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STATEMENT OF ORIGINALITY

i {
The following is a list of the work done in the ‘course of
this study which, to the_pést of the author;s knowledge, has not been
done previouslyl | ‘
1) Electron spin resconance of Crs+ doped in T1Ga and CsIin sulfate
alums and in CsAl and CsGa selenate alums. ‘
2) Electron-nuclear double resonance of 53Cr3+ doped in T1Ga and
csIn sulfate alums, in CsAl and CsGa selenate alumg, and in
the guanidinium salts GAlSH, GGasH, GAlSeH and GGaSeR .

3 . Classificat@on of the alums, the guanidinium salts, and

AlCl3.GH£0 according to their magnetic behavior, as determined

. in the rescnance studies. : ' . ‘
4) Separation of the fine and hyperfine structure parameters
D,Q', A and B into their component parts due to crystal \\\____

vibration and static distortion effects.

5) Measurement of the chremium Fermi contact term K® in the
hydrated crystals.

6) Presentation of a model to explain the mechanism of the phase

transitions which occux in many of the crystals.
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ABSTRACT

Electron spin resonance (ESR) and electron-nuclear double
resonance (ENDOR) measurements were carried out on trivalent chroniuﬁ

impuritiés doped in alums‘and guanidinium crystals. ESR was performed

-

- +
on the even and odd isotopes of chromium, while the odd isotope 53Cr3

enriched to 94% was used in the ENDOR studies. All the crygtals were
grown by slow evaporation of saturated solutions containing the particular
salts. The chromium doped crystals were clear and contained‘nd.more
than an estimated 0.01 wt; of Cr3+ i?purities. Some ESR measurements -~
were also done on concentrated chreme alums, in which case all the tri-
valent ions in the crystal were of chromium. All the magnetic resonance
was done at X-band microwave frequencies (v 9.4 GHZ) -

The common feature of all the crystals studied is that they
c0nt3in trigonally distorted Cr3+.6320 magnetic complexes. BY extending
thé measurements of the chromium fine and hyperfine structure parameters
in sucﬁ‘systems it is possible to obtain a picture of tég}r general
behavior. This is important if a successful analysis of the results is
to be cbtained. From the ESR measurements of the spin Hamiltqnian zero-
field splitting parameter D as a function of temperat;re, it is seen

how the magnetic complexes in the various crystals are grouped into

families. Individual—fEE}iigs\gf&Pagnetic behavior are obtained for

Q
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the Rb, Cs, Tl, NH4 and X sulfate alums, the Cs selenate alums, and
the guanidinium sulfate and selenate salts.
The ENDOR studies allow precise measurements to be made of
the chromium spin Hamiltonian hyperfine structure parameters A, B, Q'
and g;. ‘Plots of A;‘B and Q' versus D for the various magnetic complexes,
all measured at 4.2 K, produce graphs which exhibit laws of physicél

& ’

behavior for the crystals.  These graphs are used as a starcing point
. , .

for the analysis of the data. A model is then presented for splitting
the parameters D, Q', A and B into their constituent parts due to the
effect of crystal static distortion and vibration, -and the procedure

is applied to all the trigonally distorted_ér3+.eﬂzo magnetic complexes
studied up until now. The analysis procedure q}lows the temperaﬁure
dependence of the A, B and Q' parameters to be predicteé. The chromium
Fermi contact term in the hydrated crystals is also determined. Aan
interesting feature of the split D vs. T curves is that the indiviéLal

-

families of magnetic behavior are shown to be all related to each other
i/
in a particular way- '
The splitting procedure is then used to obtain an explanation for

the phase transitions occuring in the various salts. These occur at low

Q

temperature in the NH4 and K alums, and at high temperature in the guanidinium .

salts. In particular, it is shown that the NH4 and X chromic alums undergo
phase transitions when the static trigonal distortion at the Cr3+.6320

magnetic sites changeé sign. A& similar effect is operative in the lightly

doped crystals, but in these cases the octahedrally coordinated host trivalent

ion likely plays the central role in the accurrence of the phase transitions.

-\



. .
-rm OF CONTENT ‘
- S ' page
.
ACKNOWLEDGMENTS « < « casaese= ceearaeenees e # ceeaee teseeases &
v
STATEMENT OF ORIGINALITY 'eccus--- PP ceeeaan . ii
ABSTRACT..:eeesceneess e emeeeeeanes ...... .. idj
' TABLE OF CONTENTS ... seceeensionsnnorsonnvanassnsemsss eeeeanaenn vK
LIST OF FIGt‘JR'ES.‘....._ ................ TP SO
LIST OF TABLES..ecavevcannsoncse }: ............................... xv
ACHAPTER lecccecanances ceenees S feeevennsencseranasan 1
‘ Introduction...csccevance teeamesesansssmerasenes .: 1
\CHADTER 2. eeensenaennsnnensqesiassanssnnensasssnnanossnssrensens 7
Crystallography and Crystal Datd.....cec-evccorees 7
2.1 The Guanidinium SAlES...Teecasecsemnesses Ceeareen 7
2.2 The ALUMS s-ccssememssesasensssrasssomoonssnsossss 13
2.3 ALCL .6H,O.vvnnvens L eeeeseeenan feeecessasecananens 18
2.4 Crystal Preparg?ion ............................... 19
CHAPTER 3.coeee-- PR PPPPP PR PE R LR 21
THEOLY.csenenrnensmanasaresomenssansssss wesesmaans 21
3.1 The ENDOR Technique.......-ceesenecesseseommsrnss 21
3.2 The HAMIltOMiAN..ecesnessecssansinmensoesmssosocs 23
-~
3.3 Kinetic Energy and the Coulomb Interaction....e-.. 23
3.4

Crystal,Fiéld Interaction..:..c..eeccceve- cereeneens T 24



3.5
3.6

3.7

3.13

3.15

3.16

3.17

- * . -

vi
Spin-orbit Interactign ............. weessseasecanen .
,Spin—spin Interaction ........ '......................
Electronic Zeeman Interagtion ...... canenaes casmaane
Hypgrf ine Interaction.....cecececceraces Ceeanassenn .
Eléctric Quadrupole Interaction.....-. semssesseanan
Nuciear Zeeman Effect....... resesamssacanense e
The Spin 'Hamiltonian.l...‘.......' ....................

Description of Electxonic g values (g, gl } in

the Spin Hamiltoniam. .....e---s-- aeecane waneasnens

Descrfgiion of the D Parameter in the'Spin

Description of the Quadrupole Interaction

Parameter Q' in the Spin Bamiltonian....e-ecesecase

Description of the Nuclear § Value, gﬁ, in the

Spin Hamiltoniam........-e-ccerecse- e eessracamenan
Line Shape and Line Intensity.-c-ececescarsorennccs
(i) Spin-lattice Interaction........-- s
{ii) Spin-;pin Interaction...e-casiveaccns .o
(1ii) Line Intensity....- eacasenen P
Bquipment..coceeeaso---- vecassavans enessmamsasnens

! 3

%

page

26
28
29

29

32

38

38

42

43



vii

| page

Y

CHAPTER S.... U b 57

| Experimental Measurements and ResultS..eccacencsacns 57

5.1 ESR of cr’' in the Guanidinium Salts......cecfe-es 57
5.2 ESR of C13+ in the‘Alums...,........f.............: ‘64
5.3 Calcuiatioﬁ of the D Parameter........:......:...... 69
5.4 ; ENDOR Mgaéurement; ..... cecannan ..f...:i........l...' 78

5.5 Measurements of the A and B Hyperfine Parameters

. at Room Temperature...i..e--- cecemaranas estascanne 95
1 A .. ‘ . :
CHAPTER Guevevannencances R ceeienegacsqumnase 99
Analysis of the Experimental Results......- PR » 99
6.1 ESR Results: Classification of the Salts According
- ]
to their Magnetic BehavioX...i-es--eescwan-censmies " 99
6.2 ENDOR RESULES. + « s aecennnnnanamessasssnnessssannsnsss lo4
6.3 Procedure for Splitting'the Spin Bamiltonian . .
Parameters Due to the Contributidhs of Crystal
vibrational and Static Distortion EffectS..ccesanas 106
6.4 Splitting Procedure for the D Values of the
Ammonium and Potassium AlUmMS.....--ee--c- eeeeeanase 126
. 6.5 Splitting of the A and B Hyperfine Parémeters
Into Crystal Vibrational and Static Distortion
P 4 ContributionS.....-«c-- R L 135
. g3 3+t
6.6 BEvaluation of the Quadrupole Moment of T CX ... - 162
6.7 Evaluation of the Nucleaxr Magnetic Moment of
53cr3+.. .................... tetasseseresanaaseaneas 164



2

vidi
page

/

"

CHAPTER Tevecvsmnanscsanessnansssssssssasesasacctssssenetorsssrsstns 165 -

"t

APPENDIX..,.

A

Discussion and CONCLUSIONSacanennssnsnnsansnnsnness 165

The D vS T CUrVES.eaansss eeeanans R .......ﬁl%éﬁagss

rhase’ Transitions in NH, and K Alums..;;Jz....;.E;*l71

analysis of the @' vs T Curves for A13+ in NH4

and X Alums......; ..... creemianaaass [ . iié

The Hyperfine Paramefers A and Becceeascas iieae... 181
...... USSP SPPOIPPPPPPPPPIE LS B

-
il

Tables of the DS, Dv an%/D Parameters at Different
!

Temperatures for the ngz:als Studied in this Work. 184

Conversion Factors from e Units Used in this

Work to the SI System of UnitS...ceecenurnccunnnnes 195



FIGURE 2.1

3.1

3.2

3.3

LIST OF FIGURES

‘page

-

(a) Diagram of P3lm Space GIOUP..--«:-- B iiaees 9

(b) Structure of GAlSH Looking Down the ¢ -AXiS.sew-- 2
3+

(a) Structure of Al® Complexes in GAISH..... weeanan .11

(b) i - Structure of the Guanidinium Complex in

ii- Structure of the Sulfate Complex in GAlSH.... 11

Typical ESR Spectrum of a System for which I= 1/2

Effective Spin Hamiltonian Matrix with the Magnetic
Field Applied in the Z Digection....... cesanccsnane R 1

Effective Spin Hamiltofiian Matxix with thé Magnetic

Field Noxrmal to the Z Direction.......ceecc--cceo=c--ct 37
Diagram of the Superheterodypewspectrometer ........ .. 49
Modulation Process of the Output POWEY . ccasacasconars 52
ENDOR Microwave Cavity and Sample HOLAET evveecevnnno- 54 -

Magnetic Field Configurations at the Sample in
the Cavity.....-......-..................-.......;... 55

3



5.4

5.5

5.6

5.7

5.8

page

ESR Spectra of GAlSH at Room Temperature........e“SQ

\
ESR Spectra of GAlSeH at Helium Temperature....-.-.- 61
ESR Hgierfine Lines at Room Temperature Along the

. -+ :
z Direction for 53Cr3 in GAlSH....-- creanen eeeennee 65

ESR Hyperfine Lines at Room Temperature Along the
3
- Direction for S3Cr  in GAlSeH and in AlCL .6HO-- 66

-

Zeeman Splitting of a 453/2 State for D Positive,
D Negative and D = D teeeccnncaaaneaasnanenas s 73

(a) .Ground State Fine Strxucture Energy Level Diagram

+
of Cr3 in the Magnetic Complex GAlSH({1l) when the
géénetic Field is along the Z DirectiOn...-..ec.----- 75

(b) Ground State Fine Structure Energy Level

+
Diagram of Cr3 in the Magnetic Complex GALSH (1)
at 4.2 K with the Magnetic Field along the

% DirecCtiON.e--csceesssccesasssesnaaosesonooesenoss 75

Ground State Fine Structure Energy Level Diagram
3+ .
of cr”~ in the Magnetic Complex GAlSeH(l) at 4.2 K
with the Magnetic Field along the Z Direction..-..-.. 76

Ground State Fine Structure Energy Level Diagram
4

of Cr3 in the Magnetic Complex GAlSeH (1) at d-2 K

with the Magnetic Field along a Perpendicular

DirTeCtiON.cascsrecseancas=snsn feresemsraseseonnany e 17

ENDOR Spectra Obtained in GAlSH(l} along the Z Axis
for the Low Field Group of Hyperfine LinesS.......--- 91



5.10

5.11

6.1
6.2

6.3

6.5

6.6

6.7

6.8

6.9

6.10

Cxi

“page |

ENDOR Spectra Obtained im GALSH(1) ‘along the 2
Axis for the High Field Group of Hyperfine Lines..e... 92

Classification of the ENDOR Lines along the 2

Direction...s.--- ttaseaecistenn heseeaccassanenransan .. 94

+

D vs T Curves for cr>’ in the Isomorphs of GAlSH...... 100
+

D vs T Curves for cr>" in the Rb and Cs Sulfate Alums. 101

+
D vs T Cuxves for cx>’ in the Tl Sulfate and Cs
Selenate Alums and in the Crystal of AlCl,.6H,O..-...- 102

Plot of Q' and A-B vs D4 - x for T*igonallv Distorted
>3 r3 -6H,0 Magnetlc Complexes in Hydrated Crystals... 103

Sensitivity Plot of the Ds Parameter as a Function of

§ for the Magnetic Complex GAISH(L)....se-vcccncrces 108

Magnitudes and Signs of DS and Dv in the Eguation
[ B ' . . .
Q' = KSDS+KVDv for Q' Points in the (D4_2 K'Q }

Graphical Procedure for Obtaining the Value of Ds

and Dy, for a Given Q' Point..ccesecsss heremesasmaaraan 115
DS vs T and Dv vs T Curves for the Guanidinium Sulfate
Magnetic COMDLEXES.---a=oesc=- ceeens R 118

Ds vs T and Dv vs T Curves for the Guanidinium Selenate

Magnetic COMPLEXES.-.eesmrmsosrsrasamssenrsusrreres .. 119

Ds vs T and Dv vs T Curves for the Cs Sulfate Alums
.. 120
and AlCl3.6320 ...................... wessemessenennan



6.11

6.12

6.13

6.14

6.15
6.16
6.17
6.18

6.19
6.20

6.21

6.22
6.23

6.24

page

Ds vs T and ﬁv vs T Curves for the Rb and Tl AlumS.... 121

Ds vs T and Dv vs T Curves for the Cs Selenate
AlUMS.ecoacnsannes tasmescsmvsasssssssssssavsrnan eeeres 122
o 0 : o,
Plot of DS vs DV ........... tteecesenadsessianansnaasss 123
Plot of the D Values at the Static Crossing Points for
+ )
Cr3 in the Trigonally Distorted Octahedral Sites of

Hydrated CrystalS....-.-.-.-- ceesesnssennsssannes eeees 125
Dvs'rCurvés for Cr’' in the NH, ALGRS..eovncnsenss . 128
D vs T Curves for e in the K.Alums...:.. ...... el 129
DS vs T and D, vs T Curves for the NH, AlumS....- sewes 132
Ds vs T and Dv vs T Qurves for thé K Alﬁms .......... .. 133

Calculated Values of Q' at 4.2 K vs the Calculated
Values of D at 4.2 K for the K and NH4 AlUMS ccancense= 134

Diagram Illustrating Equations 6.6 and 6.7 for D

Positive and D Negative...cceoeevsr-- teveecanmeenars - 139
Plots of A vs D and Bvs D at 4.2 K and at 297 K...... 140
Temperature Dependence of ‘A and B qu the Guanidinium-.

Selenate Salts.....-.- emeosses tessscesscmssmessasecavesn 142

Temperature Dependence of AS and Av for the Guanidinium

Selenate SAlES..ceceavsssasrosanronssanuarsameacenerces 143

Temperature Dependence of Bs and Bv for the Guanidinium
Selenate SaltS..csc-ccesarrccannes ceeoes ppreceemccsananes 144



6.25

6.26

6.27

6.28

6.29

6.30

6.31

6.32

6.33

6.34

6.35

6.36

6.37

xiil

page
Temperaturelnependence of A and B for the

Guanidinium Sulfate SaltS...cccieseevannanes weesessas 145
Temperature Deéendence of As and Agg%or the

Guanidinium Sulfate SaltS..c.cercceer-- tesassssesnnant 146
Temperature Dependence of Bs and Bv for the

Guanidinium Sulfate SaltS....sccveeecons eeeaseacesenn 147

Temperature Dependence of A and B for the Cs Sulfate

Alums and for A1C13.6H20..... ..... tesmcesacesannnmans 148

Temperature Dependence of AS and Av for the Cs
Sulfate Alums and for Alc13.6320....:...... .......... 149

Temperature Dependence of Bs and Bv for the Cs
Sulfate Alums and for AlCls.GHZO ................. .=« 150

Temperature Dependence of A and B for the T1

Temperature Dependence of As and Av for the Tl and
RE AlUMS.ccaencessnseeananacmssnnssasccsrasssss eesena 152

Selenate AlUMS..---ssssvsesacesensnsnassancnsssss e..2153

Temperature Dependence of As-and Av for the Cs

" Selenate AlUmMS.y-----. edumsemacnenn feeveasasrnenanes 154

Temperature Dependence of A and B for the NH, Alums.. 155

Temperature Dependence of As and AV for the NH4

Temperature Dependece of A and B for the K Alums..... 157
t )



6.38

6.39

6.40

7.1

.giv

\ page
b b
Temperature Dependence of As and Av for the K Alums.. 158

Temperature Dependence of BS and BV for the Cs
Selenate Alums and for the Rb, Tl. NH, and K

" Sulfate AlUMS...ececcasseans ceeeean feeeeaeas eeeaeaenan 159

Plots of Bs vs As for the Positive D Salts and for
the Negative D SaltS.cceccvennseccccrenacuns eeeasss=o 16l

. { +
Temperature Dependence of @', Qé and Qe for 27Al3

in NH4A1 and KAl Alums: the Q' Points are Cbtained
by Burns from NMR........--. hereeremeccaenen teeeeesass 175

4
Temperature Dependence of Q', Qé and QG for 53Cr3

Doped in NH4Al and XAL AlUMS.eevesvanscscanvacnssnnnns 177



~
TABLE- 2.1

2.3

5.1

5.4

5.5

5.6
5.7
5.8

5.9

LIST OF TABLES

page

The Isomorxphs Of GALSH...ucveevcesccccssassranavsasenens 8

Typés of Sulfate Alums Formed for Various Combinat-

ions of Monovalent and Trivalent CationsS...ssceeeandeess 16

Ionic Radii and Natural Atomic MaSSe€S...secevssvscccsnss 17
. . fes 3+ .

Magnetic Field Positions of the Cxr~ ESR Lines

aAlong the z Direction in the Guanidinium Salts.......... 62

. A . 3t .
Magnetic Field Positions of the Cr3 ESR Lines Along

a Perpendicular Direction in the Guanidinium Salts

at 4.2 Xovveno sesmnaces sessasesssssrseans cesaseccans romee 63
N e 3+ o

Magnetic Field Positions of the Cr ESR Lines Along

the z Direction in AlumS...... teeeiisseseecesancnnans ... 68

Spin Hamiltorilan D Parameter at given Tempexatures
+ +
for Cr°  in Trigonally Distorted x> -6H,0 Complexes..-- 71

+ .
D values of Cr3 in Ammonium and Potassium Sulfate

Alums Measured Above the Phase Transition Temperatures.- 72

: +
ENDOR ; Frequencies of 53Cr3 in GAISH(Ll).cceonoonaonsn=s 79
+
ENDOR’ Frequencies of 53Cr3 in GBISH({2) ceevcccvonceenss 80
. 53 3%+ .
ENDOR Frequencies of ~ Cr~ in GGaSH{l)......---ce----- 81
. 53 3+ .
ENDOR Frequencies of Cr” in GGaSH(Z2).eveveve--- seees g2



5.10
5.11
5.12
5.13
5;14
5.15
5.16
5.17

5.18

5.19

6.1

xvi

page
oy 53 3%t .

ENDOR Frequencies of cxr in GAlSeH(l).ewcoa-- eswsan=s B3
. 53 3+ |

ENDOR Frequenciles of TCx” . in GAlSeH({2).s-cccannen cea. 84.

- . 53 3+ . '
ENDOR Frequencies of " Cr in GGaSeH(l) cevecscnnnnsean as
» ) 53 3+ . '

ENDOR Frequencies of Cr in GGaSeH(2)ieeveessscacnnn 86
. 53 3%+ |

ENDOR Frequencies of Cr in T1Ga Sulfate Alum..... «s B7

- - 53 3+ .

ENDOR Frequencies of Cr in CsIn Sulfate Alum....... 88
. 53 3t .

ENDOR Frequencies of ~'Cr in CsAl Selenate Alum...... 89
., - .53 3t ..

ENDOR Frequencies of ~ Cr~ .in CsGa Selenate Alum...... 90

+
Spin Hamiltonian Hyperfine Parameters of 53Cx3 in

+
Trigonally Distorted Cr3 .6H20 Magnetic Complexes

At 4.2 Keveecoesssososasrsnenssncoassacssscncncndonccsns 96
53 3t .

TTCr A and B Hyperfine ParameteYs Measured at room
.Temperature in Units of 10 %t feeeeeeenn 98 .

values of the Parametexs D:, Dg, a, B and 8 that Occur

in the Equation D = Dy (L¥aT+T*)* DY coth (8/2T).---.- 117

values of the ParameteXxs Dg, Ds, ¢, B and & that Occur
in the Equation D = Dg (1+oTHBT2) + 93 coth (8/2T); and
the Values Tc, which are the Temperatures at which

the Static Curves Change Sign...... cirecesccacaans o ---136

. 53 3% .
cr” A and B Hyperfine Parameters at Room



CHAPTER 1 .

.INTRODUCTION

-

Electron-nuclear double resonance (ENDOR) measurements of
53Cr3+ in hydrated crystals have been done previously by others in this
laboratory on a few isolated s;lég, and the results for CsGa and RbGa
sulfate alums, CsAl and RbAal Sulfaté alums, and A1C13.6H20 have been
published.l'2’3 The published reSultg indicated a complexity of behavior
that could not be explained from the limited data. It became apparent
that more ENDOR measurements on similar such systems were necessary so
that a general trend of behavior for trigonally distorted Cr3+.6H20
magnetic complexes could be obéained. Moreover, in the course of the
work it appeared that a key to the various magnetic behaviors 1ies‘in
the plots of the D vs I curves, i.e., the temperature dependence of
the chromium zero-field splitting parameter D. This parameter is
measured using ordinary electron spin resopance (ESR), and such D vs
T plots were obtained in the present work for all the Cr3+.§H20 magnetic
complexes considered. The ENDCOR measurements were extended to the TlGa

and CsIn sulfate alums, the CsAl and CsGa selenate alums, and the four

iscmorphic gﬁanidinium salts, termed GALSH, GGaSH, GAlSeH and GGaSeH.

v



No ENDOR work has been done previously on the chromium doped Guanidinium

salts.

>

Each alum crystal contains four non-equivalent, but otherwise
identical, trigonally distorted chromium magnetic complexes, while each
guanldlnlum crystal contains two different ones. Hence two sets of data
are obtained from each guanldlnlum crystal, as against one’ for each alum.
Alums have a special importance in this work because the Cr +.6320 magnetic
complexes in some of them are trigonally compressed, while‘in others they
are trigonally extended. The results for the guanidinium éélts are
impbrtant because these crystals have in general a much larger zero-field
splitting parameter D than do the alums. The results fof AlCléieﬁzo a?e
important because this crystal has the smallest D value of the hydrated ‘
crystals considered. Hence rescnance data obtained in all three types
of crystal systems covers nearly the whole range of possible D values.

Such a situation is required if a satisfactory analysis of the data is
to be obtained.

Since the introduction of the spin Hamiltonian, it has generally
N
been accepted that both CQ;EE&I vibration and static distortion effects
are involved in the make-up of the Hamiltonian parameters, but in practice
only the static effect is considered most of the time. Some attempts
have been made in the past to include the effect of cxystal vibrations.

Holms and McCluze4 studied the optical spectra of transition metal ions

in hydrated crystals and showed the importance of crystal vibrations in



determining the transition strength of the spectral lines. They made
measurements of band intensity as a function of temperature and plotted
the corresponding integrated intensities. The temperature dependence of

the integrated intensity suggested that a vibrational perturbation was

responsible for the mechanism of the transition. Their intensity curves
were then fitted to the oscillator strength fu;ction f = 1+ exp(-8/T) ],
whexe fo %s the value of £ at 0 K. In the case © sulfate alum a |
reasonable fit was’ obtained with € = 400 K.

- T3+
Carlin and Walker5 studied the optical spectra of Cr3 in GAlSH

- -

and its isomorphs, in AlCl3.6H20 and in NH,Cr alum. Following Ballhausene,
they fitted the temperature dependence of the integrated band intensities
to an oscillator strength.function of the form £ = fo coth (8/2T). A

. value of & = 500 K was found for the 4T2 band and 650 K for the 411 bahd

of chromium in GAlSH. A value of 8 = 500 K was also found for the 4T2
band of NH,Cr alum, which is larger than the value of 400 K found by ‘
Holmes and McClure in their analysis of KCr alum.
Walsh7 performed stress measurements on nlckel fluosilicate
crystals and observed the change in the zero-field splitting parameter
p for N12+ by employing electron spin resonance. In the analysis of the
results it was assumed that the contributions to the D parameter are due
to the static distoition of the ligand atoms surrounding thedhi2+ ion,

and the.vibrational mechanism of the crystal. A plot of Dvs T for

+ . ,
Ni2 measured at atmospheric pressure using ESR was an integral part of



the discussion. The functional form describing the lattice vibrational
contribution ﬁoﬂD was taken to be that of a system of Planck o%cillators.
The net measured D value at a given temperature was then taken to he 2
sum of the static and vibrational parts. Wwalsh attempted to fit his
experimental results only in the high temperature region (200 - 300 K) .,
where the D vs T curve is linear, and consequently he was unable to
make definite conclusions regarding the behavior of nigkel fluosilicate.
Walsh8 also performed stress measurements on Cr3+ in NH4A1 alum and KCo

cyanide. The results wexe again analyzed in terms of crystal vibrational

e .
and static distortion effects, but an unsatisfactory fit was obtained

- with the pressure data because of the inhcmogéneous elastic properties

of the complex unit cell in these hosts. Tha£ is to say, the dimensions
of the crystal unit cell do not scale 1inearl§ with pressure in the soft
crystals, and so the theory cannot be successfully applied to the pressure

results. _ ' ' o
The hard crystals such as cubic MgO and ZnS provide a more ‘

favorable situation for pressure measurements, and they have been studied
9 2t 3+, .

by Walsh et al. For Mn in Mg0 and ZnS and Fe in"Mg0 these authors

were able to separate the relative effect of thermal expansion of the

coordinated oxygen or sulfur octahedron from the cubic field splitting

parameter a. In all cases the temperature dependence of this contribution

is in the form of a quadratic function, with the most pronounced bend

in the curves occurrihg below 200 K.



Shrivastavalo-IB'has"%tudied theoretically the effect of

vibrations and static crystai distortion foé a numbex of systems. The
splitting parémeter g_of.an+ in MgO was separated into its )
nent parts due|to these two effects.lo Here again the quad;atic'
nature of the stétic_ crystal field is evident. The curve describing
the temperature dependence of the yibratiOnal contribution has the form
. g of a hyperbolic cotangent. Shrivastaval2 was able to account for the
52Cr, 53Cr isotope effect of chromium iﬁpurities in axially symmetric
sites in MgQ in terms of the vibration ofrlocal impurify resonance modes. //"’\\\
The &ibratiopal contribution to the zero-field spl;ttzng parameter D (/
of a given isotope was'described by a function of the form D = A coth(ﬁm/ﬁkT),
. where A is a constant and @ is the freqpencv of the impurity resonant
mode. Shrivastaval3 has applled a Debye function to the D vs T curves
of four alums to account “for the temperature dependence of D due to
wvibrations. The D vs T curves consisted of at most‘four experimental
points and the'fit produced Debye tempasatures of betweeri 500 and 900 K ‘
in ;hé crystals. It was concluded that the errors in the célculated
pa;ameters originate ‘from the use of the Debye model.
Hartman et al..14 performed precision relaxation measurements
on Cr3+ impurities in MgO. They coﬁcluded that motions localized axound

+ . .
each Cr3 ion dominate the ground state relaxation. In particular, the

motlons were elieved to-be due to the CrO6 complex. They were able

3

to fit their experlmental results quite well with a theory which suggests

the ‘importance of relaxation via the 1oca11zed modes .
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In the present study an analysis is made of the viBrational

. e ; . . . + Lt . : '
and static crystal distortion contributions to the 53Cr3 spin Hamiltonian

parameters D, Q', A and B in trigonally distorted Cr3+.6H20 magnetic
complexes. An empirical approach is used to separate the‘paxameters into
their constitueﬁ;_parts due to the two tfpes of contributions. The
funetional forms used for the. contributions are based on the published ’
expe{ifgpfal results described.abovq. The analysis depends on the fact
that experimenfal data are obtained for ghromium magn;tic complexes

in many crystals and these are all EOnsidered together. The experimental
results invo;ve two types of data for the splitting pro;edure; namely

' piots of Dvs T and Q' vs D, which cannot be analyzed separately but

can be yhen taken together. , Hence a method is developed to give a
description of the vibraticnal and‘gtatic crystal-distortion contributions
to the spin Hamiltonian paramete?s. This method is an alternative to

that used in stress measurements which were found to be unsatisfactory | , ‘
fo; the types of crystals studied here. The results and method of the
described analysis is then ?pplied +o alum crystals which undergo low 1
temperature phase transitions, and to the éplitting of th; Cr3+ A and B
hypérfine parameters in the salts. The curves representing the teméerature:

dependence of the vibrational and static parts of the various parameters

present a new way of looking at the crystals.

-~



CHAPTER 2

CRYSTALLOGRAPHY AND CRYSTAL DATA -~

2.1 The Guanidinium Salts =

The chem;cal formula of guanidinium aluminum sulphate hexahydrate
(termed GAlSH) is C(NH &-31{504)2.63 0. The guanldlnlum cation C(NH2)3
is monovalent, the sulfate anion SO, -2 is divalent, and the aluminum cation
i; trivalent. The isomorphs of GAlSH are obtained by replacing Al by Ga
or S by Se, giving a total of four different crystals. The resulting
combinations are listed in Table 2.1 along witp the abbreviated symbols
used to designate them. Some important crystallographic data are also
listed with each entry in this table. -

The crystallographic and dielectric studies of GAISE and its

isomorphs give a description of the structure and behavior'of)these

15-21 15 . . .
crystals. Geller and Booth ~ established from X-ray diffraction data
that the crystal of GGasSH has a hexagonal structure with space group Cgv(EBLm)
and contains three formula units per unit cell. A diagram of the space
group P3lm is shown in Fig. 2.1(a). Schein et a.l.16 have accurately
determined the structure of GRISH. A diagrammatic picture of this structure

+
is given in Fig. 2.1(b). 1In this structure an A13 -6H20 complex is located

at every three-fold axis site, and the same is true of the guanidinium complex.
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The sulfate groups are arranged so as to formza hexagon around each
Al3+.6320 complex. A more detailed structure is given in Fig. 2.2{(a)
and (b}. Fig. 2.2(a) shows a map looking down the € axis of the two
types of Al3+.6H20 complexes that exist in a unit cell. The terms
ncorner” and "inside" refer to the aluminum positions at the ccorners

or inside the unit cell of Fig. (c). There are twice as many equivalent
inside complexes of A13+.6320/;;;:22ré)are corner complexes. The point
group sSymmetIy of the corner complex is 3m while that of th inside complex
is 3. The difference is due to the‘location of the ﬁ+ ions of the waters
in the complexes. Ions of the same type which lie in a plane normal to

the crystal ¢ axis are joined together by lines in Fig. 2.2. The lines

are solid when the plane is above the Al3+ ion and broken when below it.
For the cormer complex, the H+ jons of the water molecules located above
the Al3+ jon all fall on the same plane, and the same is true for those
‘1ocated pbelow it. For the inside complex they fall on two differant planes.
For simplicity the corner complex is.designated by the number 1 while the
inside complex is number 2. For example, the corner complex of GALSE is
designated by GA1SH(1).

Fhe guanidinium structure is shown in Fig. 2.2(b}4%i)annd the
sulfate structure is shown in Fig. 2.2(b) (ii}. Half the sulfate groups
point up the © axis and half point down.

The octahedron of waters surrounding each trivalent ion in the

guanidinium salts is trigonally distorted by a slight ccmpression along

the crystal ¢ axis. The amount of ccmpression from octahedral symmetry at

)
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room temperature is 4% for the corner complex GAlSH(1l) and 5% for the
inside complex GAlSH(2). The trivalent ion is also scmewhat displaced
from the center of the octahedron.

The guanidinium salts were found to be ferroelectriclg'21 with
_the direction of spontaneous polarization being along the cxystalce axis.
The polarization exists for all temperatures at which the crystals are
stable. EHolden et al.Zl found that the spontaheous polarization lPs)
versus the temperature (T) curves fall into two groups depending on whethex
sulfur or selenium is in the crystals, and that the polarizations increase
with decreasing temperature. The selenates were found to have a laxger
va;ue of Ps at all temperatures than doi the sulfates. When Hélden et
al.zl extrapolated their PS curves to high T tﬁey-predicted an upper
1imit of about 575 K for the Curie temperatures. An attempt to explain
the ferroelectricity of GALSH was made by Schein et al.i7 They proposed
that ¢ axis displacements of atomic positions which are not related by
a center of symmetry, and are not compensated for by displacementg in the
opposite direction, are responsible for the ferroelectric properties.
These conditions were found to hold. for the trivalent ion complexes in
+he crystals.

The ESR of Cr3+ in GAlSH and its isomorphs has been studied by

a number of authors.ZZTzs

None of these works containg-a complete =set of
measurements of the zero-field splitting parameter D for all the magnetic

complexes in the salts ovex the whole temperature range 4.2 - 297 K.

4

-
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In fact no measurements are reported at 4.2 X, and this is the temperature

where ENDOR measurements are made. For all temperatures where measurements

are done, two nonequivalent magnetic écmplexes exhibiting axial-sémmetry

about the ¢ axis are found iq each érystal. The ESR lines for one complex

have twice the intensity of the other, indicating that the former is due

to two equivalent magnetic complexes. This result is consistent with

the crystallographic data described above, and the magnetic complexes

correspond to the sites denoted there as (2) and (1). At all temperatures

where measurements weré done, complex (2} has a smaller D value than does

complex (1). This is in spite of the fac? that complex (2) has the greater
£ 9

percentage distortion from octahedral symmetry at xoom temperature. Actualr

ly the relationship between the magnitude of the measured D value and the

. . . . 3+ . .
size of the static distortion at the Cr site has not been previously

determined.

2.2 The Alums
The alums belong to the cubic system with space group T:(PaB) and
they exist in three types., tormed <, B and Y, because of small differences

{

in atomic arrangements. The general formula for the sulfate alums is

+ 3+ . . . + 3+
MM (504)2.12820 with four formula units per unit celi. M . and M
represent monovalent and trivalent cations, respectively. Each trivalent

jon is surrounded by a nearly regular octahedron of water molecules. Other

alums can be grown by replacing sulfur with selenium or tellurium.

Q
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However the production of crystals containing Se or Te is more d;fficult
because the appropriate Fhemicals are not readily available. This is
especiaily:true in the present study on Cr.6H,0 complexes where one
wishes to dope the crystals with chromium.

In the X-ray crystallographic studies of Lipson and Beever526
and Lipsoriz7 it was shown that in the a type alums the [111] axis of
the octahedron of water molecules surrounding an aluminum ion coincides
with the [111] crvstal axis, but the cubic axes of the octahedron are
displaced from the cubic axes of the crystal bé a rotation of approximately
9.5° about the [111] airection. The £ alums were found to have perfectly
regular groups of watex molecules with the cubic axes of the octahedron
being directed along the cubic axes of the crystal. In soda alu?
NaAl(SO4)2.12H20, which is the only known Y alum, +he octahedron of waters
surrounding an aluminum atom is rotated bv approximately,40° about the
crystal [lll] direction. The water octahedron about an aluminum atom in
this crystal was shown to form a perfect octahedron.

Lipson27 attempted to classify the alums in terms of the
size of the monovalent ion. The @ structure was said to be represented
by medium sized ions, B by larger ions, and Y by the small sodium ion.
For example, RbAl and RbGa §ulfate alums are of & type while CsAl and
CcsGa sulfate alums are of B tépe; Klug and Kieffer28 compared X-ray

structure factors of TlGa sulfate alum with those obtained in the Cs

" and Rb alums and concluded that T1Ga alum was of B type. These authors
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also concluded that rhe trivalent ion can also affect the alum type
in some cases. In particular, their studies showed that RbCr alum is
of B type. The types of sulfate alums of interest-in this work are
shown in Table 2.2. The ieonic rédii of pertinent ions are'shown in
Table 2.3. . ‘
The alum type is also influenced by the so, cation ien
arrangement in the crystals. In the B ty%e alums the SO, group 'forms an *
almost perfect tetrahedron.' The 56+ cat on‘ d one oxygen are on the
[111] crystal axis with the oxygen being closest to the triyalent cation.
In the y type, the tetrahedron is slightly distorted and is oriented in
the opposite direction to +hat of the § alums. A mixed situation éxists
in the o type alums with some of the tetrahedrons being oriented as in
the B type and scme as in the Yy type. As the monovalent caticn
decreases in size, the fraction of tetrahedra oriented as in the Y type
incx:eases.29 A fu;ther complication is introduced into the picture when g'l
the SS+ ion is replaced by Se6+ . As seen in the magnetic res;nance
reéults described pelow, the CsAl and CsGa selenate alums act like a ' J/,J
type instead of B type as forrthe cor:esponding sulfate alums. In view
of all these complexitieg, i+ should be mentioned at this peoint that
the magnetic behaviox of the crystals, as determined from the Cr3+.6320
magnetic complexes, is quite orderly. Moreover{'it is found in the

subsequent analysis that all the hydrated crystals containing trigonally

+ X
distorted Cr3 .6H20 magnetic complexes are related to each other 1n a
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TABLE 2.3 Ionic Radii and Natural Atomic Masses.
Ion Ionic Radius (?\), Natural atomic
mass (u) .
3+
Al 0.51 26.9815
a1t 1.81 35.453
3+
Cr 0.63 51.996
1+
gs 1.67 132.905
3+
Ga 0.62 69.72
3+ .
In i 0.81 1%4.82
1+
X 1. 39.101
1+ K"“"’
NH4 1.43 18.0386
02" 1.32 15.9994
1+ ol
Rb 1.47 85.47
-6t
s 0.30 32.064
se5t 0.42 78.96
Tll+ 1.47 204 .37

J

5
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particular way- This feature includes the guanidinium crystals and

also Alcl3.6H20.

Bleaney30 has determined from ESR studies that when ammoﬁium
and potassium sulfate alums are cooled, they undergo phase transitions
at 81 and 160 X, respegtivéif._ The ESR spectra obtained below the
transition temperatures in these crystals differed considerably from
those obtained above the t;ansitions. ChicaultBl studied the ESR spectrum
of Cr3+ impurities in deuterated NH4Al sulfate alum below the transition
temperature, which he said occurred: at 56 K, anrd observed twelve chromium
magnetic complexes exh%biting rhombic symmetry. The Z axes of the magnetic
complexes were Esund +o make large angles with the crystal [ll;] directions.
In the hydrated'form of this salt 0'Reilly and Tsan932 observed the
transition to occur at 71 K. These authors also obseryede a rhase
transition to occur in NH4In §ulfate alum at 127 K. Burﬁs33 studied the
quadrupole moment of Al in KAl alum as a function of temperature and
cbserved a pha;e transition to occur at 98 X in this salt. The analysis
of the magnetic resonance results obtained in the present work enables

an explanation to be made regarding the mechanisms of the various phase

transitions.

2.3 AlClB.GHZO

e ———————————

' . 34
X-ray crystallographig studies by Andress and Carpenter

established the space group of aluminum chloxide hexahydrate, A1c13.6820,



to he Rgc;. Buchanan an@ HafrisBs measured the lattice parameters in
terms of a hexagonalhﬁnit.céll and obtained the :glu;s a 5.11.827

and ¢ = 11.895 g. The crystal is made of chains of the fofm

=Rl (H 0) -3 - AL(H, 0)3+ - 3C1—1- running parallel to the ¢ axis.
of the;\i.agonal unit cell. The Al 1on is situated at the centex of
+he octahedron of waters, "and ‘along each chain alternate octahedra are .
rotated with respect to eath other by 28° along their [lll] direction
wﬁich is along the crystal c direction. The ENDOR of SBCr%+ iméurities

in AlCL,.6H,0 was studied by Pack et at.>  only ope type of chromium

magnetic complex was found in the crystal.
; ; p

]

2.4 Crystal Prepaiation

All the crystais were grown b§ slow .evaporation at room

temperature ofdé saturated solution of the constituent salts. Iﬁ the

‘lightly doped crystals a small émount of the Cr3+ ion is added to.the

solutions. The crystals produced are clear and nearly c'ol;:arless. It ‘
was estimated that the crystals contained no more than 0.0l wt % of

ot impurities. In the'case of RbCr and CsCr sulfate alums, the

chromium was mixed in the solutions in the correct stoichiometric amounts.

These crystals were almost black in appearance. Two batches of each éype N
of dilutely doped.crystals were grown, one batch containing the chromlum

impurity 1n its natural lSOtIOplC abundance and the other containing

53Cx3 enriched to 94%. The latter is required when performing ENDOR -

T
-
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studies but either one can be used in the ESR studies, since ;he same
zero-field splitting D value is measured. in each case. The‘SBCr3+ ion
was obtained as c:z(so4)2, which is nearly inscluble in water but is
somewhat soluble in hot acid. The Cr2(504)2 is dissolved in sulfuric
acid for the sulfate crystals and in selenic acid for the selenate

crystals. The method used to prepare the isomorphs of GAlSH was the

same as that described by Carlin and Walkers. .

By



CHAPTER 3

THEORY

3.1 The ENDOR Technique

The ENDOR technigque allows a direct measurement to be made o$

36,37

the hyperfine splittings of energy levels. The hvperfine interac-

tion is the intera;tiOn between a nucleus and the electrons surrounding
it. An illustration of the technique can be obtained from the simple
example shown in Fig. 3.1, which represents the case of a nucleus with
nuclear spin I = 1/2 interacting with electrons with an effective §pin
of 5 = l/é. At the lower part of the figure axe shown the two expected
ESR lines of energy hvl. Both the direct and first derivative signals
of the spectrum are shown. ?he hyperfine ESR lines are shown only
partially resolved, as is typically the case. Even if the resonance
lines were well resolved it is not possible to measure their separation
with great precision using ordinary gSR.

To observe ENDOR the magnetic f£ield is adjusted to the cenEEf.
of an ESR line and enough microwave power is applied to partially {
saturate the transition, i.e., to nearly equalize the population of the
upper level with that of the lower. fhis causes a decrease in the ESR
. line intensity. An oscillator, which :i coupled to the saméle by two
or three turns of wire, is then swept in frequency thxoughlthe range

corresponding to the spacings between the hyperfine lines at the given

. ‘e . . . .,
field position. When a nuclear resonance 1S achieved-thiscauses an
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unbalance in the spin populations of the ESR transition with a\ng?equent
increase in the ESR signal. The frequencies of the nuclear xesonance
transitions can then he read from a frequency counter which is also
connected to the oscillator. For the example of Fig. 3.1, .the frequencies
v, and v, would be obtained. The ENDOR method gives an increase in the
resolution of the nuclear levels by an amount equal to the xatio of the
electronic to the nuclear magneton, which is a factor_of about 103.

ENDOR measurements can be made even if the ESR hyperfine structure is

completely unresolved.

3.2 The Hamiltonian

The terms of the Hamiltonian describing the energy levels of

the paramagnetic ion in the crystal can be.written as:
' ]
- Yo+ + + +X .
}L 3('ZL-{P?JZ +}£3 x4 +}){5 'xs }e'i %8

The various terms have been reviewed in the 1iteratuze3€ and R
thezhare.briefkycdiscnssed}d below. The nature of the terms are

important in understanding the ESR and ENDOR da;a, and consequently the
physical behavior of the crystals.

3.3 Kinetic Energy and the Coulomb Interaction

The Hamiltonian term }!l represents the kinetic energy of the

electrons and the goulcmbvintezacticn:;between them.. It represents the
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energy of the free atom and it is of the fomm

22 2 2
;2(,1 = 3 (2% e
i o Ti i<k Tix

Here, Ei is the momentum of thixj)tﬁ‘éiéﬁtron, m is its rest mass, I,
is the distance between the i'th electroéﬁand the nucleus, Z is the
atomic number of the atom, and Tix is the distance between the itth T
and k'th electrons. The summation is over all the electrons

in the atom. Hence, the first term of zﬁlkepresents the kinetic energy
of the electrons, the second texm represents the attractive Coulomb
intera;tion between the nucleus and the electrons, and the third term
represents the Coulomb repulsion between the electrons. ;él.is usually
the largest Eerm in the general Hamiltonian, with a tyvpical energy

of the order 105 cm-l (v 10 eV). This ordex of energy falls in the

optical region of the electromagnetic spectrum.

3.4 Crystal Field Interaction

:Mz is that part of the Hamiltonian which describes the interaction
energy of the electrostatic field of neighbouring atoms with that of the

paramagnetic ion. It is usually termed the crystal field interactien

and is given by

4
;HLZ = g eiV(ri) '
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where V(r ) is the electrostatlc potential at the ion due to the ligands
with which each electron i interacts. The size of this term may vary
w;dely in magnxtude, and it may be as large as lo cm -1 (v 1 ev). This
order of enerqgy falls in the optical region of the electromagnetic
spectrum. In GALSH its magnitude is of the oxder 2 X 104 cm-l {2 eVla
All the magnetic complexes studied in this work consist of a
o3 jon surroufided by an octahedral array of six watex molecules subject-
ed to a small tr%gonal distortion. The effect of a perfect octahedral
array of charges on the chromium giound state can be found quite easily.
In this case the octahedron may be considered as three mutually perpendi-
cular electric dipoles, with one dipole being along each of the coordinaée

X, ¥ and Z axes. In this case the term ?ez is given by the fourth order

expression

. 4. .4, 4 4
XZ - D )écxi+!i+zi - (3/5)r),

where ;i is the vector from the center of the octahedron to the i'th
electron. D is a constant given by D = 352e/4as, where a is half the
height of the octahedron. A constant éerm also exists in?wz But it is
cmitted since it cannot be detected by ESR. The expression for;gz can
be converted into orbital anqular momentum operator equivalents as done

*

by StevensBs, which gives

X, - Dq{ [35:. - 30L(L+1)L;+25L§ — 6L (L)

+ 32 (L+1)2'_]+ = ( +L 41 .
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In this expression g is a constant given by ¢ = 2e<r4>/105, where <r4>
is the average of the fourth power radius of the outer electrons of the

central paramagnetic ion.

-

The free ion ground state of Cr3+ is 4F3/2 with L = 3 and
S = 3/2, and a degeneracy ©of (25+1) (2L+1) = 28 with respect to the Ms
and ML wvalues. When the eneXgy operatorzwz is applied to the ground
state wave functions then the orbital levels are split by an amount
10 Dg and 8 Dg as shown in Fig. 3.2. The new ground state 483/2 is an
orbi%ai singlet while the 4P3/2 excited states are orbital triplets.
Each orbital state remains four-fold degenerate with respect to Ms.
The effect of a slight trigonalhdistortion of the octahedron is alsc

shown in Fig. 3.2.. Its effect is to split each of the excited 493/2

states into an orbital singlet and doublet.

3.5 Spin-Orbit Interaction

383 refers to the spin-orbit interaction and is given by

- >

)\i .ﬂ,i's .7
i -+

where Ii is the orbital angular momentum of the i'th electron, sj

is the spin angulaxr momentum of the j'th electron, and lij is the
coupling constant between the electrons. The summation is over all

the electrons in the atom. With respect to the ground state wave
functions‘produced by the interaction;wl, the spin-orbit interaction can

-

be written as
X AL-S
3 —-' r
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where T is ﬁhe free ion orbital angular momentum and g is its spin
anular momentun. In general, the magnitude of;EB depends on the value
of the coupling constant A and the freé ion ground state, but it is
usually of the order of 102 cﬁ-l ("~ 10—2 eV). This value of energy
falls in the lnfrared region of the electromagnetic spectrum. The
effect of the spin-orbit interaction on the chromium 83/2 ground state
is to split it in two -~Tspin doublets, called Kramer's doublets, as shown
in Fig. 3.2. One of the doublets contains the states M_* *1/2 and the
other MS= + 3/2. It is noted in Fig. 3.2 that scale B- for the energy
splitting is magnified 400 times over scale A. The magnitude of the
splitting due to the spin-orﬁit interaction depends on the value of A
and 10 Dg and the amount of trigonal distortion.

3.6 Spin-Spin Interaction

The spin-spin term is due to the interaction between the spin

magnetic moments of the electrons, and is given by the expression

* T 3(+ ) +
2 S:" %k Fix %y )G xSk -
4 - 48 .z { 3 - 5 } ’
i<k rjk ‘ rjk

Y

where the sumation is over all the pairg of eleqééons of thiéjén. With

respect to the-free jon wave function, this term can be writtén as

H,o= -» TH?+2dD - %L (L+1)s 5+1),
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where p is a proportionality constant. The spin-spin interaction represents
a small value of energy causing a shift of energy levels by an order of

107 et (10> ev).

*

3.7 Electronic Zeeman Interaction

The interaction of the electrons® magnetic moments with that of

-
an external magnetic field H is given by
_ -+ - -
Qfs = § B(E, + 25)-H-

with respect to the free ion ground state wave functions, the Zeeman ‘

interaction can be written as -
¥ = sE. @-28) :
~5 ’

where B is_the Bohr magneton. The effect of this term is shown in
Fig. 3.2, and the energy spacings are best observed in the microwave

region of the electromagnetic spectrum. " )

3.8 Hyperfine Interaction

The hyperfine interaction arises in atoms whose nuclel possess
a nuclear spin, and the interaction.is between the nuclear magnetic

moment and the magnetic moments_ of the electrons. The term 1S givén
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by the expression

¢ 2T 3z -2 ) E-D
_ x "k X ok
2{6 = g9, 88y { ) [—-——r3 + 3

2 k k

8T - ==
+  —— .
3 G(rk)(sk 1},

where the symbols have their usual meanings. The two terms in the

square brackets describe the dipole-dipole interaction betweeh the

nucleus and electrons. The last term is the Fermi contact term, and it v s
I’-\g—“ '-‘\_\\

represents the ancmalous interaction of the s electrons with the' nuclear \

spin. It is proportional to the unpaired electronic spin density at EE;:’

nucleus which is non-zero only for s orbitals. Since Cr3+ has no‘unpafied
s electrons, ofe would expect the Fermi contact term to be zero, but

:
experiments show that this is not so. The discrepancy is explained by
configuraéion mixing and core polarization. COnfiguration‘mixing is
" gue to a small admixture of an excited s state into the ground state.
. In core polarization the unpaired Cr3+d electrons tend to polarize the inner
s orbitals, and this polarization is different for spin-up and spin-down
electrons. Hence this effect gives risé to an unpaired spin density .
at the nucleus. )

Using the free ion wave functions as a basis, the hyperfine ,//

term can be written as

99,88
X = N3 N+ - x 1ED-

6 <r >

- % fEHan + @D @513
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In this expression, K is a measure of the non-zero electron density
L

I

.at the nucleus and § is a proportionality constant given by

_ . 204l -74S
§ 5 S(2e-1) (2043) (2L+1),

where 2 is the orbital quantum numbex referring to the d Pe&t;.r—o}(in
3+ ’ s :
the case of Cr . 2(6 causes a splitting of the Zeeman energy levels
- - - | +
by an order of 10 2 cm . (10 6s.»V) . PFor 53Cz:3 the amount of splitting

.is in the range 25-80 MHz.

3.9 Electric Quadrupole Interactiion
v

Nuclei with spin I>1/2 which possess an electric cquadrupole
mement Q will interact with a non-uniform electric field at the. nucleus
to produce small changes in the hyperfine épacings of the Zeeman ‘lines

as given by 2(’ The quadrupole :.nteract_mn is given by

/{ [ z I{I+l) _ 3(r I) ] )
2I(2I-1) i 1___3 . _r5 ) @
. i i ‘

- -

With respect to the free ion ground state wave functions we have

s

rd
e

= ——L—— {36:-'{)24-% T-1)-L (+L) T(T+1) }

7 2T (21-1) r

where n is a constant. The shift of. the Zeéman hyperfine eneréy levels
due tox for the case of 33, 3, is approximately an order of magnitude

less than for 9{6.
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'3.10 Nuclear Zeeman Effect

The nuclear Zeeman interaction is described by the term

% - - ' -ﬁo-f
s = kT
This term causes a shift in the hyperfine lines by an order of 103 @t

-

(10-7eV) . Hence it falls, in the régli.o frequency range of the electro-

magnetic spectrum.’ _

3.11 The Spin Hamiltonian -

- ] -

Pryce39 and Abragam and Pr;ceqo developed a method to describe

~

the ground state zero-£field and Zeeman splitting in terms of an effective
spin Hamiltonian. The method is based on the fact that transitions are
observed between the.lowest energy levels in the phenomenon of para-
magnetic resonance. If transitions betwedn 28°'+l levels.ére obsé;ved
experimentally, then $' can be defined as the fictitious spin of the
system. In scme cases, such as the 4P3/2 ground state of Cr3+, the
fictitious spin is identical to the free ion spin. In obtaining the spin

Hamiltonian, the terxms 293 to 9{8 are applied as a perturbation to the

manifold of energy: states which were produced by 962 acting on the ground

state term of the free ion.

N\
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' The total perturbation in this case is

-

Xyt v o+ +3, +Hy

){.

o+ o@D @B - L Larnsstn}
. g5, 88
seia@e2dy + 2 dD 4
. ] <r > :

- " ety -x] SO -2 e[ @3 @D
; 7T 2

2
LS neQ

.o+ @D @S] 4+
. 2I(2I1-1)r

BEH2

=

3 - - ) e
+ 5-(L I) - L€L+l)I(I 1)} +_{ -gNBNH-I} .

-

The effective spin Hamiltonian that is obtained is written
as ' :
¥, = sEaEeEDd e BAT - T

T
- BNH.g&oI'

) _ >
where the symbol (-~) indicates -2 tensor quantity. Beginning with the

first term, the terms describe the electronic Zeeman splitting, the zero-
B ‘ .

field splitting, the hyperfine interaction, the quadrupole interaction

and the nuclear Zeeman effect. The advantage of using a spin Hamiltonian

is that the rather complicated behavior of the lowest energy levels of

the paramagmetic ion in a crystal subjected to 2 magnetic £ield can be

N



34 -

described in a gelatively simple way bf specif&ing the effective spin,

_together with a small number of parameters which measure the magnitudes
of the variocus teims in the Hamiltonian. One must then find a model of

the crystal field which corresponds to the spin Hamiltonian and which

will exﬁlain the observed parameters.
' d

In terms of the principal axes system, which\is determined

by the symmetry of thé‘crystalline electric field,évg can be written as

C 2 )
= + + + 01T - ' .
X g = :{1— (Bg,H,S, + D;S] + A;S. Ty ¥ Ty sNgNj_EHixi) (3.1)
X, Y2 - - '
It is customary to write - . .
' 2
) p.s? = »{s?-Tsstk g(s? - s2)
i i . z 3 x Y
/X‘,y,z
Y r
and
2 “ee2 1 s ont .2 2
' - o' - = T(I+L) M = - .
:{L_ QIIy = i{z; - 51 L3 I .Iy)
X, ¥,2 - .

Here D =(3/2)D is called the axial crystal field parameter .or zero-field
spllttlng parametex, and E = (1/2)(D -D ) is the rhombic field, parameter,
Q' = (3/2)Q' is the ax;al,electrlc field quadrupole coupllng constant,
and n' = (Qx-Qy)/Qé is the rhombic field parameter. When the crystal

- A - ’ ' v —\ - = -
field hag axial symggt;y th?n we can write 9, = 9y gx = gy_ g_L ;

7



- , : ' ) .C‘

. - - - [ - ¥ v. .
0'.Az‘A'Ax'Ay'B' Qx'Qy and so n'" = 0;

D =D and so E
X b8

g!' =g' » 9. . =9, g! . The symbols 1l and | refer to parallel
N N| 1 Nx Ny N 1 ’
and perpendn.cular, respect:.vely. For the case of axial symmetry Bg. 3.1

can then be written as

- 2 _ L
9{5 = g“Bs H +g .LB(H S +Hys )+D(S 3 S(Ss+l)}

”~

2 1
+ + + ' - IT(I+
. as I +B(S, I Sny)+Q (z - 3T(IHL)

' - IS

g ‘ ]
\_'.‘ N
L S - X
f/"-’// oy BT E, gNl By (B, I FH T ). . (3.2)

1.

-

s .
The matrix elements of the spin Hamiltonian given by Eg. 3.2

are cbtained by cgera.t::.ng withx on the ground state manifold of wave
functions [HS, M >, For 53 3 we have S = 3/2 and I=3/2, and so
there are (2st1)(2Itl) = 16 d_ifferent states. Hence the dmens:.o‘n' of
the matrix described by Eg. 3.2 is 16 X 16. When the applied magnetic
field is directed along the z axis then E = 3;; 0, and the X matrix
obtained in this case is shown in Fig. 3.3. When fhe magnetic field is
along a. d:.rect:.on perpend:.cula:c to the z axis , then the terms of the
Hamiltonian given by Ed. 3.2 must be transformed by a rotat:.on to that
_direction. The rotated form of 2(5 has been given by lLaurance and Lambe

“and its matrix eleme.n°ts along the L direction are shown in Fig. 3.4. In

Fig. 3.3 the compact notation used is G = 9, I-BH . Gf = g!:I BNHz’ and in
11

Fig.3.4 G =g B and G''=g' BE -

g 51701 w Py



36

|

L‘.

&

7 2yl uy perrdde wam.V/L&mcmmx ay3 YaTa XTIIeH :wﬁ:.ouﬁpsn:.:ﬂmm 9ATI0933d £t *bra

.CO._"UOUH.HQ
}

Z 57500 I 2 "
ove| \ 3
Q 0E-

, 2L . \ i 5
D-bIvE zrac . i
-1 g2/t - w
oSuee B°
1 10-bivE- ac
a2k ok : .
Zioe- o
D76 zigc 5
QT
FIEI 4
zrac Devive . Y [~3
Q-y9: )
- 2o .a.
ac 0= by gt \ .
& a-zio- ¢ EA .a
. NJU- N
1ac Deviv- g2 3
¢ aq-2o- - .
o«vwnn. 8.En m
. ‘a-2o- g
6,c / - . :
r\,, Q-2 _
’ FAE L .M
a2z LRON ziec S
q-2io N M
eho- X w
' a.t D-yive agA| - . :
" 1 r\/ Q-o .
. ZIoE - \
|oewve zI8E S
ag-zo .
7 5550 . 1
o ZIge DV ™ ’ h
’ Q Ut ~ *
FIGT .
’ gc e 3
: A Qr2rt ‘&
: 219~ ur
O-AvEs Y]
, zlac ]
! DWVIYE I3
. Qe t
Tz el e | el i ziv olee | ele el el BIes | zlE- eh- T
ut 2 FJ ,. Vo 2ile 2Ier W

e



37

‘uoy3081Td Z 9Y3 03 TewIoN PIdTd o1j0ubEH 2Ud YITA XTIIEH uetuolTTwed utds VATIOI3II v 61
5 . ' w '
- /a6
8s ZIO EA rEBNK 20 A

oD . -, LY TN
/e 2o eA (vig ]
Ve £p |viawe LRVEN ZOEA .
N_memc . ; . 2 5
Z * * 4 vAa-v
DEA eme RN RSNV s EA
2DE - v86- v . s
A 0 2 ) PRANX ) CMEA "
R U o
PRANVE mM_MM. - ZIDEA _ . 2 AVEN TOEN N,
- QQM»O Y N
, : R . :
v ABVEN o ZIOEA PRV EN a-v 2 EA 8
. , . TR0 - T wm
+ - [} .
ZREVEN PRBWE| 20 EA 3 -0 4 BVEN ZHOEA
| g T Forer
vrevE| 2o - bRe 218 2L
i epe| N : ol
. B 2loE2a E . .m
rA e} -pHae- einL
IEN ZIVEN e EA pABVE
. i . Jmﬁw.mﬂb . .
‘| 20g UBVEN ey * - ZIDEA [PRAVE A9V D
A . (4. A4 Er A :
: ‘ TS w,u
2a g ‘g-v 2] ziog LM o] 4
A WIEN SIOEA 2K20 . NEN £8-Y)E
T g
AL 20K . " ¢ prawK
A ) s - | ome 3
7S 38773 ' v N
¢KE vrave - pidG- cloL
EA 22k r\r S
NR.U.N_% L
[ .4) . vRE-VE ZREVEN ’ *+pigE €
_m.\f T 282 ﬂﬁvr\, U :.
R
2K £ . 2R viawk | 210 M *
EA VI &N e ryit
TECCID .m
. ciag pXEVE eIOE, oG
A A ZX-e ot *
([ SR cier cle- ¥ 2w ele* | ¢it- eil- el Zies | eles ¢l ere el — N
* Zke- eh- Zhr zice —"N




38

3.12 Description of Electronic g Values (gll. gl) in the Spin Hamiltonian

. The electronic g factor is dqfingd as the ratio of the electronic

* magnetic moment to the angular momentum, expressed in dimensionleég units.
In solids the electéonic orbital motion of the valence electrons interacts
strongly with the crystalline electric field:k; and becomes découpled from
the spin, a process called guenching. The moxe cqmplete the quenching the
closer the electronic § value will approach the free electron value of
2.0023. The g factor for an ion in a crystal is often anigotropic, having
a different value along the pr;ncipal x, v and z directions. 1In the case
of an axial symmetxic crystélline electric field ﬁhé values of g along the
| directions x and y are the same. In the derivation of the spin Hamiltonian

from the perturbation method described in section 3.11, the tensor components

+ .
of the g value along the principal-directions for Cr3 are given by

.. = 2.002 §.. = AL L)
S35 = 2-0023 (95 i3] 9
where A is the spin-orbit coupling constant and Aij is the tensor describing

the quenching. The effect of Aij is to mix some of the excited orbital

(

3;13 Deséription of the D Parameter in the Spin Hamiltonian

states into the ground state.

The D parameter is called the zero-field splitting parameter
because it is a measure of the ground state Kramer's doublet splitting in

an axial crystalline electric field when the applied magnetic field is zero.
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O'Reilly and Tsang32 have given the following equation which relates
the D parameter to the electric field gradiant sz due to.charges and

. +
dipoles external to the Cr3 ion in the crystal:

3 A ,2 2
.D =3 (AE) <r > sz (3.3)

-+
. The guantity A is the spin-orbit coupling constant of Cr3 in the crystal,
AE is the energy separation between the ground state 4s and first

3/2

excited state 4P3/2 (shown in Fig. 3.2}, and <r2> is the average value

of r2 for the chromium 34 wave function. Carlin and Walkers measured

AE ﬁsing optical“spectroscopy and obtained a value of 17,700 am * for
GalsH, 17,550 cm - for GAlSeH, and 17,540 e~} for AlCL,.6H,0. These
quoted measurements-were obtained at 20 K. Thg values of AE for Rb and

Cs sulfate alums have been measured at rocm temperature and they were found
to bel 17,800 and 17,700 cm_l, respectively. Ecuation 3.3 is approximate
in that higher than fourth order terms in the crystal field potential and
contributions of the hié;2§ excited states have been omitted. Covalency
effects have also been neglected. In the derivation of Eq.'3.3 only the
condition of a static erystal field was considered, and no account was m;de

for the vibrational mechanism of the ecrystal. If the letter S is used to

represent the static contribution, then Eg. 3.3 can be written as

. 3 A2 2 (5
Dg=73 (AE) <xr > sz (3.4)

*



: In the experimental and theoretical pressure studies of
7.8 ) . . c .
walsh'’", the effect of crystal vibrations at the paramagnetic ion site
was treated as an additive contribution to the D parameter. That is the

D parameter is written as

D= D.+D, - S (3.5)

where Dv igs the vibrational contribution to the zero-field splitting
parameter. -Walsh et al.9 a%d Shrivastavalo have found experimentally
that this additive relationship also holds for other parameters of the
spin Hamiltonian. Indeed, Shrivastava42 has indicated that the relation-
ship is applicable to all the fine structure parameters. It seemS
logical at this point to write the vibrational part of D in analogy t©

the static part given by Eq. 3.4, i.e., as . .

El

v
D.. = const. V( ), (3.6)
v zZZ .

where V indicates vibration. The validity of such a relation can be

ascertained from the experimental results described in the following

chapters. - [:::}f

The values of the spin Hamiltonian parameters vary with

temperature and SO the temperature dependence of Bg. 3.5 is

D(T) = DS(T) + Dv('r) . (3.7)
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The mathematical form of Dg (r) and D,(T) is cbtained by using the

results of préssure studies as a guid 9.10,11 It is observed in the
separated curves of those studies that the form of D (T) can be represented
by a parabola while that of D (T) as a hyperbollc cotangent. Shrivastava
often used a Debye mcdel to fit the vibrational parxt of the spin Hamiltonian
parameters even though their temperature dependence had a hyperbolic
cotangent form. In the case of four alums which he consideredl3, a wide
range of Debye temperatures were obtained and he concluded that the errors
origihated from the use of the Debye model. Shrivastava43 was able to
account for the 52Cr, s3Cr isotope effect of chromium impurities in

axially symmetric-s;tes in MgO in texms of the vibracion of local impurity
resonance modes. The vibrational contribution to the zero-field splitting
parameter D of a given isotope was described by a functn.on of the form N ‘
D= A coth (Rw/2kT), where A is a constant and w is the frequency of the
impurify resonant mode. The hyperbolic cotangent was also used by Carlin
"and Wa.lker5 +o0 account for the effect of vibrations on the optical transit-
ions of Cr3+ in hydrated crystals.

Based on these experimental and theoretical studies we can write

the crystal static distortion contribution to D in -the parabolic form

. o . )
Ds = DS (1taT+BT ) .

L]
In this eguation Dg is the value of Ds at 0 X, T is the absolute temperature.,

and o and P are constants. The contribution to D due to lattice vibrations



is written as

p, = D, coth (8/2T),

where 03 is the value of Dv at 0 X, and & = hv/k with v being the frequency

of the exciting vibration. The total D value is then given by

D = Dg(l+uT+BT2) + D3 coth (6/2T). {3.8)
3.14 Description of the Hyperfine Parameters A and B in the Spin
Hamiltonian

*

The A and B parameters arise from the 2{’6 term in the original
. . 4 . . - . .
Bamiltonian. McGarvey 4 obtained expressions for these by considering

m% in a first order pefturbation calculation with the ligand orbitals

included in the basic states. The calculations were based on a static

crystal distortion and the following expressioné were found

-

A= P[‘;—f(l-za2+b2) -x] (3.9)
5= Pl-2 1 22 +pH) -k] . | G0y >

Here P = - 40 x 10-4 cm-l for 53Cr3+. The first term in the square
brackets arises from the electron-nuclear dipole-diﬁale interaction, while
the K represents the contribution due to the Fermi contact term. For
site with octahedral symmetry of the coordinated ligands we have a2 =

b2 = %-, and 1 - 2a2 + b2 = 0, giving A = B from Egs. 3.9 and 3.10.

a
2
3



In this case, the hyperfine interaction is isotropic and is given by
2

2
PK. If a'<7 and b2>%-then 1 - 2a.2 + b2 is positive aff’ffB. Experiments45

3

show that the D parametexr is negatiye for this case and the coordinated

ogtahedroa is trigonally compressed. If a2>§ and b29§ then 1 - 2a2 +b2

is negative, giving A>B. This case correspcn&s to a positive D and a

rrigonal extension of the octahedron. 3

5

3.15 Description of the Quadrupfole Interaction Parameter Q'

in the Spin Hamiltonian.

The nuclear quadrupole interaction parameter Q' arises from the

;?7 term inm the original Hamiltonian. Be;sh0n46 has derived a relationship

for Q' in terms of a static crystal distortion at the paramagnetic ion
site. He found the relation

3eQ V
e ZZ

Q' = m - (l—‘y’m), (3.11)

where ef is the quadrupole moment of the paramagnetic ion's nucleus, sz

is the electric field gradient external to the paramagnetic ion, and Y

. moas + . 7
is the Sternmheimer antishielding factor. For 53Cr3 Sternhemer4 © -
estimated a value of 12+1.0 for 1 éﬁm. Hence for the chromium ion, with
I = 3/2, Eg. 3.11 becomes
o= 3 (S) 3.12
Qs eQ v (5 (3.12)

where the letter S stands for static.

P

'.\\:. - ‘ q

:‘
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(s)

Since both DS and Qé are proportiocnal to sz then the electrxic

field gradient can be eliminated to give the relation

Qé = hkSDS ' (3.13)

7e(aE) 2 (1-v,) .
with k. = (3.14)
S. 4T (21-1)A° <r’> .

The nature of the vibrational pait of Q' can be ascertained fggﬁ éhe
experimental data og Q' and D which, when obtained for a large number

of magnetic coméiexes of the same type, define allaw 6f behavior operative
_in the crystals. Hence a discussion of this efféqt is.best considered
when the reéults are analyzed.

8

»

3.16 Description of the Nuclear g Value, g&, in the Spin Hamiltonian

D

In the nuclear Zeeman interaction the magnetic field seen by'_
the nucleus is not simply ihe applied external magpe;ic field. The
application of the field H causes the electronic wave functions to change
by an amount propertional, to H, and S0 the electggglc field at the nucleus
is modified. A conseguence of this is paramagnetic shielding or anti-
‘shielding. The magnetic shleldlng at the nucleus can be treated by
substituting H(1+U}-for H in the normal nuclear Zeeman Lnteractzon term
= < p -1 mhis tem then pecomes X = - 9By (l+o)H-I, which can be,

wrltten as - g BNH I if g = gN(l+c). Geschwznd treated this problem

theoretically and he obtazned the following expregsiqn for o: g



- - 2 ‘ bg
¢ = -5.84c3> = K (3.15)
xr : Aflem )

In this formula Ag is the electronic g-value shift from 2.0023, A is the
spin-orbit coupling parameter., and <£§b is the average value of lg ‘fox
+ - £ . - F

the Cr3 3d orbital wave gppctions. ’ :

£

p i

3.17 Line Shape and Line Intensity

" Even thqugh no study of lire shapes was done\én.this work a
- prief descrzptlon is glven of their mechanism. The relative intensities
of the ESR lines on the other hand are lmportant in ‘determining the'gzgn '

of the zero*field splitting parameter D. There are two main causes

-
-

giving rise to line broadening in paramagnetic fgsonance, namely the

interaction between the paramagnetic lons-and the lattice, and the

ir;teraction bet;ween the paramagnetic ions themselves. They are treated ‘
as relaxatlon effects characterized by the spiﬁ-laﬁtice relaxation time

r and by the spin-spin relaxatzon time.

i) Spin-lattice interaction "

The inverse of the spin-lattiée relaxation time, l/;, is a measure
of the rate at which a spin exchanges a guantum of energy with the lattice.
van Vleck attrzbuted this relaxation time to fluctuations of the

crystalline electric field due to the theymal vibrations. The spin-orbit
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N .
-
]

-

coupling plays an essential réEg as the mechanism by which the spin

of the paramagnetic ion feels the effect of the thermal vibrations.

The spin-lattice relaxation time is témpefature dependent., increasing
with decreasing temperature. Also, T depends importantly on the
séparation between the ground state and the first excited state; a

large separation being associated with a long relaxation time T.
: A

The spin-lattice interaction causes the spectral lines to be Lorentzian

in‘shape.
i) épin;spin iﬁieraction

The broadening -due to spin—spin,interaction'is;tempera;ure
independent and may only be reduced by increasing the separation.between
the paramagnetic ioﬁs: The mechanism is as follows: Each ion is regardea
as precgssihg.about the external magnetic field direction, ?ence having
a steady com%onth along éhe field and a rot&%iné &omponent pérpendicular
to £he field. The steady‘bcmponeﬁt setg up a magnetic field at neighbour;
ing ion positions, and so those ions behave as ifjthey were in a field of
slightly diffexent strength than the external/field. The rotating
component sets up a rotating field. If the fotating field has the same
f:gguehcy as the other paramagnetic ions then thére will_be a couple
acting on‘the steady component of the magnetic moment of the latter ion,
tending to change its direction. The first process gives a broadening

" which is similar to that which arises from using an inhomogeneous

magnetic field; while the second gives a resonance broadening because it

ad



e

tends to reduce the lifetime of an ion in a given state. A spectral

line broadened due to pure gspin-spin interaction is Gaussian in shape. ;
| o
- iii) Line intensity ' .

+ . The intensity of a rescnance line is proportional to the

' |transition probability between two.leyels, to the population difference

between the levels and to-the concentrdtion of the. spins. The intensity

-t

. -’

of thzresonance lines will chang'é with te.mperatu.re because of a Tre-

distribution of the populations of the enexgy levels.



fJ.eld modulatlon of 100 kHz, which produced an a/C*ma.gnetJ.c field component

' of approxmately one gauss on the steady da/c f:.el‘d. This spectrcmeter

. a CHAPTER 4

‘ - . - EQUIPMENT =~ . b

Two types of ESR spectrometers were used in the’ coyrse of the

studies. One was a commercial unit manufactured by Hilger and Watt.ff -r

‘Wwhich was used to @ake ESR measu::ements at room t‘gnperature, solid carbon -

4

dioxide temperature, and l::.qu:.d nitrogen temperature. For liguid helium

teﬁnpera‘tﬁre ESR and’ ENDOR measurements, 2 spectrometer with superheterodyne

detection was used. This unit was prev:.ously assembled in this 1a.boratory.50 ) i

Both of the spectrometers operated at X-band microwave frequencies (v 9.45GHZ) .7

The external magpetic field was produced by an 8 in. .Newport magnet with a

rotating base. Using 8 in. pole faces with a 3' in. gap, fields of up to

.

. 7 kG were ea.s:.ly cbtainable. For mgher fields, 4. S in. p%e faces with a

2 in. gap were used. The Hilger a.nd Watts unit had an external magnetlc

employed a single klystron, and was of balanged® br\ge design. A Pound—
stabilizer was used to ccntrol the klystron fr.eque.ncy. )

The superhetet-odyne .spectrometer was operated with an ex

N . e
magnetzc f:x.eld modulation of 200 Hz. A block diag'ram showing ‘the spectrometer
ccmpone.nts is g:Lven in Fig. 4.1, and &, description of the system is as .
follows: A Varian ¥-pand reflex klystron (i) produces the mcrowave power.

This is followed by an isolator (ii) . Par'@f the microwaye power is fed

L.l

d s
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‘to the automatic frequency contxol (A.F.C:) unit (iii) via a directional
coupler (iv) . ;"art of {-.he r:.m.:mzu'.n:an:.Ia micro’wz-zve pawer is sent v_ia the -

10 db direct:.onal coupler (v) to the magic T (vi), a.nd the rest is sent

to the sample cavity (:o::.:.;) A 15 MHz source (vii) produces power wh:Lch

is doubled in frequency by the doubler (viii) and amplified by t.he unit

(ix). Th.i:s 30 MHz power is then fed to a microwave switch (x) in one arm

of the magic T (vi)}. The switch causés the microwave power in th;Ls arm to

be amplitu&e modulated at 30 MHz. Hence sidebands are produced 30 MHzabove
and below the main mcrowaveafrequency.' The .amount c;f microwave power |
tra.nsm:.tted out of t.he magic T :LS controlled by a. "sl:.de-screw tuner (xi),

an attenuatox: (:u.:.}, and a phase shifter (x:.:.:.) . One of the sidebands is -
selected by a tra,nsnlss:.on cav:.ty {xiv) and fed £o a second magic T (xv) via Ea
a slide-screw tuner (xvi). Crystal detectors (xvii) are carried om the arms
..of' magic T (xv). EHence if the frequency of the main mcrowave-power is “’o'
then the freque.ncy of the power reaching . the second magic T frcm the
transmission cavity is w, + 30 MHZ OX w, ~ 30 MEZ, dependmg on th.ch sideband

-was selected.

-

, The level of microwave power that was sent to the sample cavity .

(xxiii) can be read off the power meter (xix) via a 20 db d:u:ect:.ona.l coupler -

:.:Lu on which is mounted a thermistor. The level of power sent to the e

_cavity is controlled by a variable atte.nuator (xx) , then fed to the cavity

via a cixculator (xxi). The é:avity branch is isolated by two isolators

(bexii) placed before and after the circulator. The amplitude and phase

h LA
T f'.'.:;."ff'-j'.‘,l_'f'_";‘



of the microwave powex refl;acted fraom the sample cavity is adjusted by an
attenua.tor {(xxiv) and a phase sh:l.fter (xxv) A porticn of the reflected
power is deviated by the directional 'coupler“’t:ocvu ) and passes through
the isolator (:c:vi.ii), the calibra.ted reflection cavity (xxix), to the
cryst.al detector {xxx) . The reflection cavity is used to read off the
valua of the microwave frqquency By The d/c level of the microwave power
detected by the cxrystal detector is monitored‘on the oscilloscope {xxxi)

§

The microwavé power that is, eflected fmn‘t.he sample cavity through

and on a microammeter.

the circulator is of freduency W d it then mixes in the magic T (xV)

(a&so called a balanced mixer) wi power ‘of frequency mro + 30 MHz
mentioned above. The' two balanced crystals detect the 30 MHz component
of the m:u:ed power, and this is carried to the 30 MHz I.F. amplifiers |

(ocxii) and (xexiii).

] . In the process of detecting an ESR signal, the modulation ¢oils ‘

N

(xxvi) connected to the magnet pole pieces are energized ‘with 200 Hz power.
This causes the d/c magnetic field to be modulated with a small a/c

component. As the magnetic. field :.s swept through a parama.gnetic‘: resonance

in the crystal sample, the a/c magnetic field component causes the micro-
wave power to be:amplitude modulated at a frequency of 200 Hz. This effect is
shown in E;:l.g. 4.2. The amplitude of the .power modulation varies as the
magne®ic field is swept through the resonance, and ci;anges ph;se by 180°

at the peak ¢f the resonance. Hence at resonance, the microwave powver
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reflected from the cavity to the balanced mixer is modulaéed at 200 Hz.

-

'This causes the 30 MHz signals from the two crystals detectors (xvii) in
the balanced mixer also to be modulated at 200 HEy when the amplified
30 MHz signal reaches the detector {oexiv) , whicl'i :.s situated imm /ately
after the I.F. amplifier, only the 200 Bz gomponent passes through. This
200 Hz signal is fed t.hrough the band-pass filterr (xoxv) to the phase-
sensitive detector (xoowvi), and then to the chart recorder (xooxvii).

When performing ENDCR -the modulation coils on the magnet pole”
pleces are de-energ:.zed and -an'extermal rf osc::.llat.or"is frequency modul -
ateduat‘ _206:32. The coutput ofv the oscillator is then fed to a two - or )
three - turn coil.. of wire which is wrapped around the san;ple.’ The
arrangement of the ENDOR cavity and sample holder is show:n in Fig. 4.3. A
rectangular cavity operating in the TEOl 4 mode is used.. m:mtc.‘h;i.n&fsc:or
iocated abowe the ji'is in Fig. 4.3 i.é ased to match the cavity to the
waveguide. The arrangem‘e.nt used for the sample and ENDOR coil positions ‘ /‘
aximizes the resonating Q value of the cavity. The loaded Q of the ot
cavity was approximately 4,500 at 4.2 XK. The magnetic field configurations
at the sample in the cavity are‘ shown in Fig. 4.4. In this figure,_ By .
is the rf microwave magnetic f:.eld and H is the rf field due to the power
in the ENDOR coil. The external magnetic field H is parallel to the small
sides of the cavity, and so all the magnetic fields H ' Hl and H at the

saz;:pié position are perpendicular to each other. "rhis configuration pro-

duces the maximum ENDOR line intensities. When the power in the ENRBOR
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coil is slowly swept in freggency through an ENDOR tion, the
4

ENDOR signal is detected in the samemmannex as for the ESR signal c-lescrib.ed_
above. )
Measurements of the external magnetic field were done using a
nuclear magnetic resonance (NMR) spectrometer with a water sample (protons)
probe. The accuracy achieved with this methed is estimated to be = 1
gauss. The frequency of the ENDOR power in the coil was measured with

a Hewlett-Packard frequency counter, and the experimental accuracy was

+5 kHz. The microwave freguency was read off theéccalibrated :eflection

cavity (oxr wave metex) with an accuracy of % 1 MHz.
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CHAPTER 5

EXPERIMENTAL MEASUREMENTS AND RESULTS

. + .
5.1 ESR of Cr3 in the Guanidinium Salts

Prior to obtaining ENDOR measurgments on the chromium ion it
is necessary to make ESR measurements at 4.2 X so that the spin
Hamiltonian pérameters.g|l, g_L and D can be_obtained. These parameters
have not been previously‘obtained at 4.? K in the guanidinium salts.

While they have been cbtained previously23’24

at various elevated
temperatures up to rxocom temperaturé, it was thought desirable to obtain

an independent set of D values so tﬁat smooth_plots of D vs T could

be made. The reason for this is that the plots play a central role in

the interpretation of.the resonance ;eSults, and it is important to obtain
smooth plots over the whole temperature range between 4;2 and 297 K. 'l‘heo
independent measurements insure that all the points were cbtained in the .
same way, and the limits of error of the points and the subsequent curves
7 can be known. Hence, in addition to the 4.2 K results, measurements of

D were made at the boiling point of liguid nitrogen (77 K}, the sublim-

ation point of solid carbon dioxide (195 K), and at room temperature

{297 K) .

-

ESR measurements were made on the four guanidinium hexahydrate
isomorphs termed GALSH, GGaSH, GAlSeH and GGaseH. As stated in Chapter

2, two sets of each crystal lightly doped with chromium were grown.

S



In one set the'chromium was doped in its natural isotopic abundance,

. . + .
while in the other the dopant was the isotope 53Cr3 enriched to 94%.

Two magnetic-ccmplexes of axial symmetxy aldng the crys%al c axis exi;ted
in each of the crystals at all temperatures between 4. z/and 297 K. The
ESR lines in one complex have twicg_;he intensity of the other because
there are twice as many such Cr3+.6320 sites in unit cell. Since

the complexes héve axial symmefry, magnetic fie d.meaSurements of the
spectral line positions were made when the external magnetic fi;ld was-
dlrected aiong tha axial dlrectzcn (z direction) and perpendicular to

[ SR

lt-(i dlrectlon). Typncal ESR spectra obtained in GAISH at rocm tempera—

ture along the two dlrect;ons are shown in Flgq,s 1 for chru‘&um in its

> \
natural isotopic. abundance. Part (a) of the figure - glves ELe z axis’
spébtrum while part (b) gives the perpendlcular spectrum. ESR llnes
belonging to the magnetic ccmplex with point group symmetry 3m are
ilabeled G(l), while those with point group symmetry 3 are labeled G(2}-
The éﬁall lines flanking the main ESR fine strycture lines are not |
studied in this work. Two interpéetatioas of thei; o;igin have been
given in the l;terature. Milsch and Brummer51 attributeé éﬁe lines to
superhyperfine interaction of the Cr3 ion with the ligand water protoms,
while Bates and Sczanieckis attributed them to_dipole-dipole interactions ”
between pairs of chromium ions in thebcrystal |

With the exception of complex (l) in GAlSeH and GGaSeH at

4.2 X, the spectra cbserved in all the guanidinium crystals at the four
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temperatures considered are similar in appearance to that shown in Fig.
5.1. The above twa cases are- exgeptions because thecfarge zero-field'split-
ting parameter D at 4.2 K for these complexes causes the resonance lines

to be irregqularly spaced or missing. The z and perpendicular axis specura

+ hY . . .
of Cr3 in GAlSaH at 4.2 K are shown in Fig. 5.2 (a) and (b), respectively.

-

It is observed in part (a) of Fig. 5.2 that the order of the . two low

field lines in the complexes (1) and (2) is reversed, while in part )

it is observed that the central line of tomplex (1) is missing. The
"\ .

measured ESR line positidns are listed in Tables 5.1 and 5.2. Measurements

along the pérpendicular direction were done at 4.2 K so as to obtain 9

L

" for the ENDOR calculations. Suchk measurements are not needed if .only

the zergo-field splitting parameter D is required, and so no perpendicular

direction measurements were made above 4.2 K.

"

" The patterns of spectral lines obtained in the érystals contain-
ing enriched 53Cr3 were the same as descrilbed above for the-Cr3f in its
patural isotopic abundance, except that now each fine;suructure line was
split into a group of four closely spaced hyperfine lines. The ceuter of
gravity positions of tﬂe 53Cr3+_hyperfiue groups along the z and. perpendi-
cular directions had the same magnetic field values as those given in
Tables 5.1-apd 5.2. Actually, more accuracy is attalnable in the fine
structure line positions with the chrcmium in its natural isotopic form

' +
because in this case the ?2Cr3 isotope (84% abundance) produces large

wsplit lines whose positiodé can be accurately measured. The crystals

)
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TABLEgS -1 Magnetic Field Positions of the ¢zt ESR Lines

~ Along the 2 Direction in the Guanidinium Salts

(in units of kG). : o
SALT " 42K 77K 195-K ©2TTK
. 0.860  1.254 1.402 1.846
GA1SH (1) s 3.367 3.612 3.386 3.445
: 5.876 5.970 5.370 - 5.022 __-
. w . 1.439° ° 0 1.794° -1.846 2.185
GALSH (2) 3.367 | *3.612 . 3.386 3.445
5.305 , 5.430 © o 4.926 4.686
: 1.415 1.833 1.896 < 2.133
GGaSH (1) 3.374 3.679 - 3.417 . 3.376
: 5.315  5.520 4.953 4.606
. 1.867 . 2.266 2.232 2.400
GGasSHT2) . 3.374 . 3.679 " 3.417 3.376
'i:e71 5.089 4.600 4.350
y ‘ E - ’
¢ . 0.805 * * . 0.399 /7
GAlSeH (1) .- 3.287 3.267 3.437 .3.4681
.o - 7.411 7.191 6.898 6.457
.0.439 0.500 0.899 1.117
_GalseH(2) , 3.354  3.267 3.457 3.468°
6.192 © 6.033 5.980 - 5.761
' - .y 0.384 " * * - 0.225
GGasSeH (1) 3.360 3.245 3.008 v 3.029
- ) .118 6.887 6.196 5.808
.) - A el . *
' 0.755 0.764 0.695 - 0.876
GGasSeH(2) 3.360 3.245 ¢ . 3.008 3.029
L -

. P .. 5.9%4 5.813 b 5,347 . 5.152

-

. &
* “ The field qrag & low to measure the line with the existing
. equipment.

<

Wiy
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-

Magnetic Field Position of the Cr3+ ESR Lines
Aloné-a Peréendicular Direction in the_Guanidinium

Salts at 4.2 X (in units of kG}.

SALTS

4.2 K

GAlsH(1) |
GAlSE(2)
GGasH (1)
GGaSH(2)
GAlséﬁcli

-GAlSeH (2)

a .
GGaseH(1)

R

GGaseH (2) . 4{

2.241
3.144
4.593

2.456

2.967
4.325

2.454
3.148
4.335

2.651

- 3.246

4.119

1.819

5.328
2.137
2.825
4.771
1.956
5.174
2.203

3.220
4.665,

>
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e 53 3+ . : ' '
containing enriched 3Cr are important, however, because the ENDOR

measurements are done using them. Additionally, it was found desirable

during the course of the work to measure the spaciﬁgs between the ESR

hyperfine lines at room temperature in crystals which showed good hyperfine wg

line resolution. In the case of the guanidinium salts at this temperature,
the GAlSeH crystal showed the best hyperfine line resolution. The resolut-
oy :

ion became poorer at low témperatures in these salts. The ESR spectrum
. f % .
of a typical group of hyperfine lines at room temperature along the z axis

+ . -
for 53Cr3 in GAlSH is shown in Fig. 5.3, and for GAlSeH in Fig. 5.4.

¥,

.

Also shown in Fig. 5.4 is the spectrum of A1C13.6320, which shows the best -
hyperfine line resolution of all the hydrated crystals considered'in this
work. The letters marked Hi' Hz and H3 in Fig. 5.3 refer to the ‘magnetic

»

field setting positions at which ENDOR measurements are made at 4.2 K.

Iﬁ Fig. 5.4, H' refers to the hyperfine spacing required in the room ‘

temperature ESR measurements. The positions of the end lines in the
hyperfine group axe obtained by measuring the lxne extremun values Hl
and Hz, the average of which will give the line center value. The ENDOR

and room tempe;ature hyperfine line measurements are described n’ the

*

. .
1 L] " -
{ . - .
E

5.2 ESR of ot :.n the Alums r

appropriate sections below.

Alums with two types of behaviors were studied; those.which
»

do not undergo low temperature phase transztaons between 4.2 and 297 K,

+ .
and those which do. ‘ The Cr3 .6520 m&?“?tic complexes in the redqular alums
. R .

e

£z
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\ ; R
' FPig. 5.3 ESR Hyﬁerfin’e Lines at Room Te‘;nperati::e along the 2 Direction

- +-
for 3cr® in GAlSH.
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exhibited trigonal distortions in this temperature range. ‘These alums
are CsAl, CsGa, CsCr and CsIn sulfate alums; RbAl, RbSa and RbCx sulfate

“alums; TIAL and T1Ga sulfate alums; and CsAl and CsGa selenate alums.

The magnetic £ield positions of the spectxal lines in thesé c;ystéls along _
the z axis directions were measured at 4.2, 77, 195 and 297 K and the
results are listed in Table 5.3. No measurements were made at 4.2 K

in T1Al alum because the ESR lines were too broad and too close together, .
hence causing thé magnetic field positions of the iiQes to be obscuxed.'

" Typical chaff recordings of the ESR spectra in alums for Fr3+ in trigonally
distorted sites have been given previously.so The NE4 and K sulfate
'alumg Eggergo low temperature phase transitions. Below the transition
teﬁ atures the Cr3+.6320 magnetic complexes change from txigonal to
rhombic symmetry. The magnetic field positioﬁs of the spectrél lines

along the z directions, above the transition tempefétures, for NH4A1,

Ny
NH Ga, KAl and KGa sulfate alifhs are listed in Table 5.3. Also listed

4
in the table are the resultslfor NH4In-Sulfa£e alum above and . below the
phase transition temperature. The résults obtained below the transitioy
in this crystal are only appquihate in that the measurements were made
with the m;gnetic field directed along the crystal [111] direction, ‘even -

though the z axis of the magnetic complex is dispiaced slightly away from

this direction. The approximate values are sufficient to give a description
. I3

- .
" of the behavior of the Cr ;680 magnetic camplexes in the crystal below
’ -

the phase transition temperature.



‘ 4+
TABLE 5.3 Magnetic Field Positions of the Cr3- ESR Lines Along
the Z Direction ig Alums (in units of kG)

>

TEMPERATURE ( K)

ALUM . 4.2 7 195 - 297
CsA)l {sulfate) 1.805 1.704 1.782 1.782
4.905 4.840 5.010 5.082
csGa " 1.954 1.806 - 1.887 1.876
4.820 4.702 4.911 5.000°
s " 1.851 1.930- 1.954
4.669 4.875 5.034
CsIn " 2.097 2.180 2.134
) 4.446 4.676 4.762
RbAL " 2.513 2.375 1.969
4.041 4.435 4.525
RbGa " 2.224 2.135 1.985 1.614
4.480 4.415 4.789 5.194
RbCT - 2.226 . 2.099 1.960 1.609 .°
4.605 4.551 4.835 © 5.245
TIAL . 2.693 2.399 1.960
. 4.079, 4.384 4.922
7
2.428 - 2.308 1.990 1.527
T1Ga " 3.363 ,
4.351 4.234 £.780 © 5.266
. 2.147 2.058 2.117 1.594
CsAl (sclenate) 3.375 L _ LR
4.604 4.493 4.750 4.915
) - 1.801 - 1.691 . 1.829 1.69%
CsGa - 3.362 -
. 4.925 4.809 5.075 5.194
NEAL (sulfate) ) . 3.1B4 2.913 2.392
. : © 3.356 3.922 4.495
~E s " Yool 2.526 1.996
. : 4.278 4.884
Mg In " 2.716 2.693 . -2.495 "1.941
. 3.3994 .  ‘3.923 6.335 #  4.948
KAl . ‘ ' 3.268 . 2.589
' 3,492 4.280

KGa " 2.792 2,129
- 3.818 4.752

-
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5.3 Calculation of the D'farameter

=
% when the hyperfine structure matrix e}ements are put equal to
zero in Figs. 3.3 and 3.4, then the 16 x 16 matrices reduce to 4 x 4
, .

- matrices which describe the fine structure spectra in the z and perpendi-
cular directions. The diagonalized 4 x 4 matrites can be splved to give
expressions for the magnetic field posit:.ons of the Cr3 ESR f:me
structure lines. -The expressions for the z direction are i

L : -
B, G+ = EHy, - 2D e (5.1)
1 2 2 T e it 5 . . .
1 1 -7
By, G*-3)_= 8o | (5-2)
‘ 1 3
. ) Hy (-3+-3)= Hoy) * 2D/ (5.3}
i ]
/ o
. and for the perpendicular direction-are . ~
~ H (-3- -+ i) = - ‘(Hz—H ﬁD2)§+ (Hz+H r:-l'Dz)J‘r ' (5.4)
12732 = Hop 10y _ .
1 1 2 2,4 208 t
= = =) = + + +(H- - , .5
52(2 -+ 2) = qu (H2 HZD+D } (H H D+D ) e {5.5}
. ¥ » : g
1 3, 2%, 2 2.3 ’

-+ =\ = .+ - - (E5+B_D+ 5.6

\( D B3y =y (-8, D¥D7) 1= (B HDYD) (5.6)
\ . .t .

In Egs. 5.1 to 5.3, H01I hv /glI with v, belng the microwave

frequenqr apd 943 being the Cr3 electron:.c g value along the z d:.rect:x.on.

B., H. and H are the low, central, and -high field positions, regpectively,

1" 72
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of the ESR lines for pogitive D.' In ;.qs. 5.4 to 5.6, Ho_L = th/g_Ls

with gl being the ¢r3+ electronic g valug along a perpendicular direction.
Hl' H2 and H3 are‘thé high, centxal, and low field positions, respectively.
of the ESR lines for positive D. Each of the equatiq;s 5.4 - 5.6 can be
used to find gl when the value of D found from the z axis eguations is
substituted into them, but it is difficult to find D from them without the
use of a computer. As seen in Egs. 5.1 - 5.3, the D value can be cal-:
culated sumply from the measured pos&tzons of the high and low field

ESR lines. The central line then glves a check to the g'] value. In
cases where the low field line along the =z ;xls could not be measuréd,

then the central and high field lines are used in the calculatidns.

The ‘calculated values of D are given in Tables 5.4 and 5.5. The results
for the concentrated R and NH4 chromic alums and AlClB.Gﬂzo, which were
determined by others, are also included in the tébles; The results are .. 2
given in units of 10_4I cm-l. The g values of all the chromium magnetic
cémplexes were found to lie within the range g = l.975:0.605. To transfer
from units ¢f kG to an-l a factor of 10.84%91 kG/cm-]r was used for the ‘ N
alums and 10.8349 kG/cm * for the guanidinium salts. The cOnﬁggsion'
factors depend on the g values measured in the salts and oP the relation

hv =- gBH. |

s . The szgn of the D parameter can be obtained by*comparing the
relpt;Ve intensities of the low and high field ESR lines’ at room and

liquid %elium temperatures. This effect can be illdstrated with the Aid
of Fig.’S.S.;-Wheé\;he D parameter is positive the relative mag;itude

of the high field line t§ the low gield line yill increase at lower

- : a
-

*
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TABLE 5.4 Spin Hamiltonian D Parameter at Given Temperatures for

3+, . ¢ 3+ .
Cr in Trigonally Distorted Cx .6}120 Complexes ﬁnl}:
of D is 10-4cm-l) -

Crystal 4.2 X 77 X 195 K 297 X
WAL sulfate alum 349 5 348 %5 474 £ 5 681 = 5
RRGa . " 518 . 525 645 824
RBCr " " 567 565 663 838
T1Ga " " ad2 444 643 262
1Al " " - 320 457 [ es3
csal " w715 -723 -744 -762
csGa " " . 560 667 ~697 -719
. cscx o -es2 -649 -679 -710
‘e csIm " " -528 541 ", -575 -606
CsAl selenate alum 565 562 607 673
) - esga " " 720 719 748 806
) GALSE(2) -889 -g39 o712 -577
Y GalsEQ) -1,155 -1,08 ) —e1s -733
GGasH (2) . -695 -651 547 -450
» GGasH(1) 898 851 ~705 2570
GAlSeH(2) -1,327 . -1,277 -1,172 -1,071
GAlSeH (1) 1,80 [ -1.810 -1,597 -1,398
GGaSeH (2) 1,211 -1,165 -1,073 986
ceaset(l) | -1,735 -1,681 1,471 -1,288
A1c13.6320a ' T =341 , -38 -337 -326
RN L
- !f
2pack and Manoogian, Ref. 3. ’ : %
' R - -
i PR -/ | .
. > .
™, - .
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TABLE 5.5- D Values of Cx 3+ in Ammonium and Potassium Sulfate Alums
) t Measured above the Phase Transition Temperatures. NH4In
Alum is an gxceptlon in that the Values at 4.2 and 77K

are Measured below the Transition Temperature.

Unit of D is lo_dcm-l and the erxror is #5 (10-4cm-l).

Crystal 4.2 K - 77K 195 X P A
- NH Cr — C 7St 425" C675°

N Ga o -— _— 404 665

NH AL — 0 . .232 485 .

NH,In 2948 307° 424 . 693

KCT - —_ 275" 600"

-KGa J— —— 236 604

KAl ' — — 35 390 -

Vi °

,.
qp1exdey, Refz 30. Measurement made at 90 g. .
)

bBleaﬁ , Ref. 30. Measurement made at 193 K.

céeggﬁle and Griffiths, Ref. 53. Measurement made at 290 K.
\”\I N . ¢ . J
‘\Sf‘dApproxﬁmate value cbtained below the transmtlon temperature. Measuremen -

™. g were made along a crystal [111] direction even though the z axes are

displaced slightly from th;s direction.
cx

N
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temperatures because the diffetence in population‘éf the MS =-3/it - 1/2

transition increases over that of the MS = 3/2+ 1/2. When D is negative
lt lS the low field line whlch connects with the more populated M = - 3/2

state, and so the relative magnltude of the 3d§‘fle1d ground state transit-

P
lon will increase over that of the high field transition with lowering

temperature. The sign of D.can also be determined from the ENDOR analySms

because only the correct sign will. give a satisfagtory fit to the double
= S - ’

resonance data.

. ... ) .‘ . _ , . . +
-. . The ground state fine-structure energy level diagrams of C:Bv

-

in the magnetic complex GAISH(1), for the magnetic Fiald along the z and

a peréendicular direction, are shown in Fig. 5.6(a) and (b) respectively.
L -4 .
Y

-. Also shown ‘iﬁ the figure are the observed ESR transitions. These

diégramS'are typical for the two types of chromium magnetic complexes in

all the GAISE isomorphs in the temperature rafnde 4.2 and_297 K, with the:
exception of GAlSeE(l) and GGaSeH(l) at 4.2 K. They are also typical

for the trigonally ,distorted .chromium magnetic complexes in the alums ‘
which have a negative D, and in AlClB.GHZO. For the-caee_of positive D
elums the diagrams in Fig. 5.6 are iﬁverted. For the 1erge D parameter
of the ch:omlum complex in GAlSeH(l) at 4.2 X, the enexgy level diagrams
along the 2z and a perpendlcular dlrectlon are shown 1n Fzgs 5 7 and 5. 8,
respactively. It is oberved in Fig. 5.7 that the lowhfleld ESR line is -

-

between the sgpe states MS=3/2 + 1/2 as-is the_h;gh field line. It ip

important to take cognizance of this feature when the ENQQB results -
- - \ -
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H1z axls

N

Energy (kG)
o 27

i
n

Mg = 3/2

"8" 1 1 1 1 [
0 1 2 4 5 0 1 2
Magnetic Field (kKG)

Fig. 5.6 Ground State Fine-Structure Energy Level Diagrams of Cr3+ in

the Magnetic Complex GA1SE(1l) .

(a) Diagra:!n for the Magnetic Field along the Z Dire

(b) Diagram for the Magneti

c Field along a Perpendicular Direction.
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H Il z axis Mg = 3/2
172
©
>
>~
e
g -1/2
wo -
-2
-3/2
_4 v
1 N 1 " 1 2 1 " 1 N 1 3 | y
1 T2 3 4 5 6 7 8

Magnetic Field (kG)

+
Ground State Fine Structure Energy Level Diagram of Cr3
in the Magnetic Complex GAlSeH(1l) at 4.2 K with +he Magnetic

Field along the 2 Direction.
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-3/2 7
y-4
-6+ HLlz axis . .
_ z [ i 1 M 1 3 1 " 1 i
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3+

Fig. 5.8 Ground State Fine Structure Energy Level Diagram of Cr
in the Magnetic Complex GAlSeH(1) at 4.2 K with the Magnetic

Field along a Perpendicular Direction.
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are fitted to the‘spin Hamiltoniah. 'In Fig. 5.8 it is observed that
the central MS = 1/2 + -1/2 transition is missing because of the large
D value. For the chromium complex in GGaSeH the z axis enexgy 1eve1
diagram is similar to that of Fig. 5.7. |

5.4 ENDOR Measurements

ENDOR measuremen£s were done at 4.2 K on the two inequivalent
magnétic complexes of 53Cr3+rin each of the four guanidinium isomoxphs
GAISH, GGaSH, GAlSeH and GGaSeH; and in the T1Ga, CsIn sulfate alums and
CsAl,CsGa selenate alums. In each case measurements were taken along the
z and a perpendicular direction. ENDOR readings were obtained for the
hyperfine transitigns in the MS - #3/2 spin states, and these occur in
the 75 MHz frequeiiy’iegion. The results are tabulated in Tables 5.6 to
5.17. For a given magnetic field seéiing the frequencies of only the
two lines with the greatest intensities were measured. The third line
is obtained with greatér accuracy at alslightly different magnetic field
sétting.

The ENDOR spectra obtained in GA1SH(l) along the.z axis for
the low field group of hyperfine lines are shown in Fig. 5.9. lThe spectra
{a), (b) and (c) were obtained when the magnetic field was set at the
ESR hyperfine line positions markéd Hl' H2 and Hg.respectively, in Fig.
5.3. The coréesponding ENDOR spectra obtained for the z axis high field
group of ESR hyperfine lines are shown in Fig. 5.10. The resolutién of the

ENDOR lines was sufficient to measure them with an accuracy of =*5kEHz.
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The classification of the key z axis ENDOR lines of Figs. 5.9 and 5.10

is given in Fig. 5.11.. Part (a) of Fig. 5.11 represen?s the Ms = =3/2+ -1/2
hyperfine lines, (b) gives the relative positicns and intensities of the
ENDOR lines when the magnetic field was set at the H and H, positions,

(¢} represents the &S = 3/2+ 1/2 hyperfine lines, and ﬁqg gives the relative
positions and‘intensities of the ENDOR lines obtained when the magnetic
field was set on the H4 and HG positions. For a given magnetic field

o H3, etc. the ENDOR line with the greatest intensity,

within a triplet ENDOR line spectrum, will originate from the hyperfine

position E., H

1’
spacing connected closest to the ESR transition.l For example, for a
magnetic field setting H, in Fig. 5.11 (a) the ENDOR spectral pattern shown
at the left hand side of part (b) is obtained. Since the low frequency
line in the sﬁéctral pattern has thé largest intensity, this means that it
must have originated from the hyperfine—spacing marked Via in part (a)
since it connects closest to the ESR transition at Hl' Once the z axis
ENDOR lines are assigned in this way then it is reMatively simple to fit
them to the theoretical hyperfine spacings obtained by diagonalizing the
matrix of Fig. 3.3 witﬁ a computer. -

The actual f£itting procedure is done as follows: The matrix
of Fig. 3.3 was first diagonalized using second order perturbation theory
to give expressions which can be solvéd to obtain approximate values of the
A, B, Q' and gﬁ hyperfine parameters. These quantities are then used ag
starting values in the exact diagonalization of the matrix. Using the gH

and D values obtained from the ESR measurements, the hyperfine parameters
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are then varied in successive steps of computex diagonalization, for
measuremends &long the z axis, until a good fit is obtained between the
experimental and theoretical ENDOR frequencies. The diagonalization was
accomplished using an I.B.M;ldiagonalization subroutine called EIGEN.

The values of the hyperfine parameters so obtained are tﬁen applied, along
with the g, and D values, to the perpendicular direction matrix of Fig.
3.4. The hyperfiné parameters are again varied slightly until a good fit
is obtained along the perpendicular direetion. The process is repeated
between the two directions until the best fit is obtained. The average
error of the fit was 7 kHz along the 2z axis and 14 kHz.along the n-
dicular direction. The calculated ENDOR frequencies are listed in Tables
5.6 to 5.17, along.with the measured ones. The calculated values of the

hyperfine parameters are listed in Table 5.18.

5.5 Measurements of the A and B Hyperfine Parameters at Room

TemEerature
53 3+ . . . .
The cr~ hyperfine line sSpacings were measured at 297 K using
common ESR on those crystals which showed good line resolution at this
, .
temperature. The A and B values calculated from .such measurements have
g " .
much less accuracy than those obtained from ENDOR measurements. ENDOR

measurements cannot be done much above 4.2 K on the dilutely doped crystals

because the sensitivity of the effect is low at higher temperatures.

Nevertheless it was desirable to obtain the room temperature values of A
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+
TABLE 5.18 Spin-Hamiltonian Ayperfine Parameters 53Cr3 in Trigonally

. 3+ . . .
Distorted Cr .6H20 Magnetic Complexes at 4.2 X (in Units of

107%™
CRYSTAL Q' A B A-B g;1 Ref.
Premd

RbAl Sulfate Alum -.0215  17.3573 17.2738 .0835 -.3170 a
RGa " w  -.0l64  17.3722 17.2914 .0808 -.3111 b
TIGa ™ w  -.0217  17.4335 17.3434 .0901 -.3180

csal " " .1545  17.2038 17.4587 -.2549 - -.3140 a
csGa " " .1546  17.2119 17.4754 -.2635 -.3110 b
csIn " " 1559  17.2283 17.5166 -.2883 -.3146

CsAl Selenate Alum -.0144  17.4033 17.3060 .0973 -.3135

csa " - " _.0137  17.4051 17.2921 .1130 -.3150
ALCL,.6H,0 1591  17.2960 17.5192 -.2232 -.3261 c
GALSH(2) .1866  17.0982 17.4236 -.3254 -.3165
GALSH(1) 1682  17.0774 17.4273 -.3499 -.3165
GGaSH(2) . 1g68  17.1402 17.4765 -.3363 . ~-.3162

GGasH (1) ~r740  17.1102 17.4594 -.3492 -.3175

GALSeH (2) 2045  17.0884 17.4998 -.4114 -.3179
GlSeH(1) 1674  17.0260 17.4721 -.4461 ~.3215

GGasSeH (2) _.1974  17.0997 17.5007 -.4010 -.3176

GGaSeH (1) 1670  17.0140 17.4540 -.4400 -.3176

a Manoogian and Auger, Ref. 2.
b Danilov and Mancogian, Ref. 1.
¢ Pack ané Manoogian, Ref. 3.
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and B for a number of complexes because they afford‘g check to the vélues
predicted in tpe subsequent analysis. Measurements wexe mad; on the
complexes listed in Table 5.19. The resolution of typical groups of
Vnﬁyperfine lines in GAlSeH and AlCl3.6520 is shown in Fig. 5.4. The re-
solution of the lines obtained in CéAl, CsGa sulfate and selenate alums
was interﬁédiate between t£e examples shown in Fig. 5.4.

 Measurements of A and B can be made along the magnetic z and
perpendicular directions, respectively, by measuring the spacings H'
{in Fig. 5.4) for the MS -1/2 - 1/2, 3/2 » 1/2 and - 3/2 *+ = 1/2
groups of hypeﬁfine lines. The values of A or B, correct to second oédeé
in perturbation theory. are given by (H'1/2*_1/2+H'3/2+1/2+H'_3/2*_1/2)/?.
Except for‘the case of A1C13.6H20,the central MS = l/2+ -1/2 group of
hyperfine lines is obstructed by other chromium magnetic complexes in the
crystals. In these cases H' was measured fcr>oﬂly the Ms = 3/2+ 1/2
and - 3/2 » -1/2 é}oups, and the value of A or B was taken as
('3 201/2*E 32 172 /%

\‘ .

i
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53 3t .
TABLE 5.19. Ccxr A and B Hyperfine Parametexs Measured at

Room Temperature (297 K) in Units of 10‘4cm—l.

Error is 0.20 (10 ‘am 1).

COMPLEX A ) 8

GAlSeH (1) 7.15 . 17.60
GALSeH(2) "17.24 17.49
‘csAl Sulfate Alum ) 17.58 17.44
CsAl Selenate Alum 17.60 ‘ 17.45
CsGa Selenate Alum 17.15 17.50

AlClB.EHZO 17.32 17.52
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CHAPTER 6 -

ANALYSIS OF THE EXPRIMENTAL RESULTS

6.1 ESR Results: Classification of the Salts According to Their

Magnetic Behavior

L™~
ot

The D values listed in Table Siﬁ'are plotted as a function of
temper?ture in Figs. 6.1 to 6.3. The gen;ral form of thq curves is a
straight-1line part between 155 and 297 K, %nd a bending part below 195 K.
The straight line parts of the curves have been extended linearly to high
temperatures in ofder to show more clearly how the various curves are
grouped into familieg.i The extended curves afén’t meant to describe the
high temperature values of D. Indeed it is difficult to measure D values
in the hydrated crystals much above room temperature because the crystals
lose waters of hydration and their structures become éltered. The nature
of the grouping of the D Vs T curves can form a basis for the classification
of the salts according to their magnetic behavier. The two families of
the guanéﬁ}nium salts are dependent on whether the sulphur or selenium
atom forms the structure. The sulfate alums are grouped as to the type
of monovalent ion, Cs, Rb or Tl. Moreover if the S atom is replaced by
Se then these atoms will also determine the grouping.

Generally speaking, two types of behaviors are observed when
the high temperature‘extensions of the D vs T curves are considexred. These
are the near parallelism of the lines or the existence of common crossing

points at high temperatures. As shown in Fig. 6.1, the two groups of

N
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guanidinium salts Rave common crossing points at 660%10 K, while in Fig.
6.2 it is observed that the Rb and Cs sulfate alums have crossing points
at 812+10 K. Cstn sulfate alum is an’ exception in that its line runs
nearly parallel to that of CsCx alum. In the cases of the Cs selenate
and T1 sulfate alums of Fig. 6.3, the line groups show near parallelism

Another interesting property of the extended lines in the guanidinium

salts is that at high enough temperatures they will eventually <ross the
p =03

D axis and change sign. This effect does not occur in the alums shown
in Figs. 6;;;;; 6.3, gxgn if the straight line parts between 195 and 297 K
are extended back towards the D axis. The reason for these varied behaviors
are aqcountéd for, in the sections given below, in terms of the crystal
vibrational and static distortion effects, which constitute the D vs T
curves. .

The effect of ionic radii is also evident in the resonance‘data.

The D value is larger at all temperatures for the guanidinium selenates

than for the sulfates, and this is likely related to the larger size of

4 ‘ B
- + + Q
selepium. The ionic radii of these atoms are Se6 = 0.42 and 56 = 0.30A.
> ) 3+ 3+
when considering the following jonic radii of A1” = 0.51, G& = 0.62,

"
o
Cr3+ = 0.63 and In3+ - 0.81A, it is observed in Fig. 6.2 for the alums that

the spacings in D between the curves at 297 K are approiimately in proporticn
+o the differences in ionic radii. The D vs T curves sedve to classify the
alums in a consistent manner, in contrast to X-ray structurxe measurements
which contain some ambiguities in this respect. In the X-ray work\Eg;h

the RbCr and TlGa alums are described as being cf B type, similar to the
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Cs sulfate alums. However, the magnetic behavior of RbCr alum, as
determined by its D vs T cuxve, is the same as that of the RbAl and
RbGa & alums, and a s;mllar situation holds for T1Ga alum. The X-ray
structure studies of the guanidinium salts did not establish a method r
of classifying these crystals, whekeig’the resoﬁance work shows that the
isomorphs belong in two groups depending on the § or Se atom.

6.2 ENDOR Results -

The values-of Q' and A-B obtained £rom the ENDOR measurements
at 4.2 K are plotted in Fig. 6:4 against the corresponding values of D
which were found at 4.2 K from the ESR measurements. The Q' valueg in the
figure fall on a number of horizontal lines, there being several close
spaced lines for negative D and only one for POSlthe D. The Q' values
for negative D are nearly an ordex of magnitude greater than for.positive
D. The A-B points follow a strgight-line trend and so a best straight
. 1ine is drawn through them. The A-B line for positiveé D is drawn to be
»

parallel to that of negative D. ‘Actua;ly, the R-E lines are not used in
“the analysxs, but‘are presented because they give an indication of the

asymmetric behavior of the crystal figld as seen by the chromium nucleus.
The individual A and B values, however, are aqalyzed below. The dlagonal '
lines termed k in Fig. 6.4 are & consequence of the analysis of the Q'
and D parameterg lnto their static and vzbratlon constituents. The Q' vs

D plot is the key to such an analysis because of the nature of the plot,

and also because of the theoretical relationship linking Q' with D foxr
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the static effect.

5.3 Procedure for Splitting the Spin Hamiltonian Parameters due to

the Contributions of Crystal Vvibrational and Static Distortion

Effects.

The splitting procedure used to obtain the contributions of the |
crystal vibrational and static distortion effects to the spin Hamiltonian
parameters is empirical. It is based on the experimental results displayed
by the D vs T curves of Figs. 6.1, 6.2 and 6.3, ana by the Q' vs D plot
of Fig. 6.4. It is assumed in the analysis tﬁat the temperature dependence
of each D vs T curve is due to contributions from the trigonal static N
distortion at the Cr3+ site (DS) and the vibrational effects of the crystal
lattice (Dv). The total D is written as R = DS+ DV’ which in functionad

form is given by Eg. 3.8 as ‘
o 2 o
D = Dy {1+ oT +68T) + D coth (8/2T). (6.1)

This equation must be fitted to each of the D vs T curves. However, each
of those curves consist of at most four experimental points with an accuracy

of 5 (10-4cm_1) and there are five parameters to be fitted, namely

o

P oo , a, B and 6. When a least square fit of Eq. 6.1 is applied to

s' v
the curves it is found that all the curves can be fitted within the experi-
mental accuracy for a whole range of 8's from 100 to 1000 K. This method
o _©
produces a wide range of wvalues for the set of parameters DS’ DV' a and

g . 1In orxder to investigate the nature of the fit for each cuxve at a

given &, the gensitivity of the parameters for incremental changes in @
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is considered. For example, the sensitivity of the parameter D: is
dDg/dB, and when this is plotted as a function of 6 the curve shown in
Fig. 6.5 is obtained. It is noted in this figure that the sensitivity of
Dg is low for small.or large values of 8, but that it is high in the
range € = 51010 K. D: changes rapidly in this sensitive region, even
for increments of & as small as 0.1 K, and it goes from a laxge positive
to a larxge negative value. The value of DZ is always large outside the
sensitive region. Fig. 6.5 is drawn for complex GA1SH(1). when similar
plots are made for the other parameters Dz, a and B it is found that they
also have a maximum sensitivity near 510 K. Moreover, it is found that
the four parameters belonging to each of the D Vs T curves all have
maximum sensitivities near 510 K.

The value of § = 510%10 K appears +o have a special significance
in these crystals. In this respect it is noted that Carlin and Walkers
found a value of 8 = 500 K for the effect of vibrations on the 4T2 band
of chromium in the guanidinium salts and in ammonium alum. At this stage
of the analysis it is not vyet possible to determine unique values of D:,
Dz, ¢ anéd B for the individual complexes because their values change
rapidly in the éénsitive region. The Q' vs D plot of Fig. 6.4 must be
used to continue the analysis. In Chapter 3 it was shown that the static
theory predicted both Qé and DS to be proportional to the electric field
gradiant V(s) at the chromium site, and so it was possible to write

zZZ

Q' =k

. . 314, . - . . "
3 sDS with ks given by Eg. 3 14. The relation QS kSDs implies tha

the static part of Q' is directly proportional to the static part of D.
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But in Fig. 6.4 it is observed that the measured Q' values fall on a set
of horizontal lines which are independent of D. Hence, since D = DS+DV'
this means that the vibrational part of D must be accounted for by a

relation of the form QG = kav. The two contributions togethex give

Q' = Qé+QG, or more specifically
- +
Q kSDS kaV; (6.2?

where ksland kv are constants for any set of Q' points-that‘fall on &
given horizontal line of Fig. 6.4.

An initial approximate value of ks in Eq. 6.2 can be found from
‘the data as follows. Equation 6.2 is first divided by Dv to give the

relation

Q'/D, kS(DS/Dv)f L (6.3)

This is of the form v = mxtb, and so Eq. 6.3 represents a straight line
with slope ks and intercept kv. Values of D and Dv at.;.z K are cbtained
for a given & from the computer readout of the fit of Eg. 6.1 to the
experimental P vs T curves. The values obtained at 4.2 K are used because
measurements of Q' were made at this temperature in the ENDOR studies.

For a given 0, the points of the form (DS/DV' Q'/Dv) are plotted with

-

Q'/Dv along the y axis and DS/Dv along the x axis. Each plot consists of

seventeen points, which is the number of available Q' values. A best

straight line is then drawn through the points. Since the line represents
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?q. 6.3 then its slope must be ks and its intercept kv. This.procedure\
is repeated for many values of 8 in the range 100 to 1000 K. It is

"found that the slope of the ling is nearly the same for each chosen value
sf 8, but that the intercepts vary somewhat. The values of ks are found
to fall in the range of -0.18(107) to -0.30(10™). The sign of k, is
found to be negative over nearly the whole range of O, with the exception
of about.l near 510 K where it is positive. Moreover, the relation

kv = - ks is found to hold in this 1 K range.

Up to this point we have been able to determine the range of
validity.for ks and an approximate value of 8 = 510%10 K for all the
chromium magnetic complexes. To contiﬁue the analysis, the lines described
T by Q! = kSDs defining the critical region of ks are drawn dotted in Fig.
6.4. If Dv is equal to zero for a given Q' peint, then fq. 6.2 requires
‘the peint to fall on a ;ine described by Qé = kst with ks lying within
the critical regioﬂ, since such a line represents pure static distortion
and zero vibration. EHowever, most of the Q' points not only do not fall
on such lines but they form a system of horizontal lines which are

independent of D. This effect js attributed to a combination of static
and vibrational contribution to Q' and it can be accounted for in a
straightforward manner in this analysis with the aid oé Eg. 6.2. As an
example of this treatment we ccnsidgr the straight horizontal line drawn
through the Q' points of GAlSeHEl), GGaSeH (1), GAlSH(1l) and GGasH(l).

If the purely static contribution of all the points on the horizontal line

is described by Qé = kSDs with a given value of ks in the allowed range,
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.

then the vibrational contribution must be given by another straight line of

the form QG = kav with the condition that kv = - ks. In this way the sum

of the two contributions can add up to give the straight horizontal line

found experimentally. For Q' points

lying on a horizontal line different

from the above example, then a different ks is indicated but the relation

kv = - ks must still be maintained.
.complexes considered together, the s

This means that kv must be positive

As stated above, for all the magnetic
ign of ks is found to be negative.

for the relation kv = - ks to hold.

Such a relation was found to hold in the limited range of L K near 6=51C K.

-,

It should be mentioned that while the 8§ value of best fit (i.e., positive

K, with k, = “kg) falls in the range & = S510#10 X for all the complexes

considered together, it is not necessarily the same for each individual

complex.

The actual values of Dg and Dy at T = 4.2 X for each magnetic

complex can be determined graphically from Fig. 6.4 with the aid of Eg. 6.2.

As shown in Fig. 6.4, straight horizontal lines can be drawn through the

' points (i) for GAlSeH(1). GGaSex (

for GAlSeH(2) and GGaSeH(2), (iii)

1), GAlSE(l), and GGaSH(1), (ii)

for GalsSH(2) and GGasSH(2}, (iv) for ‘

Ccshl, CsGa and CsIn sulfate alums and A1C13.6320, and (v) for Rbrl, RbGa

and TlGa sulfate alums and CsAl and

CsGa selenate alums. Cognizance must

be made in the following analysis to the fact that, for the seventeen

magnetic complexes pertinent to our

discussion, the D vs T curves ¢can be

classified into three general groups. That is, the members of a group

behave in a related mannexr, and there is a difference of behavior between
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the groups. One group consists of the guanidinium complexes, another
consists 9f the Cs sulfate alums plus AlC13.6H20, and the third is made
up of the Rb and Tl sulfate alums and the Cs selenate alums. The correct

value of ks in the static lines Qé = ksDS must be chosen partly on the basi;

of judgement when considering a particular set of Q' values, but there are
’ : .
some constraints on the choice. The most obvious constraint is the fact
that ks must ﬁall wishin the allowable range indicated by the dotted
. 3
lines in Fig. 6.4. other is that the Qé = kst line cannot pass between
two Q' points belonging to a given horizontal line, but must pass on
either one side or the other of the whole set. If this is not done then
the "subsequent decomposition of the related Q"points wil; give widely
unrelated values of DS and Dv which are incompatible with the orderly
nature of the D vs f curves. In this respect, a valid separation of a
set of D vs T curves into static and vibrational contributions can only
be obtained if the signs of Ds or DV are the same for all members of
the group. The relation between the signs and magnitudgs of Ds and Dv
as described by Eq. 6.2, for Q' points in the four quadrants of Fig. 6.4,
is shown in Fig. 6.6. / ‘ ‘
fhe actual static lines used in this analysis are shown in
Fig. 6.4. For the Q' points in the upper ieft hand quadrant of Fig. 6.4
the slopes of the static lines axe drawn to be essenéially in proportion
to the magnitudes_of the Q' vélues. In this way the static line for the

Cs sulfate alums plus AlCl,.6H.,0 £alls near the left side of the set of

Q' points. Its actual position is in fact chosen to pass through the Q'
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point of CsAl sulfate alum. The static lines for the guapidinium
complexes all fall to the right hand side of the Q' points. The line
for thé Rb, Tl sulfate alums and Cs selenate alums is taken to be the same
as that for the Cs sulfate alums. The reason for the different values of
ks and the need for several static lines, can be att;ibuted'to the fact
that the constant in £ront of Eq.'3.14 is different for the Various groups
of magnetic complexes. The four values af ks used in Fig. 6.4 are
0.30010°3), =0.290(107%), -0.257(10™%) and -0.215(10).

The graphical procedure for findiég the value of Ds and Dv at
4.2 X for a typical Q' point of the guanidinium salts is illustrated in
Fig. 6.7. The first step of the procedure is to draw the static line
Q' = kSDS w;th the chosen value of ks, and ﬁhen +0 draw the vibration
line QG = kav with kv = -ks. Wwith the aid of a pair of dividers, equal
values of Q& are measured off at the two positions shown marked in the

*»

square boxes. The values of Dé and D, are then read off the x axis as
indicated in the figure. The correct value of Q& is obtained when the

sum of DS and Dv is equal to the D value of the given Q' point. These

-

values can alternately be found without the uSe of dividers simply by
drawing lines parallel to Qé and Q& and passing through the considered
Q' point. These lines are shown dotted in Fig. 6.7. This procedure is
repeated for all the Q' points-that fall on the horizontal line under
consideration. All such pdints will have the same static and vibration

lines described by Eg. 6.2.

-
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Fig. 6.7 Graphical Procedure for Obtaining the value of DS and Dv

for a Given Q' Point.
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‘When the values of D

s and DV at 4.2 'K have been found for all

' seventeen Q' points by the above procedure, it is then possible to pick

out the values of Do, Dz, ¢, 8 and & for each pair Sf'Dé and Dv from

~ the computer readouts of Eq. s.l'which are evaluated at 4.2 XK. The «

parameters obtained for all the magnetic complexes are listed in Table

6.1. With the aid of these paxameters it is pdssible to draw graphs of -
the s;atic and vibrational contributions to the D vs T curves by plotting
the separdte parts of Eq. 6.1. These plots are shown in Figs. 6.8 to,

6.12 for the various magnetic complexes. The portions of the separated

curves above 297 K are expected to have less validity at elevated
temperatures because they,are/ﬁot derived from fitted points'on the

original D vs T curves at these temperatures. Their positions are a

- I -

consequence of the £it below 297 K but they can be expected to give a -
general description of the high temperature region.

In Pig. 6.13 a graph ¥'s made of Dz.vs Dz, and it is seen that .

all the points fall on essentially two straight lines which have slopes ‘
of 45°. Thé upper line in the figﬁre is due to the magnetic complexes with
positive D values, while the lower Iine is for negative values. .It can

be shown that the graph reflects the nature of Eq. 6.2 if the close

) _ e
approximation is made that DS and D at 4.2 K are equal to D

o
an
v s de{

respectively. In this case Eq. 6.2 becomes
’ ‘o o . ‘.
— - + 0 - = .
Ds = Dv Q' /k when kv = ks,

and this equation gives a correct description of Fig. 6.13.

.



TABLE 6.1 Values of the Parameters D

117

Q l=]
s’ Dy _
the Equation D = Dg (L+aT+BT" ) + DY coth (8/2T)

@, 8 and @ that Occur in

CRYSTAL -4Dg-1 —4D8-1 % —g -2 °
a0 ™ @™ ot K a0 "° x ( K)

RbAL sulfate alum 225.0 124.0 -12.5100  18.5090  513.5
RbGa " " 299.9 2181 - 1.5871 g.5822  S1L.5
TGa " " 271.1 170.4 1.2212 14.3730 5125
csa " " -714.5 0.0 1.6003 0.2141  512.5
csea " " ~685.4 25.4 1.4877 0.6759  510.5
¢csIn " " -630.1 102.1 2.0701 1.5081  511.0
CsAL selenate alum 298.1 260.9 2.1966  -0.6941  S11.5
csea " " 368.2 351.8 0.4260  -2.0550  513.5
AZCE.6H,0 -539.5 192.6 -1.7585 1.9830  514.0,
GALSH(2) _764.4  -125.6 _6.9958  -3.1180  509.5
GASH (L) -914.6 -242.4 -7.5520  -4.0522  509.5
GGaSH(2) -671.9 - 22.1 -8.0658  -1.5956  506.5
GGasH (1) -782.2 . -117.8 _7.6896  -2.9719  513.5
GALSeH(2) -966.4 ~363.6 -5.1280  -3.1397  515.5
GALSeH (1) -1267.0 -615.0 -5.0813  -5.0567  511.5
GGaSeH (2) ;/:910.5 ~300.5 _4.8424  -2.8433  505.5
GGaSeH(1) 4-1202.0 -536.0 -4.6541  -4.9225  512.5

P
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An interesting property exhibited by the splitted D vs T cuxves
is the existence of common crossing points for the'related groups o%
static lines. For the guanidinium salts, as shown in Figs. 6.8 and 6.9,
these occur at 280 K. For the alums; as shown in Figs. 6.10 6.1l and
6.12, these occur at 310 X. It is interesting to note that all the static
crossing points in the hydrated salts occur near room temperature. The
values-of Ds at the static crossing points, termed DSC' appear to have
a special significance because the values are separated from each other
in discrete steps. The DSc values at all the crossing points found
in this work are illustrated in Fig. 6.14. Also shown in the figure is
the value for TlGa alum taken at 310 X. No ENDOR measurements were taken
for the companion salt TI1Al alum but its static curve is expected to Cross
that of TlGa alum at 310 X, as for all the other alums. Since the behavior
of AlClB.GHZO cannot be directly compared with the guanidinium salts or
the alums, its value of DSC is taken at room temperature (297 X), which
is close to the crossing point temperxature of all the measured salts.
The Dsc values of all the salts fall at the points indicated in Fig. 6.14
within an accuracy of t3(10-4cm-l), there being no exceptions. The
location of the DSC values for the NH4 and K sulfate alums shown in the
figure is a conseguence of the analysis described below. The positive
and negative DSc values are separated by incremental steps of 115 (10-4cm-1)
and 165 (10-4cm-1), respectively. Using these step values it is possible
to predict other values of DSC' and some of these are shown in Fig. 6.14.
If the Dsc values are regresented by integral numbers as indicated in
the figure, then it is possible to describe them by the expression
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- h +0. 4
Dge = % Dgpep® *0-618), (6.3)

- *

where n =0, 1, 2, 3,..., and DStep ='llS(lO-4cm“l) for positive DSC'
aﬁd 165(10-4cm_l) for negative DSC' The error of the number 0.618 in
the above equation is *0.001. Fig. 6.14 indicates a relationship thé%?
exists between all the trigonally distorted Cr3+.6H20 magnetic complexes.
The implication is that while ;helindividudl groups of crystals act in

a similar fashion in families, all the crystals are also related to each
other a§ a "race". This situation exists ffom the point of view of the

magnetic behavior of the chromium complexes.

6.4 Splitting Procedure for the D Values of the Ammonium and

Potassium Alums

As stated in Chapter 2, the NH4.and K sulfate alums ugdergo low
temperature phase transitions. However, above the transition temperatures
the Cr3+.6H20 magnetic complexes exhibit axial‘symmetrf as in the other
aluyms. In this section the D vs T cuxves are 'split into crystal vibration-
al and ‘static distortion contributions for the NH4 and X chromic alums,
and for the isomorphs NH431, NH4Ga, Nﬁ4In, KAl and KGa alums lightly doped
with Cr3+- Since the D vs T curves exist only in a limited range of

¥Qﬁ\¥emperature for CI3+ in trigonally distorted sites, the separation into
£~D§’and Dv curves can be successfuily achieved only by Adhering closely

to the relations established above for the crystals which do not undergo

low temperature phase transitions. The principal relations that were

.
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R . +
established are as follows: (i} The SBCr3 quadrupole interaction

parametexs measured at 4.2 K for a family of crystal isomorphs fall nearly

) : . . . +
on a straight horizontal line when plotted against their rgspective Cr3

L

D values measured at 4.2 K. The relationship is described by the equation

- -+
Q' = kgD Py
when considering the D vs T cuxves split into their static and vibrational

components. The constants ks and kv (with ks = -kv) are taken to be the -

same for all the alums, and so the pertinent one has the value -0.215(10—3).

4
310 X and fall at one of the values given in Fig. 6.14. In principle the

(ii)//fﬁe static crossing points of the NH, and K alums likely occur at

NH, ana x alums need nof have the same value of D.¥- (1ii) For all the
hydrated crystals studied above the avérage value of © in Eg. 6.1 is
§ = 512.0%0.5 XK. For just the aluhs the average value is e'= 512%0.1 K.
i =
Bence the value of § = 312 K is used whén analyzing the NH, and XK alums.
The D values obtained above the phase transition temperatures
as listed in Table 5.5 of Chapter 5 are plotted in Figs. 6.15 and 5.16
for the NH4 and K alums respectively. The lines drawn rhrough the points

are a consequence of +he analysis described below, and they show the form

the D vs T curves would héve at low temperature if the chromium magnetic
complexes were not affected by phase transitions occuring in the crystals.
An observation'cén be made regarding the natyre of the D Vs T curves

between L95 and 297 X and the existence of phase transitions in the crystals.
It is noted in Fig. .15 that all the D Vs T curves for the NH4 alums

between 195 and 297 K are essentially parallel to each other. The same is true

Ay
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for the X elums of Fig. 6.16; but in this case the slope tf the lines

ie different than tpat of the NHA alums. It is evident that the

grouping of the lines is dependent on the monovalent ion, i.e. on the"
Erystal, "and not on the Cr3 ion: When the straight line parts of all

‘the curves bewtween 195 and 297 K in Flgs. 6.15 and 6.16 are extended
linearly back to 0 K, they. Qill pass through zero D. This effect can

be attributed to the fact that the crystals undergo 2 partrcular type

_of phase transition at low temperature. The actual tran51tzon temperatures
are not given, however, by the: zexo D crossing temperatures.

The experlmentq; D values above the phase transztlon temperatures
for the NH4_and K alums are split into their static and vibrational perts
ueing Eg. 8.1, and by taking into account the three constraints discussed -
above. The procedure,qj.aglittlng lnvo}ves two steps, the first of whlch
gives an approximately correct splitting. ?hé purpose of the first step
is to.determine the values of the static crossing points, Dg.. applicable

to the NE, and K alums. To achievé this, trial D vs T curves are drawn -

-

through the points at lgg and 297 X and the curves are extended to 0 K
with arbitrary bendé at low temterature. Equatiqg;ﬁ.l is then fitted to
the trlal cures with the aid of a computer, end the average errqr'tetween
- the fit of Eq. 6.1 2and the points on the D vs T curve is caleulated. This
procedure is.repeated with new curves determined by the computer, the
points of thCh are average of the original curves and the ones required
to f£it Eq. 6.1. The po;nts at 195 and 297 K were kept fixed at all times.

The approx;mately ‘correct curves are obtained when an average error, of
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+ 5(10‘45571) exists between the trial cuxve and Eg. %.1: This errox
value ié_uséd because“it represents the error of the D values when they_/;
are measured-experimentally.. The computer readout values of D, DS aqd

‘DV obtained at the chosen-fit are then plotted‘as a function of temperature.
An examination of the static curves _showed that the static crossing points

) of the NH4 and X alums occurred higher than 310 K but the average posmtlons

of the curves for both types of alums were centered closely about a Ds

value of 416 (10_4cm—l) at 310 K. The centefing was so close in the
case of thelNH4 alums that a value of Dsc = (41621)(10-4cm_1) could be
predicted without the aid of Fig. 6.14. : : R

The second step of the analysis was similar to the first

» L] -

except that the static curves were constrained to cross at a value of

416 (lo_écm_l) at 310 XK. In addition, hesides obtaining an average etror

of t5(10-4cm71) between the trial curves and Eq. 6.1, the region of best

fit was required to conform to Eq. 6.2 for the computer readout values of
» " -
Ds and Dv at 4.2 XK. The final D vs T curves obtained for the NH4 and K ﬁ!

alums are shown in Figs. 6.15 and -6.16 respectively. These curves represent

: I -
the best f£it'of Eq. 6-1 to the D values measured at 195 and 297 X, and

-

they show the form the curves would be expected to have at low temperature
if the chromium magnetic complexes were not affected by phase transitions.
Them”glztted static and v:bratlonal curves are shown 1n3Fige. 6.17 and
6.18 for tﬁe NH, and K alums, respectively. The positiocs of the Q'

- values calculated at 4.2 K using Eg. 6.2 are shown in Pig. 6.19. '?he Q'
‘vdiue for Nﬁ4In alum falls oﬁ,nearly the same straight line as’fcr the

. .
S
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Rb and Tl alums of Fig. 6.4 and so it is not shown in Fig. 6.19. The
values of Dg, D§45° and B for the best fit lines are shown in Table 6.2.

Also included in the table are the temperatures at which the static curves

change sign.
6.5 Splitting of the A and B Hyperfine Parametexs into
Crystal Vibrational and. Static Distortion Contributions .

In view of the above analyses, a model is now presented which

: +
allows the SBCr3 hyperfine parameters A and B in the hydrated salts to

be split into contributions due to crystal vibrational and static

distortion effects, in addition to the Fermi contact term. The relation-

ships used in the splitting, which include the three types of contributions,

are

e
|

At AP

B = BS + B, + XK' Q'l
where K' is fue to the Fermi contact temm, and R.e A,s By and B, are
contributions to A and B due to the static (subscript 5) and vibrational
(subsecript V) effects of the trigonal crystalline electric field acting
on the chromium ion. In this model the static and vibrational parts of
A and B are taken to be proportional to the static and vibrational parts
of the zer;-field spl;tting paramete? D, i.e. of DS and Dv, found abhove.
The above two equations can then be written as

A = a D *+ aghy + K . (6.5)
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TABLE 6.2 Values of the Parameters D

in the Eguation D = D:

values °
ue Tc

Curves Change Sign.

o & ' )
Sr Dvl o, B, and 8 that Occur

(L+aT+BT?) 4D coth (8/2T); and the

, which are thé Temperatures at which the Static

O

ALUM -4 DS-T -4 Dv—l -4 ) -1 | ~eB -2 S e

o™t @™ o y ot h e x (K) (X

N Cr -127.8 206.1 116.53  -6.6165 512 82
NH Ga -150.0 185.3 -112.38  -2.9460 512 87
NE AL -266.1 67.2 - 79.369.  -1.0288 512 124
» _NH‘}In 96.1 196.9 - 20.851  41.251 512 ...
KCr ~393.2 168.0 _ 56.720  -3.0918 512 ;162
KGa -410.0 154.1 _s3.isa  -3.7914 512 168
KAL -557.2 7.2 - 31.523  -1.5351 512 184
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. B = + + X'
bSDS vaV 1 4 (_6..6)

In these expressions agr A, bS and bv are constants which must be
determined from the experimental measurements of A ané B. The analysis

is based on the fact that data has been obtained at one temperature
(4.2 X in this case) for many chromium magnetic complexes, and that the
© i

plotted results show a wgll—defined law of behaviox.
As stated in Chapter 3, McGaxvey has given the following £irst-

order expressions to describe the A and B parameters:

ey
1

o[ (4/21) (1-2a°+b"} K] O (3.9)

B

P[-(:/21)(1-2a2+b2)—K] (3.10)

The first term in the square brackets arises from the effect of the static
crystal field on the electron-nucleax dipole-dipole interaction, while the
K term is the isotropic contribution due to the Fermi contact term.

-

Equations 3.9 and 2.10 can be written as

A

2pA + X7 (6.7)

) B -paA + K! ' (6.8)

0

where XK' =-PK and 4 = (2/21)(1-2a2+b2). Since the first texms in Egs.
6.7 an& 6.8 represent contributions to A and B due té the static effect
of the trigonally distorted crystalline electric field, then Ehey can
he written as

4 A= As + K . {6.8)
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B = BS + K {6.10)

with AS = - ZBS. The prescription for parameter splitting dictated by

Egs. 6.7 and 6.8, for given values of A and B with positive or negative
D, is shown diagramﬁatically iﬁ Fig. 6l20. The situation shown khere is
that of a constant K' and & for both\féts*of points, with the éonditiOn

13

As = -2BS being satisfied. In generall, a different combination of K'
and A is obtained for each seﬁ of points with the condition As = —2Bs
being satisfied. | |

The values of A and B measured at 4.2 X, as listed in Table
5.18, are plotted against the corresponding D values at the top of Fig:
6.21. The points shown there for NH4 and K alums are not measured values,
but are predicted on the basis of the analysis described below. The récﬁ
temperature plot of all the points shown at the bottom of thé Eigure are
also predicted results. The experimental A values measured at 4.2 K ‘
fall nearly on a straight line. In the analysis procedure the measured
A values are fitted to Eq. 6.5 along with the corresponding values of,
D and Dy evalga;ed at 4.2 K, using a least square fit computer Program.
This step determines values of a, = 1.7352(10’4cm'1), 3, = 1.6136(10°H
and XK' = 17.306(10—4cm-1) for all the complexes taken together. It is
reasonable that K' should be nearly the same for all the cr3+.6H20 magnetic
complexes becaﬁse in each case the six waters coordinated to the chromium
ion are known to form nearly regular octahédra of essentially the same

size. Using the vaﬁ£;~of K' = 17.306 (10'4cm'1), Eq. 6.6 is then fitted

to the B values in each of the two branches shown at the top of Fig. 6.21.

-
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) . -
For the positive D branch one obtains bs = -1.642(10_5) and bv = 1.7223 J

-6 . N ) - —
(10 '), while for the negative D branch bg = =-1.3534 (10 4) and bv=-1.9576

0™y .

With the known values of agr A, bs, bv and K' at is possible to
plot the temperature dependence of A and B for each magnetic complex
using” Eqs. 6.5 and 6.6 because the temperifure‘dependence of Dg and D
is known. Tﬁese graphs are produced in Figs..S.ZE to 6.39, along w;th
the individual graphs of As, Av, gs and BV' Since the NH4 and K alums
underge low temperature phase'transitions, then the loé temperature part
of the curves in Figs..6.35‘to 6.3% belonging to these salts represents
hypothétical values expected if the chrdﬁium magnetic compiexes were
not affected by the phase transitions occuring in the crystals. The
péedicted curves for the'NH4 and K alﬁms.are obtained by substituting
their values of Ds and DV into Egs- 6.5 and 6.6,-along with X' = 17.306
(10-4cm—l). The predicted A values for NE, and X alums at 4.2 X, taken
from Figs. 6.35 and 6.37, are shown in the top graph of Fig. 6.21. The

o
B values axe obtained using the values of bs and bv belonging to the
positive D branch. The ones Belonging to the negative D branch were

found to give an extremely large temperature variation in B, and so had

to be ruled out. The predicted B values are not shown in Fig. 6.21

!
\.

so as not to obscure the diagram.
ince the A and B curves shown in Figs. 6.22, 6.25, 6.28, 6.31

and 6.33 are derived using the least square £it values of aS a, and X',

then the positlons of the curves will be shzfted sl;ghtly vertically from'

- B J

-y
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the measured values at 4.2 K. This is because tge points in the original

graph, at the top of Fig. 6.21, do not fall.exactly on the straight lines
‘but are scattered about them. This effect is corrected for in Figs.
6.22, 6.§§: 5.28, 6.31 and 6.33 by shifting each cuxve vertically up or

down a small amount so that the predicted curves -coincide at 4.2 K with

the measured values. The effect of the shift is to slightly chanée

the K' value of each complex. The average value of all the new K' values,

however, still remains at 17.306(10 ‘cm ¥). From the plots of Figs. 6.22

to 6.39 it is possible to read off the predicted room temperature values
of A and B fornall the'ﬁagnetic complexes, and these are plotted at‘the
bottom of fig. 6.2r. It is cbserved that the positions and slopes of

the best fit lines at room temperature are nearly the same as at 4.2 K.
. ' F3
Hence the effect of temperature is essentially to slide the points along

the-i!ﬂii‘

In Fig. 6.40 a.plot is made of As vs Bs at 4.2 K so as to obtain

-

a comparison with. McGarvey's theory. It is seen in the figure that the
points for the positive D salts plus NH4 and X alums fall on che straight

<
line, those for the negatlve D salts fall on another, thle McGarvey's

realtion ﬁs = -2Bg falls between them. The effect of temperature is

)
‘simply to slidlehe points along the respectave lines.

-

'In order to check the, validity of the predlcted room temperature
values of A and B, the S3Cr3 hyperfine line'spacings were measured using
ordlnary ESR on crystals which gave good hyperfine llne regsolution at
-room temperature. mhese measured values were listed in Table 5.19.

A ' T,

A

N
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\j, They are presented again in Ta@le 6.3 aleng with t@e/GEZtes predicted in

this analysis. As seen in Table 6.3, the experimental measurements are

’

in agreement with the predicted values to the accuracy of measurement,

T

but the accuracy is not eigh. What the experimental measurements do is
to confirm that the temperature dependence of A and B is small as pxe-
dicted. Of more importance is whethexr or not the A.and B curves 1ncrease
or decrease with temperature, and the relationship of this effect to the

\
covalent bonding existing in the Cr 'GHZD complexes. This aspect is

discussed in Chapter 7.

6.6 - Evaluation of the Quadrupole Moment of 53 3+

.

It'is-possible to calcuiate‘an approxiﬁate value for the quadrupole
;mmment of 53Cr which is consistent with the theory, the ENDOR measurements,
and the method of analfsis described above. -Since the theory given by
Eqs. 3-13 a;d 3.14 is based on contributions due to a purely static crystal-
line electric field an approximate value of the quadrupole moment can be
obtained by using the average value of ks = —0.%1(10-3} obtained from Fig.
6.4 aed substituting it into Eg. 3.14. In the calculation the values of

- - - L

s =87 e Y, <> = 1.447 a.y. [where 1 a.u.’= 5.29172 (10 cm ]
AE = 17, 600'cm—l, and 1 - y = 12 for Cr3+, were tsed. The ‘calculation
gives a value of eQ = -0.034b for Sact. This iesﬁlt.iah:be compared té

those obtalned by others. Terhune et al obtained a value of -0.03b in

- their ENDOR work of ruby, Rubinstein et a12° obtained a value |o.022|b

3’

. > ] g . a

in the magnetic resonance® study of Cr20 and in the theoretlcal analyszs \\x}§
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53 .3t :
TABLE 6.3 ct” A and B Hyperfine Parameters at Room Temperature

{297 X) (Unit is 10°? em~ Y. Error of Measured Values
is 20.20 @07 ah) ).
/’
<y COMPLEX - A B
Measured Predicﬁgh Measured ' predicted

GALSeH (1) 17.15 17.12 ' 17.60 17.42
GAfLSeH(2) 17.24 17.14 17.49 17.48
CsAfL(Se) alum- 17.58 17.42 17.44 17.31
CsGa (Se) ,gg.'m - 17.60 17.42 . 17.45 17.29
Csal(S) alum 17.15 17.20 17.50 17.46
A2C23.6H20 17.32 17.30 17.52 17.51

-
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of transition metal sesquioxides Axtman§6

calculated a value of |0.026b]|
and concluded further that the actual value should lie within the range
0.02 to 0.05b. While all the calculations must be regarded as approximate,
;he main uncertalnty in our calculaLion iies in the value of the constant
in front of Eg. 3.14. It has already been sald in this weork that the
constant is expected to be different for the various magnetic complexes.

-

6.7 Evaluation of the Nuclear Magnetic Moment of 53cr

. : + : -
The effective nuclear g, value, gﬁ,of 53cr3 was fougd to be

isotropic in all the crystals for which ENDOR measurements were done, and
these are listed in Tabie 5.18., Since the values 1isted are nearly the

same, the average value E; is used ig the following calculation. In

-~

Geshwmnd‘s phenomenologlcal theory discussed in Chapter 3, the txue

]
nucleaxr g value, Iy’ is related to gN as gN = gN/(l+c), where ¢ is the
shielding parameter. An apprcxxmate value of ¢ can be calculated from

¢ - -
Eq. 3.15 using A =87 cm l, <r 3 - 3.959 a.u., and 49 = -0.024,

giving| & = 0.00667. Hence we find g = -0.3145. 'Since the nuclear
magnetic moment is given by uN = gNI, where I is the nuclear spin, then
we have By ='- 0.4718 L This is close to the handbook'value of —0.4744un

obtained from NMR studies of 53 3+ in solution.

t
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. CHAPTER 7

DISCUSSION AND CONCLUSIQNS -

7-1 The D vs T Curves ' [/

The varled behavior of the Cr3 D ve T curves in the hydrated
crystals is recognized as‘?eing of fundamental importance in obtaieing
-a description of tLe.physicdl behavior of the prystals. The philosophy
behind the investigation was to obtain resonaece_data for many eimilar
types of magnetic complexes, and then to see what laws of behavior the
plotted results give. In this respect,'an ESR and ENDOR study .was made
of tfigondlly distorted Cr3+.6H20 magne;ic cqqplexes. Sudh chromium
mggnetzc complexes are essentially unique ih nature because e large
nqmber of them pxist, and they possess a wide range of physical behavxors.
That is to say, they exist with large and small trigonal distortions, with
both positive and negative signs, and also some of their mempers undexgo
phase transieions at either‘high o? low emperaturee; Also of importance
is the fact that‘enough theoretical and experimental work has been done
previously by others on various aspects of the crystals or the chromium -
'icn, that it is possible for our work to progress through stages and many
of t£e results to be checked. The main ‘achievement.of the‘worﬁ was to,
present an emplr;cal model for splitting the chromxum spin Hamiltonian
parameters into their consti;Lent parts due to crystal vibrational and
stetie distortion effects. Whlle others haveé attempted such a separatioh
they have run into difficulties because they cons;dered only a few systems
and were unable to "normalize" the two types of contributions. The use

. . = .

of many similar magnetic complexes enabled us to separate “the spid -

]

‘ f
v 4 -
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Hamiltonian parameters into two parts in a manner which was consistent

for the wide range of behaviors exhibited by the magnetic complexes. This
feature constitutes a noipallzatlon procedure because once the starting
condrtions are written down, then only one c¢orrect separation exlsts which

will account for the plotted resonance data. The Ds vs T and Dv vs T

cuxves shown in Chapter 6 represent the whigque spiitting which was
¥
achieved‘%or the D vs T curves. The andlysis produoes features of crystal

behavior not known before, and it gives a new way of "looking" at the

~ . .
-

crystals. . ) -
- )

The physical behavior of the crystals, which lead to grouping of

the D vs T curves into families, also’ shows up in other ways. Holden et

al21 measuredithe spontaneous polarlzatlon Ps in the guanidinium salte
up to 363 K. They found that the P vs T curves. fall into two groups
depending on if S or Se is in the crystals, and that the polarlzatlons
dincrease with decreasing temperature. The selenates wexre found to have

a larger value of Ps at alXl temperatures thau diénthe sulfates. Hence
the PS vs T and D vs T curves follow similar trends. When Holden et al
extrapolated their PS curves to high temperatures they predicted an upper

limit of about 575 K for the ferroelectric Curie temperature of the
-4
guanidinium sulfates. ¥ They state further that the Selenates have either

higher Curie temperatures oxr that their polarlzat;ons are hzgher up with

Curie poxnts comparable to the sulfates.s It was notedvdurlng the present

work that the existence of phase trangitions in certaln alums and the
- w

guanidiniuL salts was accampanied by the £feature of the extended stralght-
: ) 3+ '

1ine parts of the Cr D vs T curves passzng through zero. In tue

guanidinium salts this happens at high gemperature, but as observed in

-
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Fig. 6.1 the actual crossing points of the axtended D vs T occur at much

highexr tempér&tureé than estimated by Holden et 31. The sepgrated st;tic
le vs T cufves of Figs. 6.8 and 6.9, however, do pass through the desired
region. These résults sugges; that the phase transitions occur when the
spatic trigonal distortiéh of the Cr3+.6H20 complexes change sign. Since
chromium is only a small éopapt in these crystals then it is concluded
that the phase trapsitions most likely occur when the trigonal distortion
of the 513+.6320 or Ga3+:6H20'complexes change sign. The temperatures Jft
7sﬁch sign changes are expected to_be fairl} close together for the

. . . . . > .
various types of complexes. This situation is more cleadly shown 1n the

case of NH, and K alums where D vs T curves exist for the centrated .

4
chromic alums. Actually, concentrated chromic guanidinium cryshals were

wgrown in order to check this point but the ESR spectrum was not re 1%.
The behavior of the non-paramagnetic complexeg such as Al3+LSHzo can

best be studied by measuring the temperature dependence_oflthe 313+
quadrupq}e interaction parameter Q' usigg ordinary NMR or pure quadrupole
resonance. Such data has been ohtained by others for NH4 and K aluminum
alums. Since the phase'trénsiti&n temperatures in these élums are also

<
%nown, then the quadrupole data can be considered within the framework

i
of the present analysis, and this is done below.
The Cs sulfate alums, guanidinium salts, and A1c13.6H20 have ~

the common feature that their D values are negative. This is regarded as

»

being due to a trigonal compression of the octahedron of waters surround-
ing the Crs+ ion.45 A positive\va.lue as found in the Rb and Tl sulfate

.\‘alums, ;nd Cs selenate alums, represents a ér?gonal'extension of the
’ » / )
octahedron. The existence of high temperatfie crossing points in the

3 .
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original D vs T cuxves shows up in the separated picture as crossing points
in the ;tatic curves. These temperatures are 2§0 X in both the quanidinium
sulfates and'selenates; and 316 X in the Cs-and Rb sulfate alums. In the
D vs T-cuxves of the Cs sulfete alums it was shown that the curve for Csln
alum did not share in the high temperature cﬁassingnpoinp of the other Cs
alums. This behavior can now be attr;buted to vibresional effects because,
as shown in Fig. 6.10, the static curve for CsIn Alum does.share in the
crossing point of the other Cs sulfate alums. In the room temperature
k~ray crystallegraphy of-the guanidinium sa.lts16 it is_seen that qomplex (2) .
which has the smaller D value, ﬁ; in fact a slightly greater static“‘
distortion than does complex (}JJ. It is seen in Figs. 6.8 and 6.9 that
the static curves at room temperature (2§7 X) do indeed predief a slidhtly
greater distortion for complex (2) in these'salts. T+ would be interesting
to perform X-zay studies at temperatures near 280 K to see if the.two types
of complexes in the guanidinium salts do in fact have the same percehtage
distortion from afféhedral ‘symmetry as predicted in thls‘;nalysas.

Sipce a negative Ds is associated with a trigopally compressed
water octahedron, this means that in the guanidinium crystals (Figs. 6.8
and 6.9) the water detahedra are under compiession and the compression
1ncreases sharply with devreasing temperaéﬁ;e, This i;.in agreement with
what is expected when the anisotropic thermal expansxoq4§oef£1c1ents of
‘Table 5.1 are considered, and if the water octahedra expand in a way “similar

-
. ~
s to that of the unit cell. It is noted in Tabse 2.1 that the thermal

» .
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expansion coefficients are six to.hine times 1a§§er along the‘crystal
¢ axis (i.e. the trigdnal direction of the_watérfoctahédra) than perpen-
dicular to it. A picture-c§n also be given for the relative magnitudes
of distortion in the sulfate and selenate gﬁanidinium‘saltsi The sulfate
and selenate ions form an octagonal ring around the‘:ater octahédra.
Since the selenium i&n is larger than sulfur, the selenium ring will be
larger, with more room available for the watef.molecules to compres; into.
Hence a larger distortion, i.e. Ds, wi}l exist in the selenates. The‘
temperature dependence of Dg in‘ﬁhe alums show a varied';ehdvidr; In, the
sul%ate alums of Figs. q.lo and 6.11 ﬁhe water octahedra coordinated

t? the chromium ion show smaller distortions with decreasigg temperature.
The opposite is true for the Cs selenates of Fi;. 6.12. Thé temperature
dependence of Ds in the Cs sulfates and sel s 1is alwa§§ small.

In spite of the varied behavior of the‘DS curves in fhe alums.,
the Dv curves have a positiﬁe gign in all case This Mearis thét the
alums éll act the same insofar as their vibrational behavior is concerned.
In the guanidinium salts Dv is always negative. The shape of ;he vibrational

curve D, as a function of temperature was taken to be thdt of a single
hyperbolic cotangent. This functional behavior w;s suggested by the
experimental.and theofetical results of others as discussed in Chapter 1.
Theﬁgossible crystal vibrational mechanisms implied by the hyperbolic
cotangent are as follows: (1) The vibrati9nal mechanism in the crystal

is due, as far as the Dv parameter 1is c0ncerned{1§T¥he Einstein model

of a crystal. In this case 8 = hv/k gives/;ﬂe acting vibration¢
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with 0 -= 512 K and v = 10.67 THz for the crystals studied. -(ii) A

localized reso??nt mode is principally ;esponsibie for the vibration ,

of the ér3+.6H20 complex. Here againl 8 = hv/k with v being the
frequéhcy of the resonant modé; These kinds pf resonant m?des are know;
to exist around iméurities iﬂ a crystal, and it could weli;apply 0o Cr3+
in the present studies. Actually the situation may be éven ;ore gengral
in.that the localized mode effect might be important even for the
diamagneﬁic complexes such as A13+.6320. The  vibraticnal behavi;r of
the trivalent jon as a function of temperature implied by %he hypegbolic
cotangent is that of a éonstant frequency but variable amplitude. Hence
the vibratioﬁgl.energf will change with temperature because of the
variable ampldtude. (iii) There are many vibrational modes of differéné
amplitudes and frequencies acting at the Cr3+ ion, aﬂdpthe distribution
is such thaé the sum is nearly equal to a single hypexbolic cotangent.
This type of situation is implied when more than one frequenéy of

7,8 13

vibration is considered, €-9.. in the work of Walsh and Shriwfistava.

The existence of characteristic crqgsing points of the static

lines, termed Dg. in Fig. 6.14, is an interesting feature and it Fepresents'

a new result found in this work. The obtaining of this resultiis due

to the fact that many crystals with the same type ofigagnetic complex were

studied. While the result may be due to the method of analysis used,
‘it might also be independently txue and to represent a hitherto unknown
order that exists in the cr?stals.._Tﬁe meaning of a given DSC value is -

‘that the Cr3+.6H90'com§lékes in the crystals have an identical value of
Y _ - - ) .

U C

.
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electric field gradient szl at the common crossing point. Moreover, as

suggested by an example described below, it appears that the electric

field gradient is the sams,at both the

3+
Cx site and the d;amagnetlc

<
trivalent:ion site. For a given crystal it is loglcal that V would be

the same for the two types of sites at

some temperature. It is not soO

,obvlous that it would be the same for dlfferent crystals. even though

they are related as a fami;y.; If the electric field gradient at the

trivalent ion site is due directly or indirectly to the *coordinated

octahedron. of waters, then Fig. 6.14 suggests that certain octahedral .

shapes have special significance in the crystals. What the s}gnificance'

might be car only be speculated at the

7.2 Phase Transitions in ﬁH4 and

VS

™

present time.

X Alums

The principal feature of the

-

splltted D vs T curves for NHQ

and K alums (Figs. 6. 17 and 6. 18) is the fact that the static curves for

rd

-

NH .Cr and KCr alums pass through zerb D at 82 and 162 K, respect;vely.

4

These temperatures axe nearly Ldentzcal to the values of 81 and 160 X

reported by Bleaney 30° for the-phase transrtlons in the chromic alums

Since all the trivalent ions in NH4Cr and KCr alums are Cr3 , it is

conq}uded that these alums undergo phase transrtzons when‘the statie

dlstortlon at the chromlum sites change szgn. If the strength and

symmetry of the crystalline electrlc fleld “at the chromium sites are due

" to the octahedron“of waters surroundzng the Cr3 ionsg, then 1t can be

said that ‘the phase transltlons occur when the trxgonally dzstorted

- . -1.

.‘
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octahedra change from extension to compression.

- 3+ : '
The Cr~ dopant level in the Ga and Al isombrphs of the NH, and

K alums are estimated to be about 1l Cr3 ion per 100 Al or Ga. As shown

in Figs. 6.17 and 6.18, the static curves obtained in the isomorphs

pass through zero D at temperatures higher than in the chromic alums, and
also higher than the known phase transition temperatures occurring in the
crystals. For example, the phase transition temperaFﬁre in‘NH4Al alum

is reported to be 71 K32, while for Kal alum it is at o8 K.33 Hen&e it
is concluded that in the lightly doped crystais,‘the octahedron of waters
surrounding the chromium ion can change from a trigonal extension to

compression without affecting the crystal. This effect is established in

the case of NH431 alum where it was seen that the D vs T curve passed

—_

through zero D (Fig. 6.15) at a temperature above the lowest measured
point obtained atl77 Ké\without affecting the trigonal nature of the
site. Figure 6.17 shows that the static cuxve of ﬂﬁth alum changes
sign at 124 K. In viéw of these results it seems likely that the phase
transitions in the lightly doped NI-I4 and X aiums are due to the octahedron
of waters surropnding the Ga and Al ions changing f;om trigonal extension
to compression. The changes occur at temperatures lower than in the
chromic alums. This behavior puts the lightly doped or even undcpedl”
crystals on the same footing as the ahroﬁic alums, which is justified
since the behavior éf the crystals are closely related as indicated in

. 3+

rigs. 6.15 and 6.16. Below the phase transition temperature, the Cr

magnetic compiexes change to rhombic symetry, giving rise to 12 magnetic

A
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complexeg with the z axes making laxge angles with ﬁhe crystal [lll]
. girections. A chromium ESR spectxum obtained along a crystal [111]
direction in the dilutely doped crystals shows the resonance lines to

be scattered over Ehe whole range between the highest and lowest lines.

NH4In ;lum lightly doped with Cr3+ represents a special case
in whiéh the crystal undergoes & phase transition at 127 K32, but the
chromium static curve -never passes through zero. If the phase transit?on
iﬁ Nﬁqln alum is due to a change in sign of the trigonally distorted
octahedion of waters surrounding the 1n3+ ion, then this effect has a
relatively minor effect on +he chromium sites when the latter do not
chénge sign. The chromium ESR spectrum along a crystal [lll] direction
has the same overall appearance below the transition temperature as above,
except that each fine structure spectral line appears as 2 gfbup of three
closely spaced lines. The chromium spectra below the transition temperature
consist of 12 complexes with rhombic symmetIy. but the % magnetic axes
make small angles with the crystal [lll] directions.

A similar type of effect was fouqd to occur for Cr3+ doped in
methylammonium alum,32'57 but in this case the phase transition is said’
to be due to 2 180° flip motion of the CHBNH3+ ion. The D vs T curve in
methylammonium alum does not pass through zero. D when the straight—line
part betqup 195 and 297 K is extended linearly back to O_K. This fact
can be aﬁtributed +o the different nature of the phase transition as

compared to the NH4 and X alums-
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The described splitting of the D Vs T curves in the NH4 and
K alums proggced patterns of vibrational curves similar to that obtained

in the Rb, Cs and Tl alums described above. That is, Dy is positive in

all cases.

.. -~ . +
7.3 Analysis of the O' vs T Curves for Al3 in NH4 and K Alums

The purpose of this section is to apply the pheory and results
of the splitting procedure developed in this tSesis ﬁ; én independent set
of measurements obtained by others, in order to show the genexal validity
of the method. The subject considered is the 27A13+ nuclear quadrupole
interaction curves, Q' Vs T, obta;ned by Burns33 in undoped NH4 and K
sulfate alums using the technigque of NMR. The points ﬁeasured by Burns
are shown as circles in Eig. 7.1. Before consiﬁé;ing.éufnsf results it
is desirable to obtain the quadrupole interaction curves predicted by the
present theory for 53Cr_3+ impurities in the NH4 and K aluminum sulfate
alums. The chromium Q' values are givgn by Q' = kst+ kVDV with ks = —kv,
.and ks = -0.215(10-3) for the alums. IThe Cr3+ temperature degendence
of Dg and Dy, as Found above for all the hydrated crystals, is tapulated
in Appendix A. Using the values for NH4 and K alums, the static and

53 3+

vibrational contributions to the ~~cr~ Q' value (namely Qé = ksDS and

-~
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Fig. 7.1 Temperature Dependence of Q. Qé and Q& for 27Al in

NH4A1 and XAl Alums: The Q'

from NMR.
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Q& = kav) are calculated, and the results. are plotted in Fig. 7.2. It
is observed in this figure that the static cur%es are nearly straight
lines, and that they intersect at 310 X. The low temperaturé parts of
the Qé curves represent the predicted behavior if the 53Cr3+.6H20
magnetic complexes were not affected by any phase transitions occuring
in the crystals. The static curves cross at 310 K pecause they follow
the behavior of the Ds curves. At 310 K it is observed that Qé = =0.085
(10—4cm-l), ané AQ& = 0.018 (lo-qcm-l) where AQG is the difference
between the QG values of the two salts.

The experimental results of Burns shown in Fig. 7.1 are now
considered. The phase transition in NH4A1 alum is known to occur at
71 K?z and in KAl alum at 98 K33. In the analysis procedure, curves are
drawn through Burns' Q' values and they are extended continuously te 0O K.
The parts below the phase transitions represent the expected behavior of
+he Q' curves if they were not affected Py any phase transitions occuring
in the crystals. It was postula;ed in Chapter 6 that phase transitions
occur in the undoped or dilutely doped NH4 and K aluminum alums when the
static trigeonal distortion at the Al3+'sites changes sign. This means
that the Qé curves must pass through zero at 71 and 98 X in the NH4 and.
K alums, respectively. It is in turn necessary fof the Q& curves describing
the vibrational pehavier of the Al3+.6H20 complex to Cross the total Q'
curves at the transition temperatures. In this way the relation Q'= Qé*Q&
will be satisfied at the sransition temperatures. The v%@rational behavior

of the aluminum complexes, on the basis of our theory. is described by the

function Q! = Qf, coth (8/2T), with 8 = 512 K for the alums, and Q3 is the
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: 53~ 3+
Fig. 7.2 Temperature pependence of Q' Qé and Q\', for T Cx poped

in NH4A1 and KAl Alums.
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value of Q% at 0 X. The Q& curves are drawn in Fxg. 7.1. The static
behavior of the aluminum cqmplexes in the'twa types of alums is taken
to be the same as that'of the chromium impurity complexes, which are
straight lines. Once the Q% lines ére drawn in Fig. 7.1 then there is .
ohly_a single choice on‘how to place the static Qé lines. For example, .
in the case of NH4 alum, one point on the static’line is at 71 X with
zero Qé-while“the other is at 0 K at & distance below zero as the Q' line
is below the QG line. A straight l?ne representing Qé is then dra;n
through the two points. The same proceduxe is followed for the case of
X alum. It is obéerved that the two Qé lines intexsect nea£ 310. XK. It
is observed-in Fig. 7.1 that the sum of the static and vibrational curves
produces the original :;rves, and the relation Q's Qé+QG is satisfied
at all temperatures. ' ’

1+ is observed in Fig. 7.1 that the spacing between the measured
Q' curves becomes smallex with increasing temperaturé, whi;F that of the
vibration <urves becomes greater. The convergence of tﬁe Q' curves is'
‘accounted for by the greater slope éf the potassium Qé line. Thé .
graphical solution in Fig- 7.1 ig a unigue solution from two points of ‘
view: If the transition temperature (71 or 98 K) of either crystal
differed by more than 2 orr3 degrees, then the relation Q' = Qé+Q¢ could
not be satisfied as 2 function of temperature after repositioning of
the Qé 1ine and recalculating and positioning of the new Q& curve. The

additive relationship would also not hold if the amount of separatidn}

between the two Q' curves was different than that shown in Fig. 7.1-

€
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\t 310 X it is observed in Fig. 7.1 that Q! £ 0.033 o ™t

.
Xl

and 897 = 0.018 (107%en™), where 8Q) is the aifference between the QU
values of the two sqlts.- This Gé;ug of AQG is the same as found above
for the chromium céﬁpiexés in the two salts. The follo;ing formula

has been given to ‘describe Phe nucleary quadrupole interaqtion of a

trivalent ion with nuclear spin I interacting with the surrounding ligand

atoms in the static theory46.

. ' 3V eQ - '
- Q= Ty - Y —

Qe = FT(2I-1)

In this formula, V__ isfthe electric'field gradient due to charges and-
dipoles external to the trzvalent ion, eQ is the quadrupole moment of

the central ion, and 1 - Y, is the Sternhelmer antzsh;eldlng factor.

St;arnheimers8 has calculated 1 -7, % be equal to 12 for Cr3 and 3.36

fo; A13+ ;' The quadrupole moment {Pr 2751.is 0.149 b and foriy/cr

a value of - 0.0%4b was.found above. Since I = 5/2 for 2741 and I = 3/2

for sscr, then the followiﬁé ratio is found

b

(Qé)CI/(Qé)Ai = ~-0.102 (VZZ)Cr/ 0.372 (VZZ)Al' (7.1)

1 -

In the discussion on static crossing points given above, it was speculated
that at 310 X in the alums, the trivalent jons in all the crystals
associated with a glven D C‘pOlnt have the same value of electric field

. ™~

e
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gradienF sz. -Since the NH; and K aluminum alums havg a common value
of D, and we put [(VZZ)CI/(VZZ)Al]BlO o =1 Ea. 7. gives
(Qé)Cr = - 2‘7(Qé)A1 at 310 K. Thé ratio obtained at*}lo X from the
_ graphs of Figs. 7.1 and 7.2 is (Qé)Cr :(-2.6t0.2)(Qé)Al, wyéch is the
same as the calculated value. ’ '
These results show that the medel of parameter splitting
developed in the thesis will account for the Q' vs T curves measured
by Burns. The postulates, assumptions and results of the model all
contribute to the obtaining of a qgantitativé fit. The analysis gives
one insight into the behavior of the measured 27al3+ Q' curves of Fig.
7.1. For example, if the Q' cuxves in the two alums were placed higher
up in the figure then it is‘expectéd they would diverge with increasing
temperature because they would be coptrolled mostly by the Q. curves
which diverge by a greater amount for higher posit%ons‘in the figure.
conversely, if the Q' curves were placed lower in the figu?e, then it
is expected that they would converge more sharply because they would
be controlled mostly by the Qé curves. In both these cases it wéuld be
necessaxy, of course. for the.transition temperétures to occur at values
different than 71 and 98 K, stherwise the condition Q@' = Qé + Q& would

»*

not be satisfied.
\
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7.4 The Hyperfine Paramgters A and B

The plotted experimental vélﬁes.og A vs D at 4.2’ shown at
. y .

the top of Fig. 6.21 can Le described in terms of the digtortibn of the
octahadron of waters coq;dinated to'thé chromium ion as follows: For
a neg#tive D value, an increa;e_;n the frigonél éom?reésion of the
oq;ahedron causes an incﬁease in the maéniﬁudg of D. Bee;use of.the
increased ;ompression; more df.;he chromium electrohs will be transferred
to the.oxygens ofAEhe water ligand§ in the,flll]'éirectioﬁ. This will

cause a decrease in the magnitude of ‘the hyperfine interaction energy,

with a.consequent decrease in A. For a positive D value, an increase

- -

in the trigonal extension of the octahedron also causes an increase in
the magnitude of D. Because of the increased extension: less of the
chromium electrons will pe transferred to the oxygen ligands in the’
[lll] direction. This will cause an increase in the magnitude of the
hyperfine interaction energy, with a consequent increase in A.

In the temperature dependence of the A parameter, it is seen
i# Figs. 6.22, 5.25, 6.28, 6.31 and 6.33 that an increase in A with
temperature is &.companied by a decrease in B, and vice versa. But the
variation in B is usually not as great as that for A, especially for
the complexes with positive D. Hence an increase or decrease in
transferred chromium electrons in a [lll] octahedral direcﬁizn is
accompanied'by a decrease Or increase, respectively. of electrons in the

perpendicular direction. .

!f‘ :
( ‘

#~
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The experimental graph at the top of Fig. 6.?1 shows an
interegting Property: when the best £it lines through the B values are
extended linearly to the ¥y axis at.zero D, it is seen that for positive
D the line cuts the y axis neax the value of XK', while for negative D
}t is higher. 1In the f;rét case the condition & = B is sati;fied at
" zero D, while in the second it is not. The condition A = B = K- at

zero D is accounted for in McGarvey's theory.(Eqs:/g.e and 6.10) by th
requiremgét that A = Bg = 0. The condition B>A at zero D is unteéable
i? McGarvey's theory. In the present analysis it is seen that the
condition A = B = K' is satisfied for the positive D brancﬁ at‘zefo D
du% to the fact that A %_-Av and Bg and By, ;re relatively small. This effect
can be seen for the case of NH,Ga alum in Figs. 6.36 anq-2:39. When |
the negative D branch of B ;s extended to zero D, the condition A % -,

still holds but BS and BV are now big enough to give an

addifional contribution to B. :2\15 also noted in Fig. 6-39 that Bs and

BV are very small for the B bfanch with positiée D.
In'conclusion,‘phe main features of this work are recapitulated:

The predicted value of the 53¢cr nuclear quaérupoie moment was found.to

be - 0.034b, which is in agreement within the range of values found by

others. A larger static distortion iffpredicted at room temperéture

in the gquanidinium salts for the complexes ter;ed (2} than in those

termed (1), which is in agreement with ﬁ-ray structure measurements. The

nature of the phase transitions in the NH4 and ¥ alums were accounted for

in a guantitative manner. The method of analysis was applied to an

independent set of measurements obtained by others, and was found to
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produce a unique graphical solution to the results. Other features
such as the existence of characteristic static crossing points should
be studied further, and the general applicability of the analysis method

should be tried on other crystal or ion systems.
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APPENDIX A

” .

List of the values of the static vibrational and total
zero-field splittigg parameters Ds. Dv and D at different temperatuxeé

-

for the crystals studied in this work. The unit of DS' Dv and D is .

10-4cm-l and the temperature is in degree K. The computer program used,

to obtain the values, is also given.
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APPENDIX B

Conversion factors from the units used-in this work to the

/s
SI system of units. ’

£
Q
1A = 0.1 nm
1 a.u. - * 52.917715 pm
' -27
1 a.m.u. = 1.660531 X10 kg
1 i, 10728 L2
1 em * = 1.98648 x 10785 -
1 e.V. = 0.16021917 aJ
1 in. = " 2.54 cm
1 G = 0.1 mT
- «®
1 kG- = 1 aT .
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