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ABSTRACT

The paramagnetic resonance spectrum of Mn+2 Impurity lons in
natural crystals of monticeilits, MgCaSlO4, was studled at room tempe-
rature and at x and g-band microwave frequencies. Four magnetic comp-
lexes, which in the (010) plane degenerate Into two, were dlscovered.
The magnetic fleld separation of the spectral Iines along the principal
axes of the crystalline electric field was the same for all four comp~-
lexes. Partlal angular variation of spectral splitting was done in
this plane and confirmed the exlstence of two complexes closely related
in pairs. The spectrum was fitted to a spin Hamlltonian for S state
fons in crystaliine electric field of orthorhombic symmetry. The spin

Hamlitonlan, Including hyperfine structure, Is gliven by

=ngSxHx+BgySyHy+Bngsz

L 00, ! 22,1 00, 1.22. 1 .44
* 30505 + 3630, + 35 540 * g524% * 7 0%

+ Alez + B!YSy + Clxsx .

The parameters were determined as:

9,=1-9961 + 0010, q,=1.9905 ¢ 0010, B2=-556.5, b2s-351.7, 63=-0.5,

b2=-56.0, by=-40.3, A<85.5, Be65.5. The values of b, A and 8, are
In gauss and the signs are relative. These parameters were used to
diagonalize the matrix of the spin Hamilfonian for incremental values
of magnetic field along a Z axis. On the basis of this, an energy level
diagram as a function of externally applied magnetic field was obtained.

2

I was possible to relate the Mn+ spectra to the crystal struc-
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ture of monticellite. In particular it was shown that Mn+2 impurity
fons replace Mg atoms which are in centers of symmetry and do not
replace Ca fons which are in sites of lower symmetry. Indications
were found which suggest that the crystal structure of monticellite
should be redetermined if precise positions of atoms in the unit cell

are required.
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CHAPTER |
INTRODUCT1ON

The phenomenon of electron spin resonance (ESR), since its disco-
very about twenty five years ago, has proved to be very useful as a
research and analytic fool in quite diverse fields. In particular the
technique has been used to study the ground state of paramagnetic Impu=-
rity lons in crystals, and the effect on the ground state due to the
electrostatic environment that the paramagnetic ion experiences. The ‘ &!
study of this effect can often tell much about the host crystal itself,
and it is with this question that the present -investigation Is mainly
concerned. The research Involves studying the paramagnetic resonance
spectra of Mn"'2 impurities In natura' crystals of monticellite,
CaligS10, .
IT Is well known that paramagnetic ions in crystalline environ-
ment experience a partial removal of energy state degeneracy due to
electrostatic Interaction with the nearest neighbours in the lattice.
In this connection the S state ions are of particular interest In that
due fo their spherical electron distribution all the spin states would
have equal interaction energies with an electrostatic environment and
hence no removal of degeneracy would be expected. The fact is that

Mn+2, which is an S state ion with ground state electron configuration

2 23p63d5 and term 685/2, does experience a crystal splitting

15225220536
of its ground state.
Mechanisms to explain this effect have been proposed. Van Vleck



and PenneyI have shown that a small admixture to the 685/2 state of
higher multiplets and configurations (e.g. 452) can cause crystal field
splitting, commonly known as zero field splitting, through higher order
interactions. There would be no first order effects either in the
crystal field splitting or in the spin orbit coupling. Another mech-
anism is offered b& Abragam and Prycez who discuss a second order ef-
fect due to spin=-spin interactions of the five 3d electron cloud dist-
ribution and hence allow the crystaliine field to separate levels due
to different Ms values.

It has been shown by Gabriel et al3, however, that configurational
mixing is not quantitatively sufficient to account for the observed
zero field splitting of these fons. Ayscough4 claims that calculations
which consider the polarization effect of the lower lying 2s and 3s
electrons in Mn+2 by the net spin of the 3d5 electrons give good agree-
ment with experiment.

It is seen that in spite of the mechanisms proposed to explain
the zero field splitting some doubt remains as to whether these provide
the complete explanation. Although the theoretical aspects of S state
zero fleld splitting are somewhat unresolved the experimental observa-
tion of these splittings through their effect on the paramagnetic
absorption spectra yield often important information about the host.

Recently, the fields of mineralogy and geology have adopted the
ESR technique as an analytic tool. Here of course, the interest is
not restricted to S states only but includes all paramagnetic ions.
This is not surprising when one notes that a large number of parama-
gnetic ions are available. These include: the first transition group
(Sdn), the palladium group (4d"), the platinum group (54", the rare

earth group (4fn), and the actinides group (5fn)5.



Some advantages offered by the method of ESR analysis are consi-
derable. It Is possible often to detect minute quantities of an impy~
rity, IO_|2 gramme in some casess. Also one may be able to defermine
whether the occupation of the host is substitutional or interstitial,
Type of bonding can be predicted through the study of hyperfine struc-
ture.

In the present work one member of a group of minerals has been
studied, i.e., monticellite, which belongs to the olivine group. The
paramagnetic impurity in monticellite has'beeh identified and through
the study of the spectrum it is possible to state unambiguously which
of the available cation sites is occupied, and that it is substitutio-~
nal in character. It is demonstrated that a crystal structure redeter-
mination is warranted if precise positions of atoms In the unit cell
are required. The word precise is meant to include differences of .l
angstrom.

The resonance study of monticellite was done at X-band (9.4 GHz)
and g-band (35 GHz) microwave frequencies, with most of the final re-
sulfs being obtained at g-band. All measurements were performed at
room temperature, Low temperature (4.2°K) spectra were also obtained,
but the resonance |ines were poorly resolved and so they could not be
used. The spectral lines obtained at g-band were fitted to a spin
Hamilfonian of orthorhombic symmefry,'as done by Vinokurov et al6 in
their study of Mn+2 in diopside crystal.

The results obtained for Mn+2 in monticellite are compared with
those obtained for Fe+3 in chrysobery! by Vinokurov et al7 . This is
of some interest because both minerals belong to the same space group.
Also there has been a redetermination of crystal structure of chryso-

beryl subsequent to the ESR study by Vinokurov et al. And this

Q



refined structure is not In such good agreement with the ESR results
as reported. Because of structural similarity to monticellite one is
tempted to expect analogy in ESR results also. This possibility is

examined in the conclusion.



CHAPTER |1
CRYSTALLOGRAPHY

Montlcellite Is a member of the olivine group of orthorhombic
orthosilicates, The chemical formula for the group is R28104. R may

be g, Fe, or Mn. Members of the group and their cell dimensions are

given In Table 18,

TABLE |  Olivine Group

0 0 0
Mineral Formula a (A) b (A) c (A)

Forsterite MgZSIO4 : 4,76 10,2} 5.98
Fayal Ite Fe 810, 4.80 1059  6.16
Tephroite ‘ MnZSIO4 4.87 10.64 6.23
Monticel | Ite &5495104 4.82 1.8 6.37

The name olivine Is given to solid solutions of forsterite and
fayalite, i.e, (MgFe)28l04. Fayalite and tephroite may also form
solid solutions of varying composition, I.e. (Fe,Mn)ZSIO4, which is
known as knebelite. Monticellite, along with other members of the
olivine family, have the space group ana(Dég). The notation in bra-

ckets Is due to Schoenflies, whereas the other is the International

notation of 1952, D stands for dihedral group and 2h for a two-fold

5



rotation axis combined with a horizontal plane perpendicular to the
rotation axis. The index |6 means that It Is the sixteenth available
space group consistent with the orthorhombic symmetry as |isted in con-
ventional tables. In the International notation P stands for primitive
cell. The subscript n defines a glide operation: a transiation (% + %)
followed by a reflection in the (100) plane. The subscript m stands
for a mirror plane parallel fo the (010) plane. The subscript a also
deflnes a glide plane with translation % followed by a reflection In
the (001) plane. Thus it Is seen that ana Is a holohedral orthorhombic
space group since there are three sets of reflection planes.

There are four chemical units in the unit cell. The fonlc charges

are: Hg+2Ca+2(SIO4)'4. Thus the available cation sites for substitu-

2

tion by Mn+ in monticellite are those of Mg+2 and Ca+2. Table 2 glves

some properties of ions In monticellite.

TABLE 2 Characteristics Of lons In Monticellite

Atom Atomic lon Number of Ground lonic Rad.
Number Formed  Electrons Config. o)
in lon of lon in A
Mg 12 Mgt 10 15%25%2p° 0.65
Ca 20 Cat? I8 () 8% 0.99
i 14 51t 10 1522522p0 0.4]
0 8 072 10 1522522p0 |40
m 2 nt2 2 '8¢ 0.80
* (A)l8 stands for the argon core: |522522p63523p6.
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The structure of monticellite was determined by Brown and Wesf9
more than forty years ago. |ts essential features were determined as
follows: (a) oxygen atoms form two sheets parallel to (100); (b) the
oxygen positions show approximate hexagonal close packing; (c) the
sllicon atoms are at centers of tetrahedra formed by four oxygens; (d)
every magnesium and calcium atom is surrounded nearly octahedral ly by
six oxygen atoms; (e) the magnesium octahedral sites are centers of
symmetry whereas the calcium octahedral sites are located on reflec-
tions planes; (f) there are three types of oxygen atoms; (g) the
silicon-oxygen tetrahedra point alternately in opposite directions
along both the a and b directions In accordance with the holohedral
symmetry. The location of atoms in the unlt cell after Brown and West
is given In Table 3. The structure of monticellite, based on data from

Table 3, Is shown projected on (100) In Figure i,

TABLE 3 Coordinates Of Atoms In Unlt Celi Of Hon‘rlcelli'fe9

Kind of No. of Atoms

X y z
Atom in Unit Cell 2 X X
Mg 4 0.0 0.0 0.0
Ca 4 -.082 2,848 1.593
Si 4 1,940 953 1.593
Ol 4 -1.136 742 1.593
02 4 h.271 4,809 1,593

03 8 i.204 1,695 91
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There does not seem to be any recent structure determination of
monticelilte. However, Bragg and Clarlngbull8 give detalls for a
recent determination of the structure of forsterite, M928I04. Mont]-
cellite Is salid to resemble forsterite very closely with half the
magnestum atoms of forsterite being replaced by calcium atoms. Flgure
2 glves the structure of forster(te projected on (100), according to
Bragg and Claringbull with half the magnesium lons replaced by calclum
lons. The sites designated a, @, B, B, ¥, Y, 8,  In Figure 2 consist
of Ca and Mg atoms surrounded by nearly regular octahedrons of oxygen ‘i
atoms. These sites are shown projected on (010) In Figure 3. In
Figure 3(a)band (b) it can be seen that the four sites a, &, 8, T,
which are occupled by magriesium atoms, are crystallographically Iden-
tical. These sites have centers of symmetry (inverslon centers) and
also two~fold rotation axes parallel +o [010]. Figure 3(c) and (d)
shows the calcium sites denoted by v, ¥, 6, T In Figure 2, These
sites are also crystallographically identical but the only symetry
element they possess Is a mirror plane (001),

The chief difference between the structure determination of mont |-
celllte glven by Brown and West and of that Indlcated by Bragg and
Claringbull Is that the oxygen atoms surrounding the Ca and Mg atoms
are more symmetrically arranged in the former case. For example, in
Figure 3(a) the angles between the C axis and two oxygen projections
are 34° and 41° according to Bragg and Claringbull; but these angles
would be lIdentlcal, and equal to about 360, according to Brown and West.

The specimen of monticelllite on which most of the ESR work was
done, had dimensions of about 2mm x 2mm x 3mm. The single crystal
nature of the specimen was determined by X-ray measurements, employing

the precession camera technique. The fact!lties of the Department of
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projected on (010).

(21

.06
O e

Magnesium sites (a) and (b), calcium sites (c) and (d)
o, & sites are shown in (a)

ol

), 8§, § in (d).

The scale is (/4" = |A, and
in each case the elevation in parenthesis refers to barred
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Energy, Mines and Resources, Ottawa, were used In this case. This
method also allowed the determination of the crystal parameters. The
crystal orientation and the two unit cell dimensions were confirmed
employlng the back reflection Laue and the rotating-crystal methods.
This work was done using a Philips goniometer. The specimen, mounted
on a perspex-pln, when attached to the goniomefer could be rotated in
3 ver?lcal plane, givlng an angle 8, and in’ fhe horizonfal plane giving
| :an angle [ The X~rad|a?ion was 1n a horizonfal dlrecfion.
B Back reflecflon Laue phoTographs were obTained for *wo orienta-
vflons 90° aparT Bofh ethbifed orfhogonal pIanes of symmefry. One
-of these phofographs Is shown in Figura 4. (a) The lncldenf white
 'radiaTion (from a copper Targef) was normal To fhe fllms and was thus
‘ parallel To- Imporfan* dlrecfions In fhe crysfal The angular ‘coordin-
‘;Fafes ) and 3 for fhese dlrecflons were plotted on a s#ereogram. Using
the rofaflng-crysfal method, fhese direcflons were found to be coince-

-+ > +
denf with the cand b axes. . The Thlrd axis, a was plotted normal

to ; and. :.I'Thfs Is shown on ‘the sfereogram n Flgure 9 which also
’ shows the poslfion of magnefic axes for the #wo complexes of Mn 2.

~In the. rofafnng-crysfal method fhe sample Is slowly rotated about
a direcfion para!lel fo a zone axis and monochromaflc radlation is
'inc{denf normal fo fhis dlrecTIon. Figure 4 (b) shows a photograph
' obfalned for one of the fwo orientations given above. When the zone
axos,correspond fo crystallographic axes, as was the case for the above
orienfafions;‘crysTaI parameters may be calculated from the formula,

parameter = n A / Cos (w)

where, n = |, 2, - - Is the order of diffraction, A Is the radiation

wavelength, and Tan (w) = D/r, where D is the specimen-to-fiim distance

and r Is the distance between the n = 0 and n = n lines. The unit cell




Fig. 4.

(a)

(b)

(a) Shows a typical back reflection Laue photograph obtained
for x radiation parallel fo a crystallographic axis. (b) Shows
a back reflection photograph for a slowly rotated specimen. In
this case radiation was normal to b axis.



> >
dimensions along b and ¢ obtained with this method are given In

Tabie 4,

TABLE 4 Comparison 0f Calculated Parameters With Accepted Valuus
For Monticellite

Rotation Calculated Accapted
Parallet to Parameter Value

0 0
b axis 11,06 A 11,00 A

0 )
¢ axis 6.18 A 6,37 A

R
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ESR studles It Is only the lowest energy level that Is of Interest
since this Is the one that |s appreciably populated.

(an ;?( LS Jives the energy due to spin=ortlt coupling, and may

be written as

whore TI I's the orbltal angular momentum of the Ith electron,
EJ Is the spin angular momentum of the |th electron, and
xI.J Is an Interaction constant and the summation |s over all
the electrons in the atom,
I+ one considers energy status derivaed from thu ground state (glven by

){ E) the spin orblt Interaction may bo writtun more simply as

Mo eaies

LS
-
whero L |s tha froo ton orbltal angular momentum, and
»

5 |y tho treo lon spln angular momentu,
The magnltude of this effoct varles with tho strongth ot the coupling
and the lon stato but It 1s gonorally botwaon |02 and I03 cm".
(1) The maometic Intoraction botween anch olectron and the

e luun o qlven by

»

whut u ‘I Iy the Total anqular momontum of the TH wlectron,
’
|

| i tho nuclear wplne ond

+
o I tho coupd Ing tactor for the fnferactbon,
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The spacing can be predicted from perturbation theory which involves

the second order approximation.

D.  The Spin Hamiltonian

The Hamiltonian for a paramagnetic fon in a crystalline electric
field Is in general quite complicated. Pryce'2 and Abragam and Pryce2
have developed a very useful method for carrying out the perturbation
calculation, and have applied it especially to the iron group. This
calculation is based on the fact that transitions between the lowest
energy levels are observed In the phenomenon of paramagnetic resonance.
If transitions between 25'+| levels are observed experimentally, then
S' can be defined as the fictitious spin of the system. In some cases,
e.g. in the 655/2 state, the fictitious spin is identical to the free
fon spin, Abragam and Pryce transform the various terms in the Hamil-
tonian into a form involving appropriate angular momentum operators L,S
and J. The advantage of using a spin Hamiltonian is that the rather
complicated behaviour of the lowest energy levels of the paramagnetic
fon in a magnetic field can be described in a relatively simple way by
specifying the effective spin, together with a small number of parameters
which measure the magnitudes of the various terms in the Hamilfonian.
One must then find a model of a crystal field which corresponds to the
spin Hamiltonian and which will explain the observed paramefers.

The interaction terms describing the paramagnetic resonance spec-
trum of a Mn+2 fon in the spin Hamiltonian are as follows:

(1) Zeeman term. The Zeeman term can be written for the case of

an orbital singlet with tensor g value as

ﬂSH S-g*H

8 9 Sx Hx + 0L gy Sy Hy +B g, SZ Hz
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(1) Hyperfine term. Foltowing Abragam and Prycez, the hyperfine

interaction gliven by the contact term discussed above can be written as

A 51 ° Z?E: TR

1)

where |,j = x,y,2,
AIJ Is the hyperfine coupling tensor,
I 1s the nuclear spin, and
S Is the total electron spin,
The principal axes of AIJ are taken to be along the g tensor axes.

Hence, for an orthorhombic crystalline elactric fiald we can wrlte
51 ° A lz Sz +8 'y Sy +C lx Sx

(111) Crystalline electric fleid Interaction. The spin Hami|lto-
nian for a crystalline electric fleld of orthorhombic symnetry Is gliven

by Vinokurov et aI6 as being

K - 1o, 1,221 00,1 22,1 44
Aol L2 L0y L2 02 gt g4,
eF 32t 0 %t St Ot S Ot by O
The form of these operators are glven by 0rbach|3:
o _ 2
0) = 355 - S+ D)
2 1,2, 2
0F = (5245
0f = 3552« [ 305(s+1) - 251 5% - s(s+1) + 357 (s41)?
0 = L0752 -sisen -5 7 (52459 + (57 + 68 [78% - s<s»n)-5]]
4~ 7 z SR A + - 2 -
4 1, A4
o = 5 (siesh
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TABLE 6 Relation Between The Parameters Of The Spin Hamiltonian

For Different Orientations Of The Magnetic Field H.

K|z H|| X HlY
2 0 2
0 1 - b5y | (b3 + b5)
b 7 2772 522
2 o 2.
2 I (362 + b2) I (362 - b5)
"2 A A
o_,2 4 ' oa“'2 -  4if.'
bz % (3b, = by +b,) | 1 (3b, + by +b,) "
2 I (56° - b% = b)) - 17 (56° + b4 - b7)
b, AR ‘_ _-2-._4 4 4
4 | (3500 + 708 + b%) L350 - 72+ bh
b 18990, T Ay T D7 (4 1090, = Ay T Byt
4 8 _ gt T
A B ¢
B A A
c C B

The value of A Is obtained by taking the average of all the hy-
perfine line spacings along the z-axis (25 of them). The second order
terms will cancel out. Parameters B and C are obtained in a similar

manner for the y and x axes.



CHAPTER IV
EQUIPKENT

The spuctrometors used viaro of commerclal duslinn and wero manuface
turad by Hllger and Watts Ltd,, ot Englond, Tho conblined spectrometer
system consisted of two microwave sourcus: onu at X-band (9,4 GHz), and
the other at Q=band (3% GHz), wlony with a common maqgnet, magnut powur
supply, detection and dlaplay syutoms, Tho micruwavo cavltios ompluyoed
wore not of commurclul deslgn or mywtacture, Thuy were doslqnud apeci -
flcally for studying crystal. with anlsotroplc proportios and for thia
purposo they are protarablo to tho cavitios wuppltod with the epectro-
motor, Tho overatl syutom senaltlvity wnw lf)'2 spiny uv the minlmm
roqulred tor dotaction and dleploy,

A, Q-band Spoctrometur

The q-band apuctrometor was opnratad sl room tempsrature only, I
has two balancoed tderowave brldgon, one ued for slgnal detechlon and
the othar fur fraquancy stabitblzation,  The mderovive source v troquen-
cy stabliizad agatnet 1 ronsonant troquoncy of the cavity. A block dle-
gram of the wystom To shown T Elguee ' The klystron tube haw o micha
Rlcal fundng range of S b oz bo 89,00 Gl Gigd B B Tron space wave
Longth), and eloctronde tunitn pane o 6L may Lo accompl bahud by
changlng the tetluctor vol tage abightty, The mbodewen povet outpu? for
P khynbron was S0 i, o an ayvoraon opetation polni of e

Tha uxturngl magnotle tlebd was produend by an o L oot el 01

O ralat g basee HE Kby of 14 baanat wed o teddl Ly orbakned, Afrant



27

couniedoduwel wood le sjusw]isadxs ¥ys3 JO} pasn Jejeuwodloads pueg-b jo weubelp ¥yo0|g

‘

‘g "B14
| — ]
JOIIOSO 1ubowiou1d9|3 1 xboN
N_._v_uworoP —a__ﬂ.ﬁ__@ J4314IUs 9sbud = \ I@
"a°s’d 2PNy soronuany =N\ 3
:
Joyliduly A}ADD Jojuow
NIv_.OOF uDU oS5 uoud wm\n_gm puD
J919U ADM O UOJLSA
L H | = /
—Sao3d z Alddns
® dwy-adg (85 3) 2HA O ! \ JV‘AU' samod [
! JO1alep
Jon AUy joubis
ZHN SV
1 WD a5uDpjipg H WJD Uh._ v
‘a‘'s‘d r m /\ N\ JOPASP
4 i S 24V
d GOS0 paudiow B 2 iy
Jouaduu I ,
vuc%..mwi_\ - ZHWN SV -

——




28

I inear sweeps were avallable in the range. Field stability was achle-
ved by current regulation and for steady state modes the resolution
was about 200 mgauss at g-band.

The essential principles of operation are as follows. Electro-
magnetic energy Is fed from a kiystron to the first microwave bridge
(magic T) where it Is split equally between the side arms of the magic
T. One arm feeds energy to a matched resonant cavity containing the
sample, the other carries the energy fo another magic T junction which
reflects back a reference wave adjustable in amplitude and phase,
balanced so that zero power or the low power needed to bias the crystal
detector Is detected in the fourth arm of the maglc T junction.

In order to detect the signal it Is common to modulate the exter-
nal magnetic field with a small a.c. component. In this case a 100
kHz oscl|lator coupled to a smali coll In the microwave cavity was used.
Ampl itude of the a.c. field was about | gauss.

Whenever the external magnetic field satisfled the resonance con-
dition (h v = g A H) the complex susceptibility of the sample Is al-
tered, and the reflection coefficient of the cavity alters, so unbal-
ancing the magic T bridge. The ouf-of-balance signal passes through
a 100 kHz preamplifier, ( and filters separating the ESR and AFC signals)
and narrow band 100 kHz amplifier to a phase-sensitive detector. The
phase sensitive detector receives its reference signal from the 100 kHz
osciilator adjustable in phase relative o the modulation. The phase
sensitive detector produces a derivative of the absorption signal which
Is shown on a strip chart recorder. The time constant of the output
circuit of the phase-sensitive detector Is adjustable to suit the
various sweep speeds of the external magnetic fleld.

The second magic T enables independent setting of the bridge to
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give the correct condition for the frequency stabilization of the
klystron. This function, commonly referred fo as AFC, (automatic fre-
quency control) Is accomplished to | part in l06. The reflected refer-
ence wave Is modulated at 45 iz In the AFC arm by the 45 MHz osci-
llator. V‘henever the klystron frequency is different from resonant
frequency of the sampfe cavity microwave power proportional to this

di fference and modulated at 45 iHz Is Incident on the signal detector
crystal. This Is transmitted after fllfering, through the 45 MHz
ampl1fler to a phase sensitive detector. The output of the phase sen-
sitive detector Is a correction voltage applied fo the klystron power

supply which continually tunes the klystron frequency.

B. X-Band Spectrometer

The X-band spectrometer could be operated at liquid helfum, liquid
alr, or room temperature. Signal detection and display are achieved
in the same manner as at q-band. Frequency stabllization however, is
accomp| Ished by using & transmission cavity as 2 reference. That is,
the klystron Is tuned to produce microwave power at the resonant fre-
quency of this cavity. A block diagram of the AFC loop Is shown In
Figure 6. The correction voltege Is proportional fo the frequency
difference between the reference transmission cavity and the klystron.
And the sign of the correction voltage |s determined by the positive
or negative unbalance of the dlfterential amplifier.
C. Q-Band Cavlty

This cavity was designed and constructed specifically for the
investIgation of anisotroplc spectra at 35 GHz, It Is cylindrical In
shape and operatas in the TEOII mode. The system Is shown In Figure 7.

The dimenslons for a cylindrical cavity operating In the TEmnp

mode are determined from the formula:
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where, A In the tron space wavelwngth,

aIn the radlun of the cavity,
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the tuning plunger and the conductive |ining as shown In Figure 7.

Tha cavity 1 coupled to the wavequlde through an Iris ,005 inches
thigh, The optimum nperture diameter tor the Iris |s dependent on the
suwe:lo ohape 10 somu extent and |s best determined by trying apertures
ol ditterent ¢laneters, A diameter nimost equal to the small dimension
ol the vaveguids was found satiatactory for most samples investigated.

The ostornal magnetic finld Ie modulated by two Helmholtz colls,
+@ ot ohish Iy viown In the thqure, The modulation troquency is 100
Wit end te onsute seriglation at the semple tho conductive layer of the
venity mad vo thin Vo cavity wall |o mde of perspux one thirty-
von o1 <0 o toat Auled, Yoo (nnar wall I8 1innd with aluninum foll of

w1 b eh bibeds  Iin a aulte sulficlent for propagetion of micro-
reve baargy 01 V0 B dine the abin depth af that trequency |s about
s betewd tee smesd temde fnre The penetration of the 100 kix ¢leld
ver « M01 1o v ale . vine 1o vignals were obiained for semples
RN Y e
'y spw ¢ 14 swmbed 14 0 poropes pin which |9 fastensd to the
ce ) geen t e Ve ranily 1o anlably coupled 10 o verticel
we M bt sre g atey tateled he samnin in a vertical pleane
. ae Cree sore te e 0 1o aetarnal magnetic (leld e
. te . owa 1y - teting the magnat an angle ¢ on Ite
S ee ety apaten tu align the magnetic
G aabet
comy 1 anehiguously, & aystem of
. vesto o b the parspen pliv pure
Vo ss-dls hola In the pin could

v a0 the pultley adjecent fo
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the cavity. After tightening the screw which holds the pin in the
pulley, the entire assembly could be turned so as to 1ine up the scribed
lines, one on the pulley and the other on the retaining plate.

This method allows the removal of the sample and pin from the
cavity for X-ray work or other analysis. The needle hole and the pin
axis with respect to magnet position define the angles 6 and ¢. As
long as the sample is not removed from the pin, placement In any pre-
vious orientation In the cavity Is possible.

As stated in Chapter |1, (B), the X-ray analysis was carried out
by fastening the pin with attached sample to a Phllips gonlometer with
two degrees of freedom, rotaticn In vertical plane, angle 8, and rota-
+ion In horlzontal plane, angle ¢. Thus it was possible to correlate
the crystallographic axes of the crystal, as found by X-ray analysls,
with the magnetic axes of the Mn+2 complexes, as found by ESR measure=
ments.

D. X-Band Cavity

This cavity was rectangular and operated in the TE0|2 mode. A
diagram of this system is shown in Figure 8. The sample was again
mounted so that 1t could be rotated in a vertical plane (agnle 8). In
this case, the rofation Is accomp| ished by worm and worm gear arrange-
ment as shown. The 100 kHz magnetic field modulation loop s provided
by a single turn of copper wire placed at the center of the cavity.
The end of the loop is bent aside In order to clear the crystal hole
on the side of the cavity.

E. Magnetic Fleld Measurement

Nuclear magnetic resonance of hydrogen protons in water was used
+o measure the magnetic field at which ESR transitions occured. Ffor

this purpose water doped with a small amount of copper sulphate was
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X-band rectangular cavity system with horizontal crystal
mount. Rotatlon of specimen is by worm and gear.
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used. The nuclear absorption signal was observed on an oscl!loscope,
with the signal fed to the vertical Imput and a 60 Hz signal with a
phase shifter applled to the horizontal Imput. The magnetic field was
also modulated at 60 Hz, For a glven magnetic field, the frequency
applied to the coil contalning the sulphate solution was varied untll
an absorption |ine appeared on the oscilloscope. The frequency at
resonance was measured with a Hewlett Packard No. 52533 frequency

counter. The magnetic field was calculated from the formula.

v (MHz)
H (kgauss) =
4,25759
where, v |s the proton resonance frequency, and 4.25759 is the fre-

quency In MHz for proton resonance at 1000 gauss.

F. Microwave Frequency ieasurement

The microwave frequency for any ESR spectrum could be obtained by
introducing a trace of DPPH* on the crystal. The ESR transition due to
DPPH was easlly discernable by its intensity and narrow |ine width from
Mn+2 spectra. First the magnetic field at OPPH resonance Is measured
as described previously. The microwave frequency in the cavity Is

calculated from

hv = gBH
where, h s Plank's constant (6.62517 x 104 erg-sec),
g s 2.0036 for DPPH,
8 Is the Bohr magneton (0,92731 x 102! erg/gauss),

H 1s the resonant magnetic fleld for OPPH In gauss,

v |s the desired frequency In Hz.

¥ DPPH stands for diphenyl plcryl hydrazyl.




CHAPTER V
EXPERIMENTAL PROCEDURE AND RESULTS
The ESR spectra of Mn+2 in monticellite were analyzed at both x-

and q-band microwave frequencies, but most of the final measurements

were made at gq-band. lany samples of monticellite were InvéSfigaTed

and all gave similar spectra. Investigations at Ilquid.héyrumufemper- ;
atures (4.2°K) were also attempted, at x-band ffeduen¢1es;-but_1heiESR 'r“.-.

lines were poorly resolved and so no concluslve work could be.done at- o

low temperatures.

A. Determination Of The Magnetic Axes At X-Band - -

The magnetic axes of the Mn* +2 magnetic complexes were . flrsf defer-;355-f:“5“

mined at x-band frequencies using the recfangular cavlfy sysfem shown 4f:vﬂz?i“'

in Figure 8, The magnet angle ¢ and the crys*al angle L] were varied

in steps of about 5°, A recording of the specfra was obfalned each

time on the strip-chart recorder. |t soon became evldenf fha+ There

were four complexes of Mn+2 wlth each complex conslsflng of flve groupS"} o a

of six hyperfine Iines for a total of thirty | ines each as Is- chara-:‘3“-

cteristic of divalent manganese. There were also numerpus forblddenv
transitions of Mn+2, which presumably obeyed the selection rulés

oM, =21, Am| =t 1.

S
The magnetic axes of a given complex are obtained when the five

groups of six hyperfine lines show extrema In their separation. This

occurs when the external magnetic field polnts along the three perpen-

dicular axes of the crystal fleld tensor. The Z axis Is defined as

37
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the direction of greatest suparation of the hyperfine groups for o glven
complex, The Y axis Is 90° away from the 2 axls and tho groups of |ines
have a smaller separation In this direction, The X axls |s mutually
orthogonal to the Y and 7 axes and the groups show an even smaller sepa-
ratlon In this direction, In tact, the hyportine |inus overlapped to
such an oxtont in the X diraction that |t was not posslbie to make any
quantitative measuroments along this diraction, The spectra were etu-
died In dotall along the 2 and Y diructions,

The four complexos dlscovered wara obasrved to have not four byl
two sots of magnetic axes. That le the four complunwe went through
thelr oxtrema In pairs., Tho two sete of magnetic anes were deslygneled
with subscripts | and 2, and their direc tlane are plotied on o sleres
graphic projuction net [n Figure 9. Shown alse In the sene (igure ate
the directions of the crystaliographic anes uv datermined by Nerdy
analysis, The angular relatlonships Letween the crystelliogrephle e

magnat | axes can be expressed 0 terme of ratatlon maitlees oo ful lews:

. o
:'W | ) ! 1
;‘ . ow A 0 el '
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where, T, :I, X are unit vectors along :, 3, and ¢ respoctively and
> > »
X0 Yo 2) 3:2, 32, '1'2 are unlt vectors along xl, Y', z|. Xz,
Y2, and 22 raspectively,
Magnotic fleid positions along the Zl and 22 directions, for the
hyportine Iines m = ¢ 5/2 were measured and the results ere shown in

Table 7,

TAGBLE 7 Magnetic Flold Valuey For Z' And Z, At X=Band

Pos|tlon l. 12 Dl fterance
(paume) (gaude) (geues)
"l 1119,9 *41 AT 0 By |
"l 1%00,8 199,0 1.8
H’ 1087,) 2089,0 ' )
u‘ N A bl
na 3003, 3 3090, .0
P A WotL Y 14
"(. LYTR LTI .0
"7 “Qm." ““‘c‘ o’
M AT g 1,0
", [YTIHY TITR) (N
" WY, W, 19,0

A s AN W St e Mdbama e P L e W AR ———- W

I T seun that magetlc Hiatd valuse (o sy ivalent tranyitions
wuro vl ihin o few goues of wart ottwe (e alent all cases The opecite
ubtained for “ ami I) wnin banationt 1o sppuatance, they ate tie (ined
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Identical spectra were also observed for the YI and Y2 directions.
These are seen to be in the plane defined by the directions Zl and 22,
which is also the crystallographic (010) plane. The Yl_and Y2 axes are
8° away from the Z2 and Zl axes respectively. As these directions are
quite close to the Z axes one would expect to observe 60 lines alltold;
30 lines due fo the Y of one complex and 30 lines due fo the Z of the
other complex. 11 turned out however, that In addition, numerous for-
bidden 1ines were observed. Consequently it was quite difficult fo
Identify some of the hyperfine |ines unambiguously along the Y axes.
Hence it was decided fo study the spectra at Q-band frequencies in the
hope that the forbldden |ines would diminish In Intensity and thus

facilitate the resolution of the spectra, especially along the Y axes.

B. Determination Of Magnetic Axes At Q-Band

The specimen was attached to a perspex pin, this time with the pin
axis parallel to the crystal ; axis. This orientation was confirmed by
measuring the crystal parameter parallel to the pin axis and this was
found to correspond to the b unit cell dimension. At Q-band the cylin-
drical cavity shown in Figure 7 was used. With this set-up the direc-
tion of the external magnetic field was varied in the (010) crystal
plane simply by turning the threaded pulleys on the cavity.

The magnetic axes Z‘, YI' 22, and Y2 were once again located.
Typical spectra along the Z and Y directions are shown in Figure 11
and 12 respectively. The same angular relationships between the spectra
and the crystal lographic axes were found to hold as at X-band. As hoped
many forbidden |ines previously observed either were not observable or

decreased In infensity considerably so that it was possible to resolve

the spectra along the Y directions. Maonetic field values for the
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m =t 5/2 lines for the spectra In Figures |1 and |12 were measured and

the results are shown in Table 8,

TABLE 8 Magnetic Fleld Values For m

|
Z And Y Axes At Q-Band

= t 5/2 Transitions Along The

Position 7 Axls Y Axls

(gauss) (gauss)
}H 9590,5 t.| 10122.9
H2 100071 % | 10516.2
H3 10056,7 10812.0
H4 11078,3 11224.,6
H5 L8151 117653
CPPH 11988,5 11991 .1
Ho 12250,0 12185,1
H7 12802, v 12758,3
Ha 13365,1 v 13214.6
H9 14057.4 13671.7
| * [
“lO 14148,5

* not attalnable with avallable magnet powor supply.

C, Calculation Of Spin Hamiitonlan Parameters

The paramaters b:, A, and D woro found from equations |, 2, and

3 using the magnetic flald positions for the hypertine | ines glven

In Table 8.

The results ara shown In Table 9,
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TABLE 9  The Spin Hamiltonian Parameters For Mn+2 In Monticellite

Parameter Value
9, 1.9901  ,0040
9, 1,9905 +,0010
A 85.5 t 2
B 85.5 t2
bg 55,5 & |
2 ¢
02 «351.7 ¢ |
b -0.500 .01
bi 56,0 4]
b: 40,3 4.
H 12033,6 £ |
(4]
Hoy 12069,8 t |

The values of bw, A B, Hoz’ and Hoy are In gauss,

Using the values of the constants In the above table, the matrix
of tho spin Hamlitonlan was dlaqonalized tor incremental values of
magnetic fiold, The fluld was varlod In steps of 100 gauss from zero
tiald to 19000 geuas, Thu colculations wero done on an IBM 360 compu=
tor utllizing o |lbrary diogonallzation subroutine, Values thus obtai-
nod woro usod o plot thy onargy lovol diagram which is shown In

Figure 15,

0,  Angular Varlatlon Ot Tho ESR Spectra In The (010) And (001) Planes

Partial angular varlation of the m = 5/2 hypertine |ines was

carriod out In the (010) plano first, The results are shown In Flgure |4,




47

ENERGY (kgauss)
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4
MAGNETIC FIELD (kgauss)

Fig. 13. Energy level diagram of Mn+2 in montice!llte with the magnetic fleld
along a Z axls. The vertical transitions show the centers of gravity
of the hyperfine |ines at x and q-band frequencles as Indlcated.
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I+ can be seenthere that the two Mn+2 complex pairs behave identically
in this plane. This follows from the equal magnetic field values and
the identical angular variation of the m = 5/2 lines of the complexes.
Also shown in the figure Is partial angular variation of the m = 5/2
line for the top group about the Y axes. |

When the magnetic field was P or more off the (010) plane, it was
observed that each group of hyperfine lines, consisting of six lines,
split into two groups, consisting of twelve lines. This effect is
shown in Figure 15 for one group of hyperfine lines. This means that
there are actually four complexes of Mn+2 closely related In palrs.
And, as seen in the (010) plane, they degenerate info two complexes.

The same specimen as used above was aiso oriented with the perspex
pin along the crystallographic ¢ axis so that turning of the pulleys
would vary the direction of the magnetic field In the (00I) plane. The
spectra observed in this plane were poorly resolved, and the max imum
separation of the group of hyperfine |lines was considerably less than
any exrema in the (010) plane.

E. Accuracy In Results

The uncertainty in all angular measurements is believed o be no
more than fwo degrees. This figure Is chosen as the upper limlt since
all angular relationships have been redetermined a number of times and
in all cases repeatability was within 2. In particular the angular
separation between Z‘ and Z2 in the (010) plane, ( = 82° ), is believed
to be within this limit.

The uncertainty in magnetic field measurements Is estimated to be
+ .| gauss. This value is obtained as follows. The magnetic field in

gauss is calculated from v x |03 / 4.25759, Where v Is the frequency




Fig. 15,

Splitting of a g

twelve for the magnetic f

roup of hypartine |ines of Mn+2 trom slx to

leld about 3° oft the (010) plane.
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In MHz for proton resonance at a given field. The uncertainty in H Is
therefore determined by the instability in proton resonator frequency.
This was about 100 Hz for frequencies of 10 MHz, (I part In l05). On
the basis of this the uncertainty in H is one part in the fifth sig-
nificant figure or £ .1 gauss for values in Tables 7 and 8. The sta-
bility of the field Itself was In the milligauss range and consequen-
tly Is well within this limit.

Although the field values were measured within a tenth of a gauss
this does not mean that the values given In Tables 7 and 8 are to be
associated with the ESR transitions indicated there to the same accu=
racy. The line widths involved were too large for this. The uncert-
alnty In the line positions Is estimated to be several gauss, or
several parts In the fourth significant figure In Tables 7 and 8.

This implies In turn, at most, an uncertalnty In the spin Hamiltonian

parameters of one part in the third significant figure.



CHAPTER V|

DISCUSSION AND CONCLUS |ONS

A. Correlation Of ESR Results With Crystal Structure Of Monticelllte

The ESR signals in monticelllite are due to divalent manganese.
This |s evident from the spectra observed and the fact that the ground
state term for Mﬁzls 635/2.

It Is possible to correlate the observed spectra with cation sites
In monticelllte. Tho two compluxes, which In reallty are four comple-
xes In palrs, exhiblt Identical behaviour In the (010) plane, This
means that both complexes must be producod by crystal lographical ly
equivalent nelghbourhoous. Exanination of the cation s|tes projected
on the (010) plane In Figure 3 shows two sots of four equivalont nalgh-
bourhoods. One set Is the magnesium sltus o, &, 0, and ¥, Tho other
sof Is tho calclun sites ¥, Y, &, and &, On the basis of the above,
It 1s clear that manganese spactra could orliginata trom one sot of
sitos or the other but not trom both since they arn not crystallogre-
phically equivalant, With the ald of symmetry conslderations however,
It s posslblu to further oxclude onu of theso ne tollows, The ortho-
rhomblc spactra ara found to have uno sot of majnatic axos (the Xl and
X2 axos) alon) thu [010] direction, Thus the other two nxes are in the
(010) plano, liow slncu the wpectry are orthorhombic, they must bo duo
to paramagnot I Impurities In alfus which havo two-told rotation sym~
metry In that plann, Agaln, oxaminatlon of Flgure 3 shows that only

altos a, a, B, and 1 have 1hiw proporty, Thus tha concluslon can be

"
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drawn that manganese In monticel|lite substitutes for magnesium and
does not do so for calcium, The latter conclusion fs subject to the
fol lowing qualification, |f calcium sites are substitutional ly occupled
by manganese +heir number Is less than |0|2 for the specimens investi-
gated. This limit is determined by the sensitivity of the spectrome-
ters. There are no reasons, however, to belleve that this Is the case.

It Is to be noted that the Z axes are Inclined to the ¢ axis at
41° In the (010) plane, and that these directions are along the oxygen
bond projections in that plane. This fact conflrms that manganese
enters monticellite substitutionally and not interstitiaily,  The
correlation of ESR spectra with the crystal structure Is completed by
attributing one paired complex fo the sites o, &, and the other palred
complex to the sites § and B. This association is indlicated by the
fact that sites o and ¥ are obtalned by reflection of the a and B
sites respectively in the (010) piane. Thus for magnetic fields in
(010) o and B are equivalent to & and B respectively. It follows,
therefore, that one paired complex Is due to o and o and the other
palred complex is due to 8 and B sites.

The magnetic Z axes, as shown In Figure 3(a), are coincident with
oxygen bond directions. |t will be recalled that this Is for the
structure of monticellite (based on the forsterite structure) accor-
ding to Bragg and Claringbull. The angles shown there would both
be about 36° for oxygen coordinates In the original structure deter-
mination by Brown and West. |f the latter structure Is assumed
correct, there Is approximately a 50 difference between oxygen bond
projections and magnetic Z axes in the (010) plane. This In itself
is a possible result as long as the ESR spectrum has two-fold

rotation symmetry In that plane. Frequently, however, magnetic axes,
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especial ly the Z axes, point through nearest |igands or along |igand -
bond projections. |t seems most probable, therefore, that a redeter-
mination of the structure of monticellite Is in order If precise
location of atoms in the unit cell Is required. Recently, many
structure determinations have been redone and dlfferences with the
original work have been found. Two minerals, which are Isomorphous
with monticellite and whose structures have recently been redetermined
18

are,forsferl?eaand chrysoberyl ",

b,  Comparison Of This Work With Few Ofher ESR Studles Of Natural

Minerals

It Is of Interest to compare rolative magnitude of spin Hamiito-
nian parameters for a glven impurlty In dlfferent magnetic complexes
but of same overal symmetry. This is done In Table 10 for a few
minerels recently studied.

TABLE 10 Spin Hamiltonlan Parameters Of Mh'2 In Orthorhomblc
Complexes Of Some Minerals

Mineral Cublec Term Axlal Terms Orthorhombic Terms
4 0 0 2 2
b4 b2 b4 b2 b4
Tromollte'®  pink 30,6 -448.3 -0.96 -234.7  33.0
Monoclintc white 18.2 -442,9 <0,43 =238.| -19,0
2(HZCaZM95-
(510))
Diopside® Mg slte 1508 452,95 0.34 -308,5  -4.74

Monoclinlc Ca slte 32,42 373,84 -6.58 5,26 =2,93
(CaMgSI206)

Monticellite Mg site  -40,3 -558,2 <0.5  -351,7  -36.0
Orthorhombic Ca site ]
(CaMgSIO4)
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* No ESR spectrum detected. In tremolite it is not known whether
Ca or iig sites are responsible for ESR signals.

Examination of the table shows, for evample, that the Ca sites
in diopside are more symmetric than the ilg sites in the same mineral
since the former has a larger cubic term and smalier axial and ortho-
rhombic terms. Monticeliite Is seen o have axial and orthorhombic
terms which are larger than the corresponding ferms both In diopside
and tremolite. It appears then, that the magnesium sites there have
larger distortions from cubic symmetry than similar sites in diopside
and tremolite.

It has been shown that the hyperfine constant A Is related to
amount of covalent bondlngzo, the greater the covalent bonding the

smaller the hyperfine splitting. Mafumura2|

has obtained a graph

which shows an almost linear relationship between the coupling constant
A and the fonicity. On the basis of his graph, tremolite, monticellite,
and dlopside have 86, 91, 91 (lg site) and 95 (Ca site) per cent
ioniclty, respectively.

It has been mentioned that chrysoberyl (A|28903) Is lsostructural
with monticellite and that for this reason it is of interest to compare
ESR results in the two minerals. Best for this purpose would be re-
sults due to a common Impurity, Unfortunately, the only reported

paramagnetic fon in chrysoberyl is Fe+3

. The equivalent of & and T
sites in monticellite are shown for chrysobery! in Flgure |6 and Table

1| summarizes some results obtained for the minerals.
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Flg. 16, @ and B sites In chrysoberyl are shown in (c) and (d) respectively,
projected on (010). (a) and (b) show the sites In (c) and (d)
respectively, projected on (001). The full circles are aluminum
and the surrounding atoms are oxygen. The scale |s 1/4" = |A and
olevatlons are above and below paper pl?ge. The sites are based
on the refined structure of chrysoberyl™™.
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TABLE 11  Comparison Of Some ESR Results In Monticellite And

Chrysoberyl
Monticellite Chrysoberyl

(CaMgSl04) : (A{zBeOS)
Impurity Mn+2 Fe+3
Replaces Mg Yes Al Yes ¥

Ca No AI11 No
No. of Complexes:
Expected on basis ~ Four in pairs Four in pairs
of symmetry '

_ Actually observed  Two In palrs Two in palrs
Spectrum symmetry - Orthorhombic Orthorhombic
Two magnetic . (5)0) plane (001) plane
axes In. -

* AI‘ are lnversldn’cenfers and correspond to Mg In monticetlite,

Al,, correspond to Ca sites in monticellite.

Vlnqkurov‘éf aI7 have found two megnetic axes for each paired
complex in (001), On the basis of the chrysobery! structure their Z
axes are along oxygen-aluminum bond projections in this plane. The
angle between this projection and fo10] s about 35° In the old struc-
ture and about 37° In the refined structure. So that the magnetic Z
axes no longer polnt through the oxygen atoms. It is Interesting to

note that angles close fo 35° (34° - 12') may also be found In the




58

. Y] l*'

(010) plane, and also that in 1hl»s‘blane the sites have two-fold

rotation symmetry as is shown In Figure 16 (c) and (d)f This means

that on the basis of symmetry alone, the orthorhombic Fe+3

spectrum
could have two of Its magnetic axes in the (001) plan . as reported,
or in the (010) plane as Is the case for monticellite. 'Vlnokhrovvef
al, unfortunately, do not state without ambiguity how fhé!r results
were obtained. Nor do they mention the possibility of magnefic axes -
in (010) plane, a purely theoretical consideration, of which apparently

they were not aware. |t is not entirely out of the question, there-

fore, that their magnetic axes were in the (010) and not in the (0O1)

i plane. |f this were the case, the analogy In Table || would be comp=

lete. It would be Interesting to bursue this question further, espe~
cially In chrysoberyl containing Mn+2 impurity. |

In conclusion, It Is pointed out that as far as Is known,vmohfl- -
cellite Is the only member of the olivine group of minerals which hqs o
been studled via ESR. The entire group could be studled from fhls' | .
point of view, since the remalning three members; forsterite, fayalite,

and tephroite and their various solid solutions should all exhibit

ESR signals.
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