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Abstract »!

Temperature Dependence of the Zero-Field

Splikting Parameﬁer D of \cr Y. Ions in 3 - ;’
CSA1($O4Y2'12H20 i
Gerald B. Stevenson : o\
-’ '
" In.this particular study a cfystal of caesium
aluminum sulfate dodecahnyate (CsAl(SO4)2é&2ﬁ20)h or more
commonly’refegred to as qﬁesIUm alumiﬁuﬁ alum was doped with
cr3* and examined with a Varian X—gaﬁd microwave (Electron g
‘Paramagnetic Resonance) spectrometer. . i
! Absorption spectra were obtained at var}ous témperatures
and from?th%s daté the zeré mégnetid field se}ittiﬁg para- - -
metér, D, of the para%agnetic Cr3+ ions was calculated as a
function of temperature.
. A spin Hamiltonian approach with § = 3/2 and. g ='i.975 )

+ 0,005 was used to describe the spectrum. ‘ ! \\:

The.value of D varied from -0.074 + 0,0003 cm"1 at

room temperature (290 °K) to -0.070 * 0.0003 cm™! at

4.2 OKI *

w~t




{ -

nt

| I o
Acknowledéémept
Iqtfoduct;oq _ g
' . a) Alums . A .o .
b) Paramagnetism and EPR. Concepts '
c) ér3+
d) Temperature and EPR
e) Significance og EPR )
Chapter 1 \ ) *
Crystallograpﬁy
Chaptef 2 R
a) Magnetic Moments ’
b) Paramagﬁatism; — o N
t) Spin Hamiltonian-
- .»d)'erstal Ffeld‘
' e) Resonance Condition
Chqpéer 3 ' “ .o \
\Sigw%ficance and Dgterminaﬁion'bf D
Chapter' 4" o w ' ’

t

table of Contents',

o  Experimental Apparatus.

/

Chapter 5 _ ot
Experimental Procedure .
Chapter 6 - .o ‘l \

ExXperimental Results.-

Chapter

Summary and‘Discussion

a) General

b)

Errors

™~



Tablg of Contents cont.

14 ) B
./ : c) Conclusions

3

-

«

’ - L
Appendix R
‘Bibliography . ’
Figures -
. . )
\J
)) )
~ ' .
. .
. c
e © A
v .
- g
N -
. . e . L
, . N ) ) - & -




Acknowledgement : '

.

»,

-~ [ E
L The authos/wishes to thank Dr, J. A. MacKinnon for.
- . ) ' . ‘ .‘ , . ‘ ’ .
. his constant assistance and encouragement throughout the
course of this research; particularly in the latter stages
‘ * ¢
when we were literally’cities apart.
The use of McMaster University library facilities
| . .
and Westinghouse Canada office facilities were greatly .
o° r's e
. . Lo
‘appreciated during the final stages of this thesis, . .
. ) .
. . ; L
. \
. 1
I3 LN -
, i -
, v N h -
Y - - v
.) * ‘ '
- B i * ! »
- N / . ‘¥ N . '
- ' - . .;"‘ . * N ‘ '
- 4 . .
' ) -
. ,- . i . \
~ ) . - I - - -~
v A
| , L (.
. l ¢ . - \:'/ o -
L A%,
e 2 . *
] /
* R ¥
. , . \ .
. - \_ vs l 1 . N
A .
. . 1 "
- ) ) , i
@ o “" e /
! ) . ‘
o o R . Ll




. ) , ‘Introduction

-

a) Alums.

From the onset of Electron Paramagnetic -Resonance

o : ) -
(EPR). research, the alum family has played a significant
' . ' .'role. After the first observation of EPR by E. ZaVioékyl,
, - ' : 2 . ) L
the experimental Wwork in the field concentrated on the .

1

alums and Tutton:salts that cohtained transitions ions in
their normal composition. 1In this instance, a transition
ion is imbedded within a diamagnetic host alum,

The alums have proven to be convenient hosts

©

since most of the paramagnetic elements can be readily

substituted as impurities in them. Those alufs ihat'are

t

?aramagnetic'by nature (éd. kCr(SO452-12H20) were studied

a

«~ by -many authors including Baggley and Griffiths (1947)

and Kip et al (1951). The latter paper included studies

-

[ = & of various chrome alums 'and presented z&ro field splitting
measurements as a Fuhction(of temperature., They found

g = 1,98 and D= -0.067.cm-l.for CsCr alum, wvery clogé

to the values détérmine@ in this paper.
._The.érystal'struetﬁre of the alums was determined
by Lipson (1935) and Lipson and Beevers (1935).4 Thci;
A '~ conclusions provided éhe grqund;ork for later EPR iﬁtér-
?retations of alu@:hosted.ions (since-gt is necessafy to
havé‘accurate atpmié dimensions for the compound being

studied in order to ‘apply perturbation theory and determine

the crystalline fields acting oh the paramagnetic ion).
d

4§ 3

- | lg.J. zavoisKy, J. Phys. USSR 9, 211 (1945),

ii . N

b §




iii.

.b) * Paramagnetism and EPR Concepts , ] ) y .

L}

oo - At this point. some mention of the significance of
‘.paramagnetlsm and some of the characterlstlcs of para—

, ' magnetlc substances will be made. This will be treated .
- . : . . DA °
in gréater detail in Chapter 2. Paramagnetic sdbstances“

. .have wunpaired electronic spins.and this results in

7

degenerate spln states.’ Expandlng on thlS, paramagnetlc

substances can be typified as having an odd number of - -

- s

_electrons, partly filled 1nner shells ot compounds,
hav;ng resultant anqular momenta. . ' ' '

. In EPR studies art external magnetlc fleld is applled

»

tgo the paranagnetlc sample thus remov1ng some of the. |

e .
degeneracy by ensuring the’spins are ordered elther

’

parallel or anti~-parallel to the field. TranSLp;ons -

between the resplting'nqn~degenerate energy levels ' |

-are then induced by an incident mibrowéve field which is @

' perpendlcular to the external magnetic fleld‘ The resonance
condltlon 1s met when tfe relatlonshlp hv = gBH is satisfied. -
Here, h is Planck's consta%;, VvV is the‘micpowave frequency,"

g is the spectroscopio spiitéing factorq.§ is the Bohr X ‘

fAnagneton and H is the value of the magnEtic field.

c)-.-4Cr3+

¢
]

The free ion. Cr3+ has a 4F3/ ground state, that

' 15, the orbxtal degeneracy (2L+1) is 7 and spln'degeneracy
L7 (28+1) is 4. 1In thé case of the compound under study, T

1

.
4 ) 0 E 4




© the ‘imbedded ion is-éurrounded by six water molecules

P : . iv

-
o .

as-nearest neighbars. . These molecules create an

axially symmetric electrostatic field around the Cr3+ .

[ 3 + .
ion and reduce the degeneracy as shown in'fiqure 4, o AN

The electric field felt by the paramagnetic ion has

2

been calculated by.Kleiner (1952) ahd Freeman and R

Watson® (1960) . L : .

e

Cr3+ has been extensivel& studied in various
environments for EPRL The 3d shell ‘has 3 electrons and

is in, the transition group. Particular emphasis has L

t

been in‘connecﬁion with the rubyriaser (A1203).
. . . L
‘ . . ‘ ‘ =
d) T®mperature and EPR i : -

?
! - ¢

Electron paramagnetic resonance studies tend to be

1
»

conducted at-three "benchmark" temperatures dependiné on

’

the tempgrature ranée that resonance appecars. The primary
temperatures include room'temperature (v 290 °K), .the

boiling point of Ni;rogen (77 °K) and that of Helium (4.2 °K).
In this paper, tﬁe range from 300 °K to 4,2 °K was examined:
Sufficient intermediate temperatures were ﬁsed to adequately
define the zero-fiéld splitting factor D over this range.
Thé stable temperature range of the standard

Varian V-4502 specfrometer.was extended beyond the three
"benchrmark" temperatures referred to above, by variabile

temperature abéafatus constructed by MacKinnon (1972)..
- .




e

2~

Sn.giuficahce of EPR :

the experlmental techxuques of EPR are sufflc:l.ently

ref:.ned to provxde accuracy ' to within + 0.0005 % when

'This was- the principle use of EPR and remains as the

using this method to determlne enerqgy level spllttlngs

outstandlng achleven;ent in this area of spectro,scopy.

and the lattice (affects the line width of absorption)

]
I 4

Other important data readily ava:.lable from

Q

-
[]

moments (hyperflne structure).

3

“As the measure of D

O

~as well as the 1nteractlons due to nuclear magnetic

ultimately defines the energy level .structure of

paramagnetic compounds in a particular sample, the
determlnatlon of this parameter is of conSJ.derable interest

in the total descriptlon of Cr

-

3+

M - (_—

-
.

N

(See flgures 4 and 8.)

’

~ .EPR spectra inc:;lude"the interactions betweens elect ons

[}
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Chapter 1

’ . v ' . - -
Crystallography ‘
. . . ’ ‘
. ' The crystal growth technique for K the CsAl (SO

4) 2'12820

crystal was documented by Macﬁinno‘n (1968) .. In this
’, ) techniqpe a saturated solution of alu;nimn'n sulphate,
. cgesium sﬁlphate and a small amount of chromium sulphate
is allowed to cool. Because of the'pronounced syxmnetr};

in the crystal morphology, the sample 'c‘a'n be readily

1 4

oriented in specific planes. _In this study the sample

was oriented with the {111{ plane parallel to the external

magnetic field of the spectrometer. '

Q

. ’ The basic alums are double salts with the

formulae: ~

' +.34, 6+ e
w3 (R°70,) 5*12H,0 .

<

. » .‘ N ="
according to Lipson (1935) and Lipson and Beevers (1935).
Y 4 The fl1+ can be ‘one of the following: Na, “K, NH4,- Rb, Cs, ST

3+ 6+ ’ ~ . j

or Tl. The R can be Al, Cr, Fe, Ga, V, or Ir. R -

s
is usually S but can a&so be Se or 'I‘e.2

The alum family is further categorized into a, 8, ‘and

Y types. These are determined by the physical size

[

of the R® and were labelled by Lipson (1935). He found

that the size of ,the monovalent ion is most significant

. I -‘ .

o 2 Mellor, J.W., A Comprehensive Treatise on Inorgapic
% and Theoretical Chemsitry, Vol. V, p, 341, Longmans, Gre¢n

N ‘and Company, London, 1955; as quoted by G.F. Dionne (19%4)

1l : )

" »
. LI v ! ' ' :
' . g , ' ) , M t

v _ ) i scth s




2 .

" - . - . : B,
in determining'the category of alum. (These alum types

- n

are further elaborated on'by Jona and Shirane (1962).)

-

"The B alums arz characterized by large monovalent J

- ions, the y type has small monovalent ions and the o type‘ “
makes up the majority with intermediate monovalent ions.

*, CsAl alum is a B type and is characterized by the
SO4 pompléx getting Floser;to the Cs ion. The B type ) ‘
are often,thougﬁt of as "diétorted" a‘typé.alums’as the
S04 is féreed to take’'up a new po;ition due to the
different atomic diameters of the ions involved. (The

"atomic radii for the ions of interest are as follows:
' 3+

i ' o o ? e v
Cs 1.67 A; cr>* 0.63 A; ana R1°% 0,51 A3 ,
‘ ‘

There are four molecules per unit ¢ell for CsAl

‘alum and these are arranged as depicted by the 1/8 unit

cell in figure 5. Recent neutron diffraction’ measure-

— ’
ments by Cromer et®al (1966) provided more accuracy than

. g . r '
Lipson (1935) but really only confirmed tgg earliér

configurations.

3+

J
3t (oF the a1t

As previously mentioned, the Cr
- 3 8
-are surrounded by the octahedron of water molecules as ‘5
nearest.neighbors and this is another property 8 alums. The

secondary and other neighbors have mahimal effects on the

paramagnetic Cn3+ .
. : y . . . L ) N

s

3Handbook of Chemistry and Physics, p. 3507, 44%P ed.

- .
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; The Cr”" ion is physicglly displacing a certain
amogint of A].3 1n the chem:Lcal process for the compo&d —_— .
studied. The small perceri‘tagé of Cr3+ *(0.18%) is "\ . )
attr;jj.‘ ed to the very localized absorptlon of the '
‘) ) S . . -
\ foreign Jon. o . v e b
‘ . \% |
4 From elementary chemlcal relat sh:.ps, éthe -
alum was CsCr (504)2 12H20 the «chromium content would be e
_8.77% by weight. ?‘ ~ S
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o Chapter 2

EPR Theory

a) Magnetic Méments
The, magnetic moment ﬁ qséméiatgd;with a free eleptron /
\§.and influenced by a-steady magnetic field will teng-to
‘f align itself to the field ﬁ'according”tq the energy

. . e d -
relationship E = - y +« H.

In the case of paramagnetic substances the .

unpaired electron spins have the same tendency but L

*°  to a"different degree. 1In this case the overall

magnetic-moment of the sample is related to the angular
N . ' \ ‘
{
: momentum by o : v

-, .o o

where g is the spectroscopic splitting factor and the

Bohr magneton ‘ .

' = gen , ,
~ T 2m ) : .
¢ " The total angular momentum ?pgpator 3 is made up of .

the ‘angular momentum i-a\d the spin angulary momentum 3

"/

.operitgij._ (For Russel Saunders coupllng j L+ S.) Magnetic
o resonance occurs when transitions between the -2J + 1 enerqy

[] “‘ . ’ﬁ‘# “
*~
levels soccur.

b) Paramaghetism

! \

An essential difference between diamaqgnetic and

sparamagnetic substances.can be described by the sign of .
A ‘ ’
. 4
S I /
<



. [ . & \
the susceptibility x. The permeability u and the :
P .

. susceptiﬁility x are defined by the relation B=uifs= u,° ®
(H +tﬁ)= u H(L + X) where M is the magnetization
(magnetic moment per unit volume). Diamagnetic substances

&

have a positive susceptibility.

£

. 'c) Spin Hamiltonian .

5

After Abragam and Pryce's (1951) original work -
on the Spin Hamiltonian concept to relate experiméntal
: 4

> observations to a phantom ﬁamiitonian, the theqretical-
0y - . — . .
.aspect of EPR was more manageable and the experimental
. A -4
results were reported in a manner readily ‘'adaptable to &\‘

~

the Spin Hamiltonian concept.

As described precisely by Poole (1967) and
. . # ) °
7 others, the Spin Hamiltonian is represented as follows:

.

»

HS = Hboulorpb f Hbrystal Field < Hépin—Orbit M HSpin-Spin

£

o -

+ Héeeman + ﬂﬁyperfine + 'buadrupple f‘ﬂNuclear

¢

EPR studies are concerned primarily with the Zeeman inte;-
action. For a free ion, this affectélthe enexrgy levels
W (say‘of the freée electron) by the relation

W=g BHM ‘ ) -
where the resultant angulér momentum J is acted on by a

‘- magnetic field H. M is the component of* angular momentum

J parallel to the external field, g is the Lande g factor



JW@ + 1) + S(S + 1) = LIL + 1)

- g=1+

¢ 2J(T + 1)

e ~

and L and S are orbital and spin components as previously iy

a
' .

noted.

The external magnetic field of the spectrometer

1

separates the degenerate spin states. If the spin ‘ !

is parallel to the field the quantum number denoted,

.y

m is equal to +1/2, the magnetic moment eéuals 1/2 g u

[ B

and the energy is - 1/2 g u

g H. The signs are opposite

for the antiparallel case,
The Spin Hamiltonian concept is related to the EPR
phenomena of the flip-flop process of the angular mopenta

of the electrons in the multi-electron case by treating

" the various interactions involved as perturhations., , 3

B ~

d) Crystal Field "7

One must consider the .interactions of the surrounding
ions and molecules and how they affect the Cr3+ ion in this
case. The point-charge or crystal field model has been

. &
used as an intermediate approach to picture this situation. 4
. , .
|

N A

3+ . . .
*‘1on/1t is assumed

In the reqgion of the garamagnetic Cr
the charge density arises from this ion alone and the
density is spherically symmetric. '

The potential from the host lattice is assumed’ -

~



- %

not to penetréte‘the région and satisfies LaPlace's .

N . . : v
equation. That is, this is an isolated spin system

¥

interacting with an external symmetric crystal and
‘fielld.

Unfortunately this elementary approach does

~

not hold for the iron group as the d wave functions Ogérf
lap the wave functions'of the neighbbriqg (HZO) lidands .
(per Low (1960)). The wave functions\hf the compléxes
«cannot be divo£Ced. ‘ T
However, because ofgthe ax1ally symmetric nature'
of the perturbing field (ie the neighboring six .Hy0
molecules lie in ‘a regular octahedron around the Cr3+

ion), the system can be descrlbed in Spin Hamlltonlan

\gormat as follows - ’ - ' ] - .§‘
— 7 - - ) - o
H = B{g“ H, S, + 9, (Hx S, + Hy sy)} ‘

 + DisA - 1/3:s(s + 1)} : : ;

where the tefm in ﬁ'corresponds/Fo the second’order
crystal field effects én the energy leveiswigazefo

magnetic field. That fs; it‘includes the spin-orbit
and spin-spin interactions. (?"iswthg Bohr magneton and .

the nuclear (lower order‘pffects——if present) have been

omitted. . \ s
A




P
ty

X

e) Resonance condition S

-
S

Bleaney'kl951) dérived the following formula
for the anisotropic case belng considered. . The angle O ‘ -
takes into account the effect of the/external maqnetlc ’
field when it is at an angle 9 with respect to the

true crystalline fleld of the cdmpound. :
| ' - . o
‘ 2

.. g
., hv = gBH + D(M - 1/2) {8 ——%os®e - 1} . o
g . N
Dg g, cosf sin® ‘ . S
N )2 L . {4s(s+1)-24M(M-1)-9)
. 2 2gBH N
T 2 92 © : S
Dg_L sin™8 . 1 v T,
' —_— » - BN -1') -
+ ( ’;T—— ) -g—g-g‘ﬁ; {25(84-1) 6.1({‘1 l} 3}‘ . ]
H is the magpetic field for resonance, HO = 2%, v is the
nmicrowave frequency, g is the spectroscopic splitting '

factor and g2 = glizcosze + ngsinze. . >
It should be noted that for 6 =0 the magnetic
] ) K - .
field is parallel to the crystalline axis and th¢ second

order terms (D2) are zero. This implies the energy levels

)

are equally separated in the magnetic field and D can thus

be determined directly. 7

* If the incident microwave radiation 1wavelength-l
; gy

)

t

is less than the zero-field splitting parameter, there -

' /
would not be observable resonance. This was not the cas

3

for the Cr>' situation (D is of the order of 10.07] cm”

and the incident radiation is of\the qrder of 0.3 cm—l




.

\ Chapter 4

i

\ Significance and Determination of D/
With reference to figure 4, the Cr3+ ion is
split into two Kramer's doublets after the <ubic >

and axial fields from the surrounding complexes

1 4

reduce the ofbital,degeneracy. These doublets are

» Separated by a measurable gquantity D in enexgy terms

-1
cm .

For dilute compounds where the spin-spin and

exchange interaction is negligible, D is approximately -

zero. Because of the large separatipn of secondary
field influghces4for the Cr3+ in CsAl alum, the quantity
"D is quite small,

The most obvious spectrometer for determining
the zero-field splitting parameter would of course be a
variable frequency spectrometer where the magnetic field
could be set to zero and the frequency changed to
determine ;he resonance characteristics. In this case,
the splitting parameter D could be obtained witﬁ little
man;pulafion. ‘

The. use of a fixéd frequenc§ spectrometer/ando
extrapolating the gero-field case from the higher field
cases is thé normal method of measﬁ}ement Qowever, since

fixed frequenc§ spectrometers are most practical for other

+EPR work and found in most laboratories.:
N L]

9




Chapter 4

Experimental Apparatus

- A commercially available Varian V-4502 spectrometer
equipped with a V-4500-42 X-band microwave bridge and
V-K3525 superhetrodyne acceésory was used in this !
experiment, The variable temperature apparatus was
integrated in the Varian subassembly as described by
Mackiﬁnon (1972). Essentially, she heating element is
a.yire wrapped aFound the resonant cavity and connected
to a power supply. nThe applied power régulafes the
temperature. ‘

A platinum resiskance thermémeter was used
(Rosemount Engineefing model 137AA). A constant current
source waﬁ/fed through the thermometer (approximatély
lya current) and the temperature was read as a function
&@ voltage which was in tJrn a meésuge of the resistance of
the thermometer. ‘

With,refege;cé to the schematic (figure €), the
basic components of a variable magnetic field EPR spectro-
meter *will be briefly described. Z |

The paramagnetic sample is situated in a reSonant
microwave cavify (rectangular TE; 2 mode). The k1§strpn
irradiates the sample at a frequency v adjustable between
8.8 and 9.6 Ghz, This field is perpendicular to the dc

magnetic field H. The magnetic field is continuously

o

10
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L] L ' »

K o o1

[ X3

adjustablé*from"rfﬁauss'%o 10 ki;ogauss. In taf norhal
sweep mode this magnetic field var;és linearly with

time,

The‘klystron energy is coupled via an isolaton,'

attenuator and magic tee. The latter component is -
balanced at ‘one temperature and must- be repalaﬁced(as,th 3

cavity temperafurg is varied. The' sample cavity is connected
to one part of the magic tee, a second klyéiron is cohnecte@

to another port and a detector assembly is on the remaining -

- .
‘-

port.

»~

s V4
The reflected microwave power from the sample

caViéy

\

is demodulated in the combiner/detector area of the magic

.

tee. The iatermediate (30 Mhz) frequency is hen amplified

and fed into a second demodulator together with the magnetic

-

field modulation frequency. After several stages of -

trimming the output derivative'of the ESR signal is recorded

on. a chart recorder, . . -

The main dewar assembly is held stationary and the

[

magnet is rotated as required about the sample. The inner

and outer dewars contain liquid helium and nitrogen respec-
b ]
tively for low temperature applications.
A standard Varian NMR flux meter was used for

magnetic field measurements. Measurement of the incident

»

microﬁave frequency was determined using the DPPH (diphenyl
picryl hydrazl) standard which was affixed at the bottom of
.the resonant cavity. = . ‘ ' \

s . L

0




Chag&iiﬁi

. Experimental Procedure

The magnetic field was calibrated with an NMR
¢
probe as mentioned. The probe is positioned in the
center of the magngtic field and is connected to a fre-
guency counter. Thg relationship H = 0,2349 f was used for
the proton probe used. The constant varies with the probe
type. The thermometer was calibrated by the suppliér.

The sample was oriented in the desired planc at
the base of the microyave cavity along with a trace of’

DPPH, Since the linewidth of DPPH is two to three gauss
and its resonance is very pronounced, it serves, és the
most suitable reference for this work.

From this point on, it is necessary to lower the
tempefaturc of the sample in two steps. First, the outer
dewar is\fillpd with liquid nitrogen to reduce its temperature
to 77 °K. This surrounds the inner dewar which in turn
surrounds the cavity and sample. The‘inner dewar is loaded
with liquid helium and the temperature is reduced to 4.2 °K.
The two dewars are separated by a vacuum and this, coupled
with the low temperature of the outer dewar, tend to shield thg
lower chamber and reduce heat loss and incident "warm" radiation.

Once the temperature is stabilized at a particular
tempgerature and the klystron-related adjustments made,

a sweep from 1 to 5000 gauss is conducted at an angle 0.

T 12 o

\ -~

122
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!

The frequency is measured with a wavelength meter (for

o o ’ l
comparison purposes) and the chart recording tabulwted

with temperature and magnetic field values.

For each temperature the magnet angle (with

: 6reference. to the crystallogragﬁic axes) was var.ied at 5°

'ﬁtervéls from 0° to *90°, . / ) H . ’ v
, The‘deri;ative measurements on the chart recordings '

ére the obviaus peaks on the attached sample trace (Figure li).
Theoretically, when there ié no résonanée the graph should ' 1
be a horizontal trace. .Déviationé from‘therhorizontal .
situation are some measure of the noise of the system. However,
‘ | this does not obséﬂr?~the promineﬁt resonant signals. ‘ o
‘ Once, the run ﬁSs finished for a particular tempé&ature,
the temperature Qas changed and stabiiized; the results

were then obtained for a new temperature.
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‘Experimental Results .

v

The various plot3ﬂ§3p§ (orientation of the
. magnetic field with relafig;'to thé crystalline field)
versus the magnetic field strength waspgiaphed for.,
future reference and to confirm the crystail orientationsﬂ
Tpe'spectrum has twelve lines, three from eadp qf the

1 S :
four equivalent magnetid\complexes per unit cell (refer

to figufe 7).; ‘ Al:

" “The field values of the.”horf%ontal” traces weré
determined and substituted in equation (A.1l1l) to obtain
the vaiue of D. .

The temperature of the sample was deterniined from
N P

~C ‘

‘the resistance/voltage measurements as outlined pre-

.« - ,/
viously. This is tabulated in table 1 below:

~ Table 1 (Refer to Fig. 9) ' .

] Resi§tance . Temperature.
- (ohms) ) (°K)
1512 ( 298
" 1250 ‘ _ 244
© 1000 C 205 0
; 680 ) | 150 o ‘
~ I | © 254.8 o, 76 o ‘
.o e 180 o 66 .
| 5.1 - 4.2 (
I ; - 1a .- . ' .
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The value of g and D w7: derived. from equations
e

(A.10) and (A.l11) and those r

taple 2 below. ihe values of H and H d’are the

1 2
fields of the horizontal traces.
‘ 4
‘Table 2 f%;
?emp H, ‘Hz’. BDPPg g
(°K) ™ (gauss) (gauss) ‘(gauggi ‘
4.2 2674.9 4204.2 3394.9 © 1.9764
66.0 2679.4-ﬁ 4208.5 3383.3 1.9688
76.0 2680.3 4204.8 3395.9 1.9765
150.0  2861.4  4213.0 3397.6 1.9797
205.0 2659 .7 4222.1 3396.0 1.9733
244.0 2645.8 4226.1 3393.4 1.9788
298.0  2633.6 4;§6.9 3384.9 1.9719°

The energy level,diééram of Cr3+

is illtistrated’in fiqure 4 and as previously noted, the .cubic *

ults are tabulated in

D

L a

(cm ™)

'-0.07049

-0.07029
-0.07035
-0.07157
-0.07207

-0.0730

-0.07426

in an axial field

electric field splits the 4? ground state into a low lying

sin;aet (designafed Pz) and the two higher lying triplets

_(designgted PS and F4 according to standard nomenclature).

The axial/crystal €ield further splits the electronic

singlet (with spin degeneracy) into two Kramer's doﬁblets

separated by- the amount D as shown above. This is ’

illustrated in figure 10. !
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) Chepter 7
Summafy and Discussion U
- a) General A ‘
. The zero-field splittiﬁg parameter D was determined,

as outlined in the previous chapter with the aid of a

variable field, fixed frequency EPR spectrometer: Although
\

-

the use of a variable frequency klystron Avould
have piovided a more straightforward approach, the present
. ;

case was greafly simplified .because of the.existence'cﬁp

Bleaney's (1951) work. Also, a klystron with a frequency |
|
\

) range over three orders of magnltude is nelther manufac—

[}

ﬁured nor is it too practlcal for the average laboratory

to have threée klystrons over the necessqﬁy ranges to
A}

prov1de direct calculatlons for the zero magnetic field ¢

case,

b) Errors ' . t) $ .

-~

The accuracy of the temberature and- the. zero-field
splitting factor are alfunction of several parameﬁers:
These are outlined in relative order of magnitude: .

K 1) Tﬁe temperature calibration and reading results o ;
! in an érror of * .2 °K. ‘ . ) ' - ‘\\\

2) The mégpetic field is accurate to * 0.05%. ) ‘

3) The kiystron frequency is accurate to 1 in IOG.
4) The values of B and h are assumed to be
accurate to .001%. -

|
16
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‘Kip et al (1951) calculations of g = 1.98 and D = ~-0,067 cm_
‘results for CsCr (SO

"determine how the ra&io of, Cr3+ in CsAl alum affects the

WY 17
) C \
Noise sources an tZ?ir effects as well as the ‘chart ,
e IR N 3

recoxder response were weighted in the_?bovel The
background noise only affected the plots on’ the "ri;eJ

or “fal%" of the recordings and since ;hése w;re averageé .
out,'ﬁiniﬁal error is expegted from reading the traces. 'l
Feher (1957)’has excelien£fnotes regarding the sensix

tivity and the mechanical factors relating to the overall

error performance of a spectrométer} .

“

c) Conclusions

-

The variation of D with Femperature and indeed even
the D factor at a fixed temperature is a function of dif-

fére factors, depending on the environment of. the p

)

Jparticular sample. In this case it is as§umed'the triplet

state (the- lowest one) is the source .of most orbital

! - ‘
coupling and the parameter D is a somewhat removed measure
of this effect.

. _ N
Although these values correspond very closely to

1

-12H20, it may be of interest to : a4

a)2

Y

‘zero field splitting factor. It is expected that this Co.

L -
-

would not alter D.appreciably bkcdhse large-scale distortions .«

are nofl likely to occur as the Cr:and Al radii are relatively . 3

close and ﬁhey are of cgurse both trivalent.
/7 .

.
3 , .

Iy
g e

N

¥




o Lo ’ " Appendix
° ‘,.:i The following formula is due to Bleaney (1951):

v ©

\ 3 .
39, 2 :
hv = gBH + D(M-1/2) {—5— cos“0-1) (A.1)
+ 9 " )
Dg,, g cosf sinb )
- 21 2 1 , _ 1y o
(\ ( Vi )\ SqRT {45 (s+1) - 24M(M-1)-9}
o] o
. ¢ ' e
- ! Dg12 sino , |
t — ) ¥gBH {25 (S+1l) -6M(M-1)-3}
9., ©
where H is the magnetic field for resonance, Ho = g% Yy Vv ois
the microwave frequeney, .g is the spectroscdpic splitting
) facter and g2 = g“2 coszﬁ + glzsinZO.
: : oy B
Assuming that g is isotropic, ie. 9, =9, = 9, then
5
hv = g8H +¥D(M-1/2) {3 cos®6-1) (A.2)

21 ‘ o
- (D cosf sxne) mro- {4S(S+l) '\'24M(M l) 9}

+ (D sin‘e)? 1 (25 (s4p) - 6M(-1)-3)

BgBHO
. Solving for H and letting P = 4S(S+l) - 24M(M-1) - 9
- - (A.3)
: * Q= 25(S+l) - 6M(M-1) -~ 3
h ' R=M- 1/2
leads to, H = hy _ 2§~ {3 cosze—l} + D2 c0526 sihzo —37 2
o 9 9 | o 2g°8%H
(o]
< B - - (A.4
' .- : 8g“8°H
o™ ) . . N . (-:,"'»
. & .
. ‘ , - 18

&
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i “ . .
Recalling the identities sin29J= 1l - cosze and

sin4e ='(l—c0526)2 =1 - 2 c0526 + cos4e (A.5) )
DR 3 cos48 " DR -
_ + 6) - )
then H 2%5\\ 58 56 (A.6) )

1

.

+ Dzncosze (l—coszﬁ) —27 2 ’
B H

- Dg(l-Z 00526 + cosye) —97 2
1898H0 5
. hv . DR D20 T : : '
=(~—g+—§“—-—725) (A.7)
: g 9F  Bg“s“H g
o
2 2
+ c0526 (*3gqu D g ) + 2D 02 ) .
g 2g<8°H BgEB H
o o
2 2
i + cos40 122722 - 9—% 2 ) ‘ °

The transitions of interest are 1/2 to 3/2 where S = 3/2,
Y

‘M = +3/2. This. leads to P = 412, Q = 0 and R = +1. Substi-

tuting these.values in (A.7) gives:

g

2 4 2
_hv , D, .2, =3D, 12D ) 4 coste(o)120? L o

H = ==
gB g8 gB =, 2,2, .
2978 H 298 H

A ’ M ' P . »
At resonan@e the normal .assignments shown in fiqure 7
. &

are used aﬁd.e = 90° so the cosf terms vanish. This leads
. hv D . '

= e — Y. A.
to HRES 3B 38 . (A.9)
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, h\)-~ 3. ' Ps
The term —§ can be replaced by the term gH and uéirng
the value 2,0037 for g, -and the case for the =1/2 to -3/2 ‘
s - hv D . : . . .
tra?51t1?n, HRES T the simple relationship R k3
% - 2g H ) T ' .
M 1Y g — DPPH DP'pH . l (A. lo)
. .. ¢ Hl + HZ | ) g ( .
’ ’ . 1 .
isvarrived at., By a like process the D factor is o
i ¢ oo ¢ 0’
" ) )
N .o D= (gl = gpppy HyppylB (a.11),

In the above formulae (A.10 and A.ll), g relates to

Cr3+
* 9pppH DPPH

radiation which is defined by the DPPH values. The fields " )

and H refer to the‘freqyency of the

“ -

Hl and H, correspond to the "horizontal" plots shown. in

figure 7..

. LY
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Figure~7. EPR Spectrum of cr3t in CsAl(304)2-12H29

in the' {1113} plane at 4.2 °K.
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