noise.

The magnetic field scale gives the position of the lines as

well as some idea of the line widths. The 10° misorientation

is demonstrated by the fact that the singles line is shifted

from the g = 2.004 DPPH line. Fifteen other field orienta-

tions in the assumed a-c plane were measured. The position

of the center of both the pair line and the singles line

could be observed to move as the field was rotated. At

an angle of 30° the pair line was hidden by the singles line.

At all other angles at least part of the pair line was visible

so that a pair rotation diagram could be made. This diagram

consists of the magnetic field at which the center of the

pair resonance line was measured as a function of the angle
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Figure 18. Electron spin resonance trace obtained using

derivative detection at 1.2 K on a .05 mgm

aligned single crystal of FeTPPCl.
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that the field made with respect to the c-axis. This

gives direct information concerning how the energy diff-

erence between the levels for this particular pair trans-

ition changes as a function of field, Ho, and angle, 0.

This pair rotation diagram is shown in Figure 19. The

magnetic field values were carefully obtained by setting

the magnetic field right on the center of the resonance

line and then measuring the field with a rotating coil

gaussmeter.

Analytic Expressions for the Fair Ground-State
 

Energy Levels and Spin Eigenstates
 

To compare the ESR rotation data to the

predictions of the pair model, the energy levels for all

angles, including the effect of misalignment, were required.

The third-order perturbation calculation for the pair

ground-state energies can be solved analytically only in

the 0=0°, 90° cases. The analytic expressions for the

pair ground-state energy levels and spin eigenstates in

these limiting cases are given by:

HQparallel to c-axis (0=0°):
 

E0 = -3% Do + Jll/4 + 9JL/2 - 4Ji/bc + 9J||Ji/(4D:) (60)

|¢o> = 72“ {1‘2'2> ‘ '2"%>} (61)

E1 = ‘§%'DC ' JII/4 — 18 Ji/Dc + 27 JiJ|'/(4D:)

- (1+9Ji/D:)hll (62)

I¢1> l-%.-%> (63)



Figure 19.
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Angular dependence of the pair tripletl-tripletz

transition in a magnetic field. The abscissa

represents the angle at which the magnetic field

was oriented from the lab z-axis. The ordinate

gives the magnetic field at which the single

crystal ESR pair resonance was observed for the

corresponding angular orientation. The crosses,

+ , represent the experimental data, and the

solid curve is a result of a theoretical calcula-

tion including the effect of a 10° misalignment

of the crystalline c-axis from the lab z-axis.
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E2=

+

'8¢2

E3=

I¢3>

111

32 2 2 2
-——' ' 4 - 18 J D + 27 J J 4D

60c JII/ 1’c 111/‘c’

(1+9J.2L/D2)hl|

=I§r§>

32 2 2 2

6 DC 4’ JII/4 9.11/2 4J‘L/Dc 'I' 9J||Ji/(4DC)

_ 1 1 1 1
_ 75—. {I-1——,2,5» + [2, —2>}

(64)

(65)

(66)

(67)

where Dc is the crystal field parameter; JII is the super-

exchange coupling parameter for the z-components of the

spins; J1 is the superexchange coupling parameter for the

x and y components of the spins; hII = 91' ”8 Ho, where

911 = 2, "B is the Bohr magneton, and H0 is the magnitude

of the applied magnetic field.

HQ perpendicular to c-axis (8=90°):
 

32 2

" -— D + J 4 + 9J 2 - 4J D

C II/ 1/ 1/ c6

2 2
9J||Jl/(4Dc)l> 8hI/DC

l 1 1

= 72" {I22 12"2>}

32 2 2

-—5 DC - 9Jl/4 - A/2 - (Z/Dc)(hl/N3) (18Ji-2K)

(4JE/DC )(K/N3)2 + (3/4)J||£(18JlfK)/Dc]2(hl/N3)2

= —3—-{hiI—,2-> + (K//2)I "2'%'>

‘I' (://2)|—2-,"-2'> + hil-%'-%->}

32

1 1 1

- 72‘ {'2'2> ‘ "2"2>}

2 2 2 2"—6 Dc _ Jll/4 — 18JL/Dc + 27JllJl/(4Dc)- 8 hl/DC

(68)

(69)

(70)

(71)

(72)

(73)



112

E = -—— D - 9Ji/4 + A/2 - (4Ji/Dc)(B/N2)2

+ [9JllJi/(4D:)](B/N2)2 - (2/Dc)(hi/N2)2(18Jif28)2 (74)

(13 = $.3— {hi|%,—12—> + (2/72)|-%,%.> + (B//2) l§.--§_—>

+ hi|-%,—%>} (75)

where hi = 3/2hi; hL'= %glpBHo, gi = 2.0; (76)

A =10“ - 9J1)2/4 + (6 118 $180121” (77)

B = (Jll - 9Jl)/4 + A/2 (78)

K = (Jll - 9Ji)/4 - A/2 (79)

N2 = [72hi + (Jll - 9Ji)2/8 + (A/4)(JII - 9Ji)]% (80)

N3 = [72hi + (Jll - 9Ji)2/8 - (A/4)(Jll - 9Ji)]L5 (81)

It should be noted that a state such as |+%,-%> is a

combination state specifying that iron ion #1 of the

pair is in the 512 = +l/2 state and iron ion #2 of the

pair is in the S2z = —1/2 state. In addition, the spin

eigenstates listed above are only the adapted eigenstates

which diagonalize the 4x4 subspace of the perturbed

Hamiltonian for 512 = t 1/2, 82 = 1 1/2 as shown in
2

Appendix B. They are not the third-order perturbed

eigenstates.

These basis states have been written in such a way

to emphasize their singlet-triplet nature under inter-

change of the spins. That is, the ground state of the

exchange split quartet is a spin singlet (i.e., it is an

odd function under interchange of the spins). The three

higher states form a zero-field-split triplet as indicated
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in Figure 20. The subscript notation 0, l, 2, 3 used

in equations 60-75 classifies the singlet as 0 state,

and the triplet into a 1, 2, and 3 state in order of

increasing energy when the best-fit values of Jll, J1,

and DC are used. The energy level diagram in Figure 20

has the singlet level defined as the arbitrary zero of

energy with the triplet levels lying above it. The

vertical scale is labelled in degrees Kelvin so that

the energies are actually Ei/ks' Since the pair rotation

diagram requires a more general treatment, the computer

program was used to diagonalize the 36x36 matrix to obtain

the 4 ground state pair energies for any arbitrary field,

angle, and misalignment. Using the values Dc/kB = 13 K,

Ji/kB = -.1525 K, JII/kB = +.40 K, the energy levels for

the 0=0°, 90° limiting cases, as shown in Figure 20, result.

The small curved arrows indicate how the levels change as

the field is rotated. The single-line vertical arrow

indicates the position of the pair resonance line shown

in the trace of Figure 18. This line also points up the

fact that the observed single-crystal pair resonance is

due to the tripletl - triplet2 transition shown. Thus

the rotation diagram gives only the relative changes of

these two pair levels as a function of field and angle.

The double-line vertical arrows indicate the positions

of observed transitions from powdered samples in other

ESR runs. These powder transitions are obtained from direct

absorption ESR signals as shown in Figures 21, 22, and 23.



Figure 20.
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Energy-level diagram for the superexchange-coupled

pairs at 0° and 90° orientations of the c-axis

with respect to an external magnetic field. The

lowest lying state (singlet) in zero magnetic

field is arbitrarily defined as the zero of energy.

The short curved arrows indicate the direction

that these energy levels shift as the field is

rotated from 0° to 90°. The double-line vertical

arrows indicate the positions of observed powder

transitions. The single-line vertical arrow

indicates the position of one of the observed

single crystal transitions.
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Figure 21.

116

Electron spin resonance trace using direct

detection from an 8.8 mgm powder sample of

FeTPPCl. The upper trace was obtained with

the external DC field oriented perpendicular

to the oscillating microwave field. The

lower trace was obtained with the DC

magnetic field parallel to the oscillating

microwave field, showing only the low-field

forbidden singlet-triplet transition.
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Figure 22.
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Electron spin resonance trace using direct

detection from an 8.8 mgm powder sample of

FeTPPCl. The singlet-tripletz transition

at approximately 1000 gauss confirms how the

separation between these levels increases as

the magnetic field is increased. This is

evident since now the microwave quantum of

energy is larger (12.7 GHz), and hence the

low-field transition shown in Figure 21

has moved out to higher magnetic field values.



F
=

l
2
.
7

G
H
z

g
m
a
x

  
  

T
r
i
p
l
e
t
:
T
r
i
p
l
e
t
z

*
D
P
P
H

 

119

S
i
n
g
l
e
?
-
T
r
i
p
‘
L
e
‘
t
z

 
g
m
i
n

S
i
n
g
l
e
s

 
 

 L
I

I
;

A
,
i

o
l

2
3

4
f

M
A
G
N
E
T
I
C

F
I
E
L
D

(
k
6
)



Figure 23.
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Electron spin resonance trace using direct

detection from a 20 mgm powder sample of

FeTPPCl. The upper trace was obtained with

the external DC magnetic field oriented

perpendicular to the oscillating microwave

field. The lower trace was obtained with

the DC magnetic field oriented almost paral-

lel to the microwave field. The electronic

gains in the detection system for the lower

trace were greater by at least a factor of 2

than in the upper trace. The presence of the

triplet -triplet transition at approximately
2 3

1300 gauss is quite evident from this

technique.



  
g
.
.
.

S
I
N
G
L
E
S

F
-
2
3
.
7

G
H
z

T
-

L
!
K

 

‘

4b-

1
1

I
T

i
4

5
6

M
A
G
N
E
T
I
C

F
I
E
L
D

(
k
G
)

0]

.LO

: :4.-

 
D
P
P
H  

121



122

Note that the signal maxima are used to define the fields

at which the double arrows in Figure 20 are plotted. From

the complete set of energy levels obtained from the computer

print-out, the theoretical rotation curve shown in Figure 19

is obtained. The agreement between the theory and the data

for lower angles (e.g. 6<30°) is acceptable; but as the

field is rotated into the porphyrin plane, there is rather

poor agreement. The cause of this disagreement is not

known, but points out the most serious failure of the simple

anisotropic Heisenberg model to fit the experimental data.

ESR Transition Rate Analysis
 

Based on the spin eigenstates, it is possible

to calculate which transitions should be observable. The

position of the transition in magnetic field gives informa-

tion about the spacing of the energy levels, and the inten-

sity of the line gives information regarding the matrix

elements connecting these energy levels. These matrix ele-

ments will now be discussed.

In ESR measurements an oscillating microwave magnetic

field, gleiwt, is applied to the sample. This microwave

field can induce transitions between the eigenstates of

the system. The transition probability per unit time

between energy levels Bi and Ej is given by the "Golden-

Rule" expression38:

NHE 2
wij - “—2—211 luijl f0») (82)
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where H1 is the amplitude of the microwave field. The

matrix element “ij can be expressed as:

- 1 .

“ij ' “1 (EilE §1lEj> (83)

where y is the magnetic moment for the ion of interest.

The shape factor f(w) represents the resonance line shape

and has a maximum when'fl w = Ei - Ej. The important factor

in equation 82 is the matrix element “ij' For the single

crystal measurements, the linearly polarized oscillatory

field is applied perpendicular to the DC field, Ho, which

is rotated in the a-c plane at an angle 6 with respect to

the c-axis. The total spin Hamiltonian for the pair becomes:

_ 2 2 1 1 1 -
H - DC[SIZ + 52 Z ‘351 (51+1)"§Sz (82+1)J'J| ISIZSZZ-z-JLGISZ

_ + 1 . + - + .-

+ 8182) + glluBHo cose(Slz+Szz)+§giuBHo Sin6(Sl+Sl+SZ+SZ) (84)

+ g]- UBHlelwt (Sly+SZY)

where the last term on the right represents the time dependent

perturbation introducted by the oscillatory field. Thus the

dipole matrix element governing the transition rate becomes:

gUB +_+_

uij = _£;__ <¢i(HO,6)ISl-Sl+Sz-Szl¢j(Ho,
e)> (35)

21

___l +_- _1__+--

where Sly — §I(51 Sl)’ 82y — 21(82 52) (86)

and 8+, 8_ are the spin-S/Z raising and lowering operators.

The strongest pair transition for the 9.30 GHz microwave

quantum of the single crystal ESR run is the tripletl -

triplet2 transition characterized by “12 using the subscript
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notation mentioned previously. This matrix element was

calculated for each angle and field using the computer.

The result is a finite transition probability for all

angles except 6=O°. At a=0°, the matrix element is zero.

However, the crystal was never aligned well enough to

satisfy the 6=0° condition, so that a resonance line was

always observed. The 6=90° calculation can be done

analytically by substituting equations 71 and 73 into equation

85. The result is a non-zero transition rate.

For the powder runs the situation is much more

difficult, since all crystallite orientations are possible.

This necessitates an averaging over all angles that the

c-axis of an individual crystallite might make with respect

to the external DC field and the microwave field. For

example, in the single crystal run the DC field was fixed

to lie in the a-c plane which specifies the z and x com-

ponent spin operators in the DC Zeeman term. Then the y

component spin operator appears in the perpendicular per-

turbation term. In the powder, however, the microwave field

may be perpendicular to the DC field yet still have pertur-

bation components in both the x and 2 directions for a

given crystallite. A detailed calculation of the powder

transition rates, including the problem of averaging in

the perpendicular plane has not been carried out. (This

powder line shape analysis is the next phase of this

problem to be attempted.) Instead of the transition

calculations, the theoretical energy levels given by the
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computer have been checked. It is found that the observed

powder transitions occur in exactly the magnetic field

ranges where the energy level spacings correspond to the

appropriate microwave energy. This is also shown in Figure 20.

There is another possible orientation for the

oscillatory field. This is parallel to the large DC

42 that, for the standardmagnetic field. It can be shown

dipole transitions Ms + MS 1 1, this orientation of the

oscillatory field to the DC field gives a zero transition

rate. This is true for single ion states of the form

| 1 l/2>, | i 3/2>, etc. However, in the pair system,

there is a substantial mixing of the two-ion combination

states, especially in the directions away from the z-axis.

Thus an oscillatory field along the DC field may still cause

a transition. This technique is especially valuable when

the presence of other ESR lines may "hide" the existence

of an expected transition. In the FeTPPC£ system, these

other lines correspond to the single molecules which exhibit

the anisotropic g behavior and are not superexchange coupled.

When the DC field is rotated to lie along the oscillatory

field, these singles lines disappear leaving only the

transitions between mixed states, as well as any forbidden

transitions. This is achieved experimentally using a

rectangular cavity arrangement where the linearly polarized

oscillatory field lies in the same plane in which the DC

field can be rotated. (For single crystal rotation studies,

a cylindrical cavity is used so that the microwave field is
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always perpendicular to the plane in which the DC field

is rotated.) The above parallel field technique was

used on the FeTPPC2 system to great advantage to

elucidate two transitions. One of these was the low field

singleto-tripletl’z forbidden transition indicated by the

shaded region in Figure 20. (The shading indicates that

a rather broad absorption peak was seen in the region

from 0 to 300 gauss for frequencies in the 9-10 GHz range.)

The other transition was the higher tripletz-triplet3

transition which was observed at a K-band frequency of

23.7 GHz. The effect on the ESR spectrum of rotating the

DC field parallel to the microwave field is shown in

Figure 21 for the low-field singlet—triplet transition and

in Figure 23 for the 23.7 GHz triplet-triplet transition.

In the case of the 23.7 GHz trace, the fields were never

oriented exactly parallel to each other so that the other

resonance peaks did not go completely to zero.

Forbidden Singlet-Triplet Transition
 

Probably the most interesting result of the

transition matrix-element analysis is that the singlet-

triplet transition should be forbidden regardless of the

orientation of the oscillatory field to the DC field. This

is a result of the invariance of the pair Hamiltonian to an

interchange of the two spins. Because of this invariance,

the singlet and triplet states have definite, but opposite,

spin parity. The singlet state is odd under interchange

of the spins, while the triplet state is even. This is

obvious from a quick glance at equations 61-75. Thus, any
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even operator will be unable to connect the singlet and

triplet states. The oscillatory field which induces the

transitions can give rise to perturbation terms of the

form:

. t . .

Hlyelw (sly+szy), Hlxelwt(slx+82x), leelwt(slz+322). (87)

All of these operators are even under an interchange of the

spins and hence will not connect the singlet-triplet states

of opposite parity. The fact that an apparent singlet-

triplet transition was observed suggests an additional term

in the Hamiltonian which breaks the interchange invariance.

Such a term is given by the antisymmetric Dzialoshinsky36-

Moriya37 term mentioned earlier:

6 ° (§1 x Q) (88)

This term is the result of the combined effect of spin-orbit

coupling and the superexchange interaction. The constant

coupling vector, C, is strongly dependent on the site

symmetry of the superexchange ions. Moriya gives the

general rule that 5:0 if a center of inversion symmetry is

located midway between the two ions. If one considers

an isolated superexchange pair of FeTPPC2 molecules, the

point midway between the adjacent chlorines seems to be

an inversion center to the limits of the x-ray determin-

ation. However, if one considers the other FeTPPCl

molecules in the lattice, such inversion symmetry disappears.

Thus, the fact that each member of the pair sees a slightly
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different field due to the classical dipole-dipole field

from neighboring FeTPPC£ molecules may be sufficient

to destroy the interchange invariance between the super-

exchange-coupled spins. The Dzialoshinsky-Moriya term

was added to the anisotropic Heisenberg term and a non-

zero transition probability for the singlet-triplet

transition was calculated. This occurs because now the

eigenstates are so affected that they are no longer purely

antisymmetric and symmetric under an interchange of the

spins. Since there is a 4-fold rotation axis along the

line joining the superexchange-coupled ions, the constant

coupling vector, 9 , was chosen to point along this axis

(crystalline c—axis) in accordance with the symmetry rules

given by Moriya37. (This assumes that the interchange

invariance has somehow been broken.) The effect on the

exchange parameters, Jll and J1, is minimal, resulting

in only a re-definition of Ji:

Ji= (Ji + C2,: (89)

Thus, the Dzialoshinsky-Moriya term has the appeal of

explaining the observed singlet-triplet transition without

affecting significantly the best-fit parameters to the

experimental data. However, the existence of such a term

implies a lack of interchange symmetry within the pair.



CHAPTER VI

SUMMARY AND CONCLUSIONS

The unique structure of FeTPPCl gives rise to a

system composed of superexchange—coupled pairs plus

isolated single paramagnetic molecules (neglecting the

weak classical dipolar coupling). 50% of the molecules

form pairs. The dominant term in the single-ion spin

Hamiltonian is the second order spin-orbit coupling via

the crystal-field-split orbital states. This gives rise

to the large single ion anisotropy in the Lande 9 factor.

The resultant crystal field coupling parameter, DC/kB ,

is approximately 13 K, and is the dominant term at low

temperatures (e.g. T < 4 K). In addition to this single

ion interaction, the pairs have a superexchange splitting

of the pair ground state which is much smaller than the

crystal electric field parameter, Dc . Also, the origins

of the large single ion anisotropy may be responsible for

the large anisotropy in the superexchange parameters. The

z-component of the exchange coupling, JII , is opposite in

sign to the perpendicular component, Ji . This system

appears to have one of the most anisotropic exchange coup-

lings ever seen. Such a large anisotropy is especially

unusual for S-state ions. In addition, the small values

129
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for JH and Ji (<O.S K) cause the superexchange split

energies to have values such that transitions between these

levels fall within the microwave energy spectrum. ESR

transitions have been observed and confirm the anisotropic

Heisenberg model chosen. A consequence of the pairing is

the classification of the exchange—split ground-state

energies into a singlet and a zero-field-split triplet. The

transition between-the singlet and the triplet states

should be forbidden due to the invariance of the spin

Hamiltonian under an interchange of the spins. However, the

singlet-triplet transition in very low fields has been

observed at just the microwave energies predicted by the

best—fit values of Jll and JL . The presence of this

forbidden transition suggests an additional term in the

Hamiltonian is needed to break the spin-interchange

invariance. The Dzialoshinsky-Moriya antisymmetric exchange

has this property, but dictates that the point midway between

the elements of the pair cannot be a center of inversion.

The presence of the long range classical dipole fields due to

the neighboring single ions may be the cause for the breaking

of the interchange invariance; but, as yet, no calculations

have been done to substantiate this possibility.‘

Due to the simple pairs-singles combination structure,

there are no long range correlations (neglecting weak

dipole-dipole effects) so that a straightforward theoretical

solution is possible. Using an anisotropic Heisenberg

exchange term as a perturbation on the crystal field term,
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an analytic solution for the ground state pair energies is

obtained. These energy eigenvalues allow for the calcula-

tion of all the relevant thermodynamic quantities, particu-

larly the magnetic susceptibility and the heat capacity.

The magnetic susceptibility was measured in both the

parallel and perpendicular directions to the crystalline

c-axis and agrees well with the theory when best fit values

for Jll , Tl , and a/N (the fraction of pairs) are used.

The heat capacity was also measured and agrees with the

theory based on the same best fit values. These values

give rise to energy levels which have been verified by direct

ESR measurements. The best fit values for these quantities

are:

Jll/kB =(+o.4o i .03)K

H
-

Ji/kB =(-.152s .003)K

a/N = .255 i .004

where the error bars indicate the range within which the

comparison of theory with data yields a reasonable fit.

The only rather disappointing aspect of these measure—

ments is the poor fit of the tripletl-tripletz ESR rotation

data to the theory. The energy levels given by the computer

diagonalization yield a reasonable fit at the angles when

the field is oriented near the c-axis (6 < 30°), but give

a poor fit for the larger angles. The implication is that

the tripletl-tripletz energy levels have a different curva-

ture as a function of magnetic field at the larger angles
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than is predicted by the simple model. Another possibility

is that the l-2 components of the triplet may be split in

zero field by a rhombic distortion term on each ion, such

as EC(S§-S§). (The ratio Ec/DC has been chosen as large

as .03 to interpret the ESR spectra of some heme complexes.22)

For example, a value of EC/Dc of .004 gives a zero-field

energy-splitting of .04 K between the tripletl-tripletz

levels for FeTPPCl. However, the original x—ray work is

unable to confirm such a distortion. This leads one to the

conclusion that there may be higher order exchange terms

needed to explain the pair rotation diagram. Also, the

inclusion of fourth-order crystal-field terms in the

single-ion Hamiltonian may be necessary. Marathe and Mitra43

pointed out that such terms could explain the discrepancy

between the value for Dc(10 K) obtained by Richards and

co-workers23 for hemin from infrared absorption data and

the value for DC(l7 K) obtained by Maricondi gt.al.44

from susceptibility data. It is clear that more accurate ESR

measurements on large single crystals (e.g. l mgm or larger)

should yield better information on the field dependence of

all four of the pair ground state levels.

The superexchange coupling is highly anisotropic and

can be expressed in an isotropic-plus-pseudodipolar form:

Ji(SIXSZX+SlYSZY)+JIISlZSZZ = J(Sl‘52)+De(3SleZZ*Sl'52) (90)

where J = %-(2J_L+JH) (91)

is the isotropic coupling parameter and D6 = %(J||-Ji) (92)

is the pseudodipolar parameter.
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Using the best fit values for Jll and Ji , these new

coupling coefficients have the values: J/kB =(+.03 i .01)K ,

and De/kB==(+.184 i .01)K. The classical interaction

energy of two point magnetic dipoles El and 32 may be

expressed as

1

”d = ;3 [211.12 -<3/r2> (21's) <22°£>] <93)

where r is the vector joining the two dipoles. For
~

FeTPPCl this equation can be written in the form:

Hd = Dd(BSleZz - §1°§ ) (94)

where Dd = -g2 ug/r3 ; and z is along the line

joining the dipoles. Hence the name pseudodipolar is applied

to the anisotropic part of the superexchange Hamiltonian in

equation 90, since it can be cast in this form. The

classical dipole-dipole coupling between the iron ions within

the pair is small. The value for the dipole coupling para-

meter is Dd/kB = -.003 K for the 9.05 A distance between the

two Fe3+ ions of the pair. Thus the superexchange coupling

is primarily pseudodipolar in nature. As originally pointed

out by Van Vleck45, pseudodipolar exchange can arise from

spin-orbit effects. Since spin-orbit coupling to a rather

low lying excited state of the Fe3+ ion is responsible for

the large crystal-field parameter, DC , it is possible that

Such.spin-orbit coupling may be the origin of this pseudo-

dipolar exchange .
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In conclusion, the major contribution of this work is

to provide some accurately determined superexchange coupling

parameters, JH and Ji , which can be compared to a

theoretical calculation of the superexchange mechanism. The

lack of long range correlations due to the isolation of the

pairs makes the FeTPPCl system a relatively simple one for

such a calculation. It is suggested that a starting point

of such a calculation should consider the excited orbital

states on the iron ions as possible intermediate states for

the superexchange electrons. In addition, it should be

pointed out that there are iodide and bromide forms of the

high-spin Fe3+ tetraphenylporphyrins. Although their

crystal structures are not known, certainly the possibility

of spin pairing exists. The superexchange coupling for

these compounds would probably be different due to the

larger ionic radii of the halogen ligands.
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APPENDIX A

Tabulation of Experimental Data

The magnetic susceptibility data for an aligned

single crystal and for a powdered sample of FeTPPCl

are presented. The zero-field heat capacity data are

given. In addition, the calibration data for the CR-SO

~resistor used in the heat capacity measurements are listed.
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Table A.l. Calibration Data for CR-50 Germanium Resistor.

Resistance Inverse T Resistance Inverse T

(ohms) (K'l) (ohms) (K‘l)

53.2 .238 158.3 1.299

54.1 .249 185.8 1.534

56.1 .262 208.7 1.727

58.8 .286 214.5 1.764

61.1 .309 218.5 1.815

63.6 .334 240.7 1.988

66.6 .361 250.7 2.053

73.0 .428 259.7 2.110

75.7 .452 265.7 2.165

80.0 .501 276.6 2.242

89.9 .596 281.7 2.273

92.3 .628 284.7 2.299

93.7 .652 300.0 2.403

96.8 .684 309.7 2.463

105.0 .765 321.0 2.544

108.8 .801 350.6 2.714

112.9 .845 405.6 3.031

118.9 .912 453.9 3.278

128.6 1.010 461.9 3.313

136.3 1.085 489.0 3.444

136.6 1.091 520.8 3.613

148.4 1.202 605.0 3.945

150.4 1.224 668.0 4.191

153.0 1.245 767.0 4.548
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Table A.1. (continued)

Resistance Inverse T Resistance Inverse T

(ohms) (K‘l) (ohms) (K’l)

827.0 4.735 2736.0 8.310

877.0 4.900 2975.0 8.617

1005.0 5.243 3215.0 8.884

1080.0 5.429 3725.0 9.416

1171.0 5.652 4836.0 10.370

1331.0 6.004 4907.0 10.458

1468.0 6.329 5082.0 10.563

1626.0 6.664 7302.0 12.063

2036.0 7.345 9950.0 13.379

(2185'0 7.599 12,100.0 14.080

2372.0 7.825 28,020.0 18.603

2566.0 8.074 53,060.0 22.416



Table A.2.

Xpowder

(emu/mole)

.506

.573

.737

.828

1.101

1.230

1.437

1.614

1.783

1.985

2.147

2.320

2.481

2.600

2.882

3.190

3.481

3.764

3.782

4.135

4.550

141

The magnetic susceptibility data for a

.1875 gm powdered sample of FeTPPCfi.

Inverse T*

.593

.694

.794

.888

1.000

1.063

1.196

1.341

1.422

1.584

1.784

2.009

2.234

2.244

2.518

2.922

xpowder

(emu/mole)

4.690

4.730

4.737

5.597

5.975

5.992

9.032

14.596

19.880

23.161

26.741

32.237

36.057

39.091

42.141

44.186

44.335

47.334

51.515

53.543

54.456

Inverse T*

(K’l)

3.061

3.098

3.111

4.066

4.400

4.417

7.825

14.662

22.445

28.405

35.347

49.511

62.553

75.736

92.527

106.607

107.839

133.324

183.132

212.420

226.595



Table A.3.

x||

(emu/mole)

.196

.218

.246

.281

.344

.534

.581

.587

.628

.699

.795

.855

.920

.996

1.077

142

The magnetic susceptibility data for a

0.1 mgm single crystal of FeTPPC£ oriented

with the applied DC magnetic field at an

angle of 10° from the crystalline c-axis.

Inverse T*

l)(K’

.487

.533

.604

.693

.350

1.332

1.473

1.508

1.628

1.790

2.033

2.210

2.408

2.649

2.928

xll

(emu/mole)

1.118

1.498

2.187

3.998

5.720

7.088

9.443

11.486

12.714

12.737

12.748

13.438

13.478

14.335

14.723

Inverse T*

(K'l)

3.067

4.901

8.437

17.504

26.953

35.882

53.464

74.050

93.160

93.438

93.612

109.039

110.143

154.739

187.752



0.1 mgm single crystal of FeTPPCi oriented

with the applied DC magnetic field perpen-

143

The magnetic susceptibility data for a

dicular to the crystalline c-axis.

Inverse T*

Table A.4.

x1

(emu/mole) (K—1)

.722 .238

1.406 .465

1.669 .550

1.677 .553

1.818 .612

2.100 .728

2.424 .855

2.696 .996

2.844 1.038

3.539 1.309

3.781 1.450

4.405 1.750

4.677 1.915

4.890 2.055

5.173 2.223

5.522 2.416

5.626 2.521

5.814 2.616

6.094 2.808

X1

(emu/mole)

6.400

6.558

8.680

12.798

24.585

34.985

41.292

47.622

53.150

56.587

59.309

60.706

63.696

63.670

68.878

69.074

68.681

68.950

Inverse T*

-1
(K )

3.012

3.116

4.730

8.022

18.265

28.997

38.262

48.924

63.327

75.562

88.338

95.042

114.900

115.430

174.634

190.786

202.032

217.145



Table A.5.

C/R

.0585

.0700

.0751

.0689

.0814

.0781

.0885

.0995

.1190

.1153

.1315

.1369

.1499

.1447

.1382

.1483

.1490

.1495

.1536

.1910

FeTPPCk.

the molar heat capacities, C = (AQ/AT)(%),

144

The zero-field heat capacity data for

The data presented here are

divided by the molar gas constant, R.

inverse temperatures are the average values

The

for the interval before and after the appli-

cation of the heat pulse.

(I<"l

.974

1.133

1.158

1.253

1.406

1.449

1.604

1.858

1.969

2.182

2.538

2.637

2.642

2.686

2.706

2.805

2.857

2.952

3.024

5.073

(Inverse T)

)

AVG
C/R

.1571

.1581

.1667

.1754

.1738

9.1680

.1797

.1814

.1823

.1841

.1885

.1916

.1960

.1956

.1842

.1963

.2007

.1905

.1890

.1791

(K’1 )

3.140

3.320

3.490

3.662

3.696

3.942

3.876

3.941

4.059

4.124

4.358

4.468

4.518

4.611

4.671

4.711

4.793

4.839

5.056

6.890

(Inverse T)
AVG



Table A.5.

C/R

.1964

.1852

.1851

.1840

.1984

.1909

.1752

.1912

.1849

.1911

.1825

.1713

.1718

.1740

.1943

.1832

.2002

.1756

.1780

.1705

.1732

(K’1

5.147

5.253

5.404

5.459

5.490

5.524

5.596

5.618

5.643

5.728

5.747

5.754

5.864

5.926

6.002

6.121

6.269

6.413

6.506

6.658

6.818

(Inverse T)

)

(continued)

AVG
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C/R

.1839

.1784

.1836

.1799

.1777

.1758

.1567

.1676

.1724

.1734

.1383

.1599

.1312

.1500

.1273

.1002

.1047

.1041

.0794

.0872

(Inverse T)

(K'1 )

6.951

7.052

7.097

7.208

7.257

7.380

7.393

7.404

7.549

7.702

8.029

8.169

8.330

8.531

8.652

9.257

9.465

9.638

9.830

10.105

AVG
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THEORETICAL CALCULATION OF THE

PAIR GROUND-STATE SUPEREXCHANGE-SPLIT

ENERGY LEVELS

The case with the external DC magnetic field oriented

perpendicular to the crystalline c-axis will be treated

- since it represents a more difficult calculation than the

parallel case. The spin Hamiltonian for the pair of

interest is given by:

2_ 2 _ -

H ’ Dc(slz+522) JIlSleZz J1(Slx52xpair

+ Sly82y) + giuBHo (Slx+52x) (Bl)

where the field HO has been chosen to lie along the x-axis.

(Because of the 4-fold rotational symmetry about the c-axis,

the result is the same regardless of where the field is

oriented in the x-y plane.) It should be noted that the

terms % Sl (51+1)Dc + % 82(Sz+1)DC have been omitted since

they represent an additive constant. This Hamiltonian can

be re-written using the raising and lowering operators

8+ = S + iS , S = 8x - iSy as:
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= 2+2— —1l'_ +- -+
pair DC(Slz 522) JllsleZZ 2 Ji(8182 + 5 S2)

+ hl(81+sl + s;+s;) (B2)

1

where h1 — 2 gluBHo , gi — 2.00 . (B3)

Since the crystal-field spin-orbit term characterized by

the crystal-field parameter, DC , represents the largest

interaction in the spin Hamiltonian at low temperatures

(kBT << 2 DC) , we shall treat this term as the unper-

turbed Hamiltonian. Thus the c-crystalline axis repre-

sents the axis of spin quantization, and the resulting

unperturbed spin eigenstates are:

1 l 1 l 1 1 1 1

I212: |2I2I|2I21 2:2 I

(B4)

3 3

'5 37. (5351-9?) (-—.- >. etc.

Since the spin on each iron ion in the pair is 5/2, there

are 36 such states. However, since the crystal-field

parameter, DC , is positive definite, the ground state

will result from combinations of the first four states in

equation B4. Thus

_ 2 2
H0 — DC(Slz + 522) , (35)

and the unperturbed energies, E10)' are given by:



2
+DC(Slz S

2
Dc(Slz+S

2 + 2

DC(Slz 522)

etc.

The perturbation

terms:

where

N
I
I
—
J

2

22)

2

22)

w
h
o

2z’

N
H
fl

N
I
U
‘
I

SI, 5'
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for

for

for

for

= i % . 522 = i 2 (36)

= 1 % , SZz = i % (B7)

=1%,szz=s% (138)

= i 2 ' 822 = i‘2 (39)

is then given by the exchange plus Zeeman

- 1 + - + - +

I) 1z 22 2 Ji(sls 3182)

(B10)

hi(81+31 + 53+83)

8;, S are spin 5/2 operators.

Using the first four states in equation B4, the 4x4

ground state subspace of H' is given by:

 

1

' 1 1> —1 -1) 1 -1> -1 1>

H) |2'2 2' 2 I2' 2 I 2’2

J
1 1 H<_,_ _ 0 3h 3h

2 2I 4 1 1

<-1,-1| 0 ‘:H— 3h 3h
2 2 4 1 i

J 9Ji (811)
1 _1 ll _

<2" ‘2"I 3“ 3h . 4 ‘2‘”

9J J

__1_ .1. __L _Il
< 2’2I 3h) 3h) 2 4
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Now this 4x4 matrix can be easily solved if a new set of

basis states are chosen. Because of the effective spin=1

nature of this 4x4 subspace, these new basis states are

chosen as a singlet and three triplet states:

1

. = "— { -.l.,_1_> — 1,-1>} (1312)SINGLET. [00> ,3— | 2 2 I2 2

lw1> = I§I§>

(B13)

_ 1 1
TRIPLET: lwz> — I'2'-2> (314)

111(3) = M2 {l-%I%‘>+l%l-%>}
(B15)

The perturbed Hamiltonian can now be written as:

 

H1 lwo> lwl> lwz> lw3>

| JH 9J

<1) __ + 0 0 0

° 4 2

J

_ ll 3/2 h (816)

(“’1' 0 T 0 1

<6 I 0 0 :1). 3/2 h
2 4 1

J“ 9J1-

<¢3| 0 3/2hi 3/2hi T-T

 
This formulation immediately yields the singlet energy shift

and eigenstate to first order as:

J 9J D J 9J

ABM)- H + J— =}. E”)- _E + __H_+ _J: (B17)

0 4 2 2 4 2

l

(40 — (40> - ,3 (I-—;-.§—>-I§.-§>} (818)
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The remaining 3x3 subspace of le>, Iwz>, and [03> yields

a secular equation which factors into a linear term multiply—

ing a quadratic term. This is easily solved to yield the

first-order triplet energy shifts as:

9J D ~9J

1 _ _1 5. (1) = _E - .. ‘1

AB; ) ‘ ‘ 4 ’ 2 =3 I51 2 "(TL 2 (319)

J D J

1 _ _ (1) _ __E _ ||
1132‘ ’ — AL: E2 - 2 -—4—- (BZO)

9J D 9J

‘1) = l A (1) = .2 _ J. A

2 8

where -9Ji) 2/4 + (12 h1) (B22)

and the adapted eigenstates which diagonalize the 3x3 sub-

space are given in Chapter V by equations 71, 73, and 75.

The same notation of |¢1>, |¢2>, and |¢3> will be used

to refer to these eigenstates.

Now to obtain the second and third-order energy shifts

it is necessary to label all the pertinent states. The

following notation will be used:

|¢O>. I¢ >. (9 >. |¢3> as given in Chapter V,

1 2

1 3 1 3
u > = __'__> , u > = —'——> (B23)

I 5 I2 2 I 5 l2 2

“17> = |-—I%> r |U8> = I-‘2];:"";> (324)



lug) =|§ri> I 11110) = 1%1‘32» (325)

'“11> = l--'2> ' I"12> = l-%'-2> (B26)

|u > = |2,-§> , I“ > = |—2,2> ,

13 2 2 14 2 2

These are the only states from the total of 36 which give

matrix elements contributing to the pair ground state levels

when 2nd and 3rd order perturbation theory is used.

For the singlet state, the second-order energy shift

is given by

 

 

2

l4 I<¢ IH'Iu.>I

33(2) = 2 ° 1 1 (328)

0 i=5 (0) (o)

E - E

o i

where E‘O) = l D (B29)

0 2 C

and 31°) = 2 D for i = 5,12 (330)
1 2 C

EFO) = % Dc for i = 13,14 (331)

1

are the unperturbed energies. The third-order shift is

given by the expression:

14 14 < H .>< . H' .>< . H' >

AE(3) = Z Z ¢0| 1|u1 “ll 11”] U3' 1|¢0 (B32)

0 i=5 j =5 (E(o)_E(o))(E(o)_E(o))

o 1 o 3
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Since fli is a real symmetric matrix, only half of the

off-diagonal terms will be presented. To fit all the terms

on a page, the 14x14 matrix will be given in two parts:

 

Hi |¢o> |¢1> |¢2> |¢3> |u5> [116) '117)

J“ 9J

<¢o| ___-o-

4 2

9J

<¢1| 0 -_L"§-

4 2

<¢| o 0 —:fl

2 4

9J

<¢3| 0 0 o fl7éig

<uSI O a 2h“L q -§.J”

3
<u6| -2h-L -C 3J_|_ -b O z J“

3
<u7| +2h_l_ C 3JJ_ 13 3h]. 0 —4— J”

(B33)

<u 0' a —2h q 0 3h 0

8 l i

<U9l o a 2ni q -41L 0 o

<u10| —2h -c -3Ji. '-b o o 0

<u11l +2nl -c 3J1. -b ' o o o

<1112| 0 a -2hl. q o o o

(“13' j e o d o 25 hi 0

<ul4l -j e o d o 0 2/3 hi
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>

u14

 

“112 q

h

_i (lBJl-ZB)

N2

1‘1__ (18Ji-2K)

N3

._ 2v€i BJl

N,N

2 3

|"10>

3

3"“

o

o

2/2'h

l.

o

h2

= 12 _.L

N2

are defined in Chapter V.

equations 328 and B32 with the matrix elements just given,

Now, using

(B33)

J

H

(B34)

(B35)

(B36)

(B37)

(BB8)

(B39)

the resulting energies to third-order in the energy shifts are:
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2 2 2
D J 9J 4J J h

(3)=_£ _1L _1_ 9.Hi_._1_
E0 2 + 4 + 2 BC + 1 DC2 8 Dc (B40)

(3) DC 9J (18J -2K)2 h 2 J 2 K 2

Bl =-—-———L-é-2.——i—-.(-J=) —4-J=—.(-)
2 4 2 Dc ,N3 DC N3

2 2 (B41)

D J 18J 2 J2 th

3(3) = —E - '1. - ___1_+ ___Z _.L_._L' .. (B42)
2 2 4 Dc 4 Dc2 80c

(3) Dc 9J B 2 J2 9 B 2 JIIJ 2

E3 = —— - _—l + _,-4 (——). .1 + —~.(-—). ___1L_ (B43)

 

(18J -2B 2 h

l ) .(—J-)2
DC N2

-2.

h

where a11 terms of order (41) and higher have been omitted.

D
c

For comparison to the zero-field energy levels it is con-

venient to evaluate the following limits:

lim lim J ~9J lim J -9J

h+o L=1, h+oN=.__|1____-1-. h+OB=—|—|—-’L (B44)

.1 N2 1 2 1 2

lim K lim lim

h — = 0 , h + , h + N = 0 B451+0 N3 1 O 1 0 3 ( )

1' h 1' J —9J

hITB _1 = 1 , tho '1 1 (B46)

1 N3 6 1 2

To evaluate the small-field partition function and then the

zero-field susceptibility,_only the terms linear in h1 need

be kept. Thus, the small-field energy levels now become:



 

2 2
D J 9J 4J J J

=c 1'" 1- i 9._U_1_E0 i__+ + Dc +4 02

C

2 2
J J J

E 131-9514 4.1.2.211
1 2 T 2 DC 4 D2

C

2 2
D J J J J

=—c—_U—18_l+ZlJ_.;L.—

E2 2 4 2DC Dc

2 2

3 2 4 7 DC 74' 132

C

where the field dependence is contained within A

from equation 322.

as seen

(B47)

(B48)

(B49)

(350)
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