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CHAPTER I
INTRODUCTION

In the year immediately following the first

successful electronic spin resonance (esr) experiment by
Zavoisky (1945), much of the experimental and theoretical
effort was directed toward an understanding and explanation
of the resonance spectra themselves. Very soon, enough of
the general features of these spectra were understood to
allow the use of esr as a tool for the investigation of the
electronic properties of liquids and solids.

Notwithstanding the quite substantial progress that
has been made since that time in the theoretical interpretation
of the esr spectra, many detalls, and in some cases major
points, are not understood. One of the areas in which there
is a gap between théory and experiment is the behavior of the
energy levels of an S-state ion when it is incorporated in

a crystal lattice.

l,1] S-State Ions

EWhen a free election is subjected to an electric field
one se%s no effect on the Zeeman splitting of the magnetic
épin ehergy levels. In contrast, when these spin levels
are associated with an electron or electrons of a paramagnetic

ion, an electric field influences the magnetic sub-levels via
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None of these seem adequate, at least in their present
Lion, to explain the observed effects.

falculations based on an S-state ion in an environment
ids characterized by point charges have been carried
two types of cation environment; one in which the
ituated at a lattice site of cubic symmetry, and the

1 a lattice which has been distorted from cubic

r by an elongation or compression along a symmetry

n the latter case, the parameter that is calculated
ixial splitting parameter D. Previous to the present
alues of D for Mn'" have been usually of the order of
s and in a few instances up to about 450 gauss. In
ent study of Mn'' in Zn, P, 0, values of D have been
1ich vary between 612 and 1319 gauss depending on
erature and type of cation site.

hus an esr study of this crystal and its analogues

ovide data useful in studying the relationship of

Jue of Mn'" to crystalline parameters,




1.2 The Phase Transition in ZQLEJ%

One way of studying the effect of the environment on
the energy levels of the ion is to chahge the environment
slightly and observe the change in the esr spectrum. It
sometimes happens that only slight structural changes occur
when a crystal passes through a reversible phase transition.
Such a transition has been observed to occur in Zn, B, O, at
132% 8°¢ (Katnack and Hummel, 1958) and in Mg P, O,at 68°c
(Roy, Middlesworth, and Hummel, 1948).

In addition the phosphates in general have been of
interest because of their luminescent behavior when
activated with suitable ions. This interest has led to a
study of the phase relationships in these materials. 1In
particular some of the divalent pyrophosphates show a
marked similarity in structure and phase behavior.

A detailed knowledge of the structures of the different
phases of these pyrophosphates is undoubtedly necessary ﬁo
the elucidation of the mechanisms involved in these transitions.
At present the determination of the high temperaturep
phase of Zn,B 0,has been completed. This present study was
undertaken to provide information about the phase transition
additional to that obtainable from x-ray analysis. Mn" and
CliH were the paramagnetic ions used because (a) the Mn'" is
sensitive to small structural changes and the spectrum is
easy to observe, (b) the observed behavior of the Mn*"
spectrum at the phase transition suggested the need for a

second paramagnetic ion to ensure that this behavior was



characteristic of the bulk material rather than the Mn'*
ions, (c¢) the Cu™ Spectrum is simple, and (d)p - Cu, P, 0,and
ﬁ- Mnnglovare isomorphic to the crystals under study.

In summary then, the motivation for this investigation
was two-fold. The first motive was to provide data which
would extend the range of experimentally observed D values
for Mn'* and which would serve as a first step in the esr
study of some isostructural or otherwise related phosphate
compounds, Because of the intended use of this data a
somewhat extended discussion of the present state of the
theory of S-state ions in crystals seemed in order and this
is presented in Chapter II. The second motive was to further
investigate the interesting behavior observed in preliminary
experiments of the esr spectra of Mn'' in Zn,F, 0, above the

phase transition at 132°C,



CHAPTER TII
THEORY

1. Thp Spin Hamiltonian for Cu++

The ground state of the free CdH-ion is 3d92D%f In
the solid state this ion is acted upon by the crystalline
electric field. The effect of this field on the energy
levels of the ion is illustrated in figure 1. We neglect,
for the moment, the spin-orbit coupling, so that the 2D state
of the free ion has five-fold degeneracy. In a crystal
‘where the environment of the cu'' has cubic symmetry the 2D
level is split into two levels, separated by about 10*em™
in energy. If the symmetry is lower these two levels can
be further split as shown. The effect of this last
splitting is to leave the lowest level orbitally non-degenerate.
This is called the "quenching out" of the orbital angular
momentum in the iron group ions and, because it is only this
lowest level that is appreciably populated at room temperature,
results in the well-known "spin-only" paramagnetism of this
group of ions.

This same effect allows the Zeeman splitting of the
ground state in a magnetic field to be described by what is
called a spin Hamiltonian. To see how this spin Hamiltonian
arises we write down the normal Hamiitonian for the system

of the ion in a crystal subjected to a magnetic field.
5
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The first three terms are the coulomb interactions among
the electrons and the nucleus and leave the ion in the *D
state shown in figure 1. V crystal represents the effect
of the crystalline electric field. ‘Xﬂo g is‘fhe spin-orbit
interaction, and P ﬁ. (i + Z%) is the interaction of the
electronic moments with the magnetic field. V nuclear
represents interactions which‘are présent when the nucleus
in question has a magnetic moment. We have neglected the
small spin-spin interactions. Fortunately, for ions of the
iron group the various interactions, considering the coulomb
interactions as one, decreaée in size by at least an order
of magnitude, in the sequence written in equation (2.1).
This means that in findiﬁg the energy levels of the
Hamiltonian each interaction can be considered as a
pertubation on the preceding ones. As pointed out above,
the first two interactions produce the splitting shown in
figure 1. The "quenching out" of the electronic angular
momentum leaves only 2;3§° 5 as the interaction of the electronic
magnetic moments with the magnetic field. The effect of the
spin-orbit coupling is to mix some of the higher *D wave
functions with the ground state wave function. For cu'’
this results in a change in the spectrescopic splitting factor

from its free-spin value. Instead of writing the magnetic
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interaction term as 2;3%. 5, it becomes ?ﬁ?ﬁo g, where%,is
now a tensor quantity to account for the directional effects
of the crystal lattice on the orbital angular momentum.
Finally, the nuclear interaction term includes the hyperfine
interaction between the electronic and nuclear moments, the
quadrupole interaction, and the direct magnetic interaction
of the nuclear moment with the magnetic field. Only the
first of these is large enough to be significant in the
present case. This interaction can be written as AEZéj
where A is a tensor quantity.

Thus the net result of this quenching of the orbital
angular momentum and of the fact that only the ground state
in figure 1 is appreciably occupied at ordinary temperatures
is thap the simB}E="spiﬁuggmiltonian"

‘%=%ﬁS+HIS (2.2)
can be used toxdescribe the Zeeman splitting of the ground
state of the Cﬁ%*in a crystal. The nuclear spin I of the
copper nucleus isié and the ground state spin is 4. Since
the selection rules are AM;= O and AM5= 1 this results in

a spectrum of four lines with equal spacing A.

2, The Spin Hamiltonian for Mn™

Although the spin Hamiltonian (2.2) is appropriate
for § = 4, additional terms are necessary if § is greater
than 3. The admixture of higher states into the ground state
by the spin-orbit interaction results in a Stark splitting

of the magnetic sub-levels even in zero magnetic field, For
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this reason these splittings are called zero-field splittings.
If the crystalline electric field has axial symmetry, a term
Dsg must be added and if the symmetry is rhombic or lower
an additional term E(Sx°- Sy*) is necessary. Thus, under
these conditions, the spin-Hamiltonian (2.2) becomes

- %H 3+ DSI+ E (55 9+ALS.  (23)

In the case of Mn'* , however, there is the additional
complication that the ground state of the free ion is an S~
state, This means that there is no angular momentum and that
those terms in the spin Hamiltonian which arise from the
combined effect of the spin-orbit coupling and the crystalline
electric field should not be present. Also, since the S-state
results from 4 electrons outside closed shells little
hyperfine interaction is expected. That is, the spin Hamiltonian
should have the simple form

H - FaFlS
In fact, quite large igperfine interactions and zero field
splittings are observed, and it turns out that the Mn*" spectra

can be adequately described by the spin Hamiltonian (2.3).

3. 8-3tate Tons

Since the MﬂH'spectra can not be explained on the
same basis as that described above for Cu++, it is necessary
to look for other mechanisms which could produce these effects.
It has been proposed by Abragam (1950) that the anomalous
hyperfine splitting arises from some admixture of the con-

figuration 3s3d” 4S with the 3s3d° configuration of Mn'™



Later calculations (Heine, 1957; Wood and Pratt, 1957)
indicate that there are also contributions from the closed
3s2, 252’ and 1s® shells arising from a polarization of these
shells by the 3@ electrons. The situation is not completely
resolved because of the difficulty of the calculations.

The situation is even less clear with regard to the
fine structure splitting. Since the crystalline field
cannot influence a pure S-state there must be some mixture
of higher states in the ground state. The manner in which
the admixture of these higher terms split the ground state
is a formidable theoretical problem. Since the most serious
attempts at solution have been made for the case of cubic
symmetry, a brief discussion of the cubic splitting parameter
"a" will be given as.an introduction to the axially symmetric
case. For S-state ions the Jahn-Teller effect does not
apply, and it is quite common to find such ions in sites of
cubic symmetry. In this case the axial terms in the spin-
Hamiltonian (2.3) are absent. A much smaller splitting is
found to occur which can be described by a termﬁ%{sxifsj£+52i)
in the spin-Hamiltonian.

The calculated terms arising from the 3d° configuration
of the free MﬁH'ion are shown in figure 2. The free ion
spectra are characterized by the parameters X, B, and C,
where>\ is the spin-orbit coupling constant, and B and C are
defined by

B-F,-sF,
C.=3SFQ
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The Fx are the Slater-Condon (Griffith, 1961) parameters
involving the radi_al coulomb integrals. The energies in
figure 2 are calculated in terms of C and are plctted against
B/C., The value of B/C for the free ion is calculated to be
approximately 0.25 and found experimentally' to be ?,35.,

In a solid, MnO it is found to be about 0.25 (Pratt and Coelho,
1959). The energy levels for B/C = 0.25 are shown at the
right of figure 2. The crystal field splits and changes

the energies of the terms shown in figure 2 in the manner
shown in figure 3. The optical measurements shown in»figure
3(a) were made by Pratt and Coelho (1959), To illustrate

the variations of these splitting iwn different solids

optical measurements made on MnF, (Stout, 1959) are shown

in figure 3(b). Terms arising from the excited 3d'Uus
configuration lie higher than these quartets, the éDﬁé

state of the free ion being 63285.2 cﬁq above the ésﬁﬁ

ground state,

Pertubations of at least fifth order involving
combinations of the spin-orbit coupling, the spin-spin coupling,
and the cubic crystalline field are required to split this
ground state (Van Vleck, 1935). Because of the large number
of terms in the d4° configuration alone, “there will be many
such pertubations possible. Watanabe (1957) lists twelve of
these pertubations involving only the quartet terms shown in

figure 2, assuming that contributibns from the 3d%



®JuiN (@) ANV OUW (0) Nt SINIWIUNSVAW NOILJHOSEY 1v0ILdO '€ 914

018¢€3

£€802

. WO €6£0!

Se

9y

q
Se
(2] -
28 |6 |8 |35 |5 |B (B
C |p lw |O o |
°© Is ¥ ¢ R T S
b3
=)
w
[e]
z
9
//\||n_|<||
\n_e
Jv

Uy

Jy



11

doublet terms and terms of higher configurations are small .
because of their higher energies. In a more recent calculation
Gabriel, Johnston and Powell (1961) consider all the
contributions from the 3d° configuration for Mn++in MnO and
find that inclusion of the higher doublets increases the
calculated value of "a" by two orders of magnitude. The
results of this last calculation are not conclusive because
the parameters B, C, and \ for vn'* in Mg0O are not known.
The best that can be said is that the calculated value of
"a" can be made to agree with the experimental value for
piausible values of B, C, and A .

The situation is even less settled when the Mn'' site
has only axial symmetry. In this case the zero field splitting
is described by the term Dsf in the spin-Hamiltonian. The
pertubation need now only be of the second order in spin to
contribute to the splitting of the ground state., To date
there have been four types of mechanisms proposed for Mnf%
a second order perturbation involving the excited configuration
3d4hs, linear in spin-spin coupling and the axial crystal
field Vax (Pryce 1950), a fourth order perturbation involving
quartet terms of the 34° configuration and quadratic in both
spin-orbit coupling and Vax (Watanabe, 1957), and two more
terms, linear in Vax and of the third order in spin variables
(Germanier, Gainon, and Lecroix, 1962). No contributions
from the doublet terms in thé 3d° configuration have been

considered,
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A number of parameters have been used to denote
the axial crystal field and it is worthwhile digressing
for a moment to define them. In the point charge model the
crystal field potential may be written

NP2 B r Y+ () (Y Y, T

where theﬁgr are spherical harmonics. The first term is
referred to as Vax, A; is also used as a measure of the
axial field, and Watanabe uses a parameter A\ defined by

A-%(F)a <R,

where<r1> is the average value of r2,

4, Comparison of Theory and Experiment for Axial Symmetry

The several attempts that have been made to match
theory and experiment for axially symmetric cases serve to
emphasize the uncertain state of the theory. A number of
parameters appear in the theoretical expressions for D
for which appropriate values are not known, and therefore
the emphasis has been on the study of the variation of D
with Vax, rather than on the absolute values of D.

The proposed contributions to D are either linear

or quadratic in Vax, so that the general relationship is of

[>=(:,\&;(i2\Jw¢%

Even though the magnitudes of the constants C; and C, are

the form

uncertain, one might expect a plot of D against Vax to show

a parabolic relationship which agrees at least with the
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calculated signs of C, and C;. Unfortunately there is not
complete agreement about the results of these calculations.
Watanabe (1957) findé C, to be positive and Cj negative.
Germanier, et al (1962) find C, to be negative because of

the additional contributions that they postulate and disagree
with Watanabe on the sign of C;. Friedman (Nicholson and
Burns, 1963) has confirmed this part of Watanabe's results.

The experimental evidence is also inconclusive.
Germanier, et al (1962) have calculated Aj’ in crystals in
which D has been measﬁred for F*7, Their results taken from
their paper are shown in figure 4(a). The sign of C, is
positive and of C, is negative for this parabola, in
dilsagreement with their calculated values. Also the
experimental values are two'orders of magnitude larger in
size than the calculated values.

Quite different results have been obtained by
Nicholson and Burns (1963). They used the M&ssbauer
absorption technique to measure the quadrupole coupling
constant, e%~Q/h, of Fe''* in a number of materials. Q
1s the quadrupole constant of the Fe'™ nucleus and q is the
electric field gradient at the nucleus. In the case of
axial symmetry this field gradient can be written

g (530 (-3 ) )k B
(Bersohn, 1958) Where&; is the antishielding factor which
accounts for the effect of the polafization of the electrons
of the ion in question and q, is the ﬁnshielded electric

field gradient at the ion. The results of these measurements,
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also from the original paper, are shown in figure 4(b).

The open circles indicate that eq Q/h is unreliable or the
sign of D is unknown. In these cases signs were chosen to
give a single-valued relationship between D and eq Q/h. For
this parabola, C, is negative. The scatter of the points 1is
large, however, and the curvature is primarily given by Fe’"
in T10,. Since Fe”'substitutes for T1"1in Ti0,41t would not be
surprising if this point is particularly unreliable.

It should be pointed out that all of the uncertainty
in these studies does not lie in tﬁe calculations of D. Both
of the experiments discussed are performed on ions which
are impurities in their host lattices, and in some cases the
Fe'1s substituted for divalent and quadravalent ions. These
considerations are of particular importance in the first
study discussed, since the calculation of the electric field

gradient is very sensitive to atom positions (Bersohn, 1959).

5. Electron Exchange Effects

The calculations which have been discussed in the

. foregoing sections have been based on the assumption that
the neighbours of the ion in question can be represented by
point charges at the lattice points and that there is no
overlap or exchange of the electrons among the ion and its
neighbours., Even in "ionic" crystals this model fails to
account for certain experimental observations. For example,

the spin-orbit coupling constant N is regularly found to be



smaller for an ion in a solid than for a free ion.

The most direct evidence that charge transfer takes
place is afforded by the experiments of Tinkham (1956) on
Mnf+, Fe**, and Co™ in ZnF, . The spectra of these ions showed-
a "super hyperfine structure™ arising from the interaction
of the magnetic electrons with the surrounding fluorine
nuclei,

For non-S-state ions the point charge model is
generalized for electron exchange effects by adding small
amounts of the ligand wave functions to the 3d wave functions,
i.e. by forming linear combinations of atomic orbitals
(Stevens, 1953). The reduction in the spin-orbit coupling
constant A is then attributed to the lower density of 3d
electrons at the paramagnetic ion (Owen, 1954). To account
for the observed reduction of about 25%:H1X in this way
requires that the 3d electron have 25% probability of being
found on the ligand ions. Lecroix and Emch (1962) show
that it may be possible to reduce the amount of covalency
necessary by taking into account the charge transfer states,
which involve the transfer of an electron from a bonding to
an antibonding orbital. The situation is far from being
resolved. Marshall and Stuart (i961) however, argue that
the most important influence on X comes from the screening
of the 3d electrons from their parent nucleus by the overlap
of the ligand electrons. This has the effect of reducing‘x
by allowing the 3d orbitals to expand.(x~rf3).
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It is even more difficult to apply these methods
to a reliable calculation of D because of the unknown
admixture parameters involved. Rei (1962) has done a cal-
culation based on Owen's model for V* in T, 0, - He found
that it is possible to choose plausible admixing parameters
to give agreement with experimental results. Watanabe (1963)
has used covalency arguments to account for the observed
shifts in the g values from the free-spin value for S-state

ions.

6. Energy Levels of the Spin Hamiltonian for Mn'*

The energy levels of the spin Hamiltonian (2.3) are
generally evaluated using perturbation methods, the last
three terms being considered as perturbations on the first
term, The variation of the energy levels as a function of
angle between the crystal axes and the magnetic field have
been evaluated by Weger and Low to the second order (Low,
1960). The calculation has been carried to the third order
for the magnetic field along the three magnetic axes;by
Yokozawa and Kazumata (1961)., Their expressions for the
fime structure line positions for the magnetic field along

the & -axis are:
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g oog H g

wherel4o—?f Y ‘being the microwave frequency.
For the magnetic field parallel to the x and y-axes the line
positions may be found by making the following substitutions
in equations (2.4) (Bowers and Owen, 1955)

Hix D~ bE-D) E -~ % (D+E) (25)

H//y, D--%(D+E) E-+(D-E)

Because of the large values of D found in the present
study it was deemed advisable to test the convergence of the
perturbation by carrying the calculations out to the fourth
order. The details of this calculation are presented in
appendix 1. The terms to be added to the equations (2.4)
are

Hf%f?t 3 SLDQEQ+2?E4

H03 Hoﬂr.
Hf%e—}+‘.- 45DQEQ ,E E* <Q./’>

_.at -

o° He*

H+_l_ >-1 72D2EQ A
S T H.?

The hyperfine interaction splits each of the fine

I

g

o)

-

structure lines into six approximately evenly spaced lines,
since the nuclear spin I of Mn is?é . Since the hyperfine

splitting is almost isotropic for Mn++, the position of the
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hyperfine lines can be described by adding

A _RA*/(35_m2)_ A3 - .
Hmr *E)%; ("F mI) 2T (Qma |> My (2 '7)

to each of the expressions (2.4) and (2.6) for the fine

line positions, (Low, 1960). The last term in equation (2.7)

permits the determination of the relative signs of D and A.

For example, for A negativé the separation between the

extreme hyperfine lines belonging to the+%*f*+-%‘ fine
axs
structure line isagr? greater than that for the -5 é?—f%

fine structure line.



CHAPTER III

CRYSTALLOGRAPHY AND PHASE RELATIONSHIPS IN THE DIVALENT

PHOSPHATES

The various compounds and phases of the divalent
phosphates have provided a convenient series of related
lattice environments for luminescent studies and should also
be useful for a systematic study of changes in the axial
splitting parameter D of Mntt, Also, these compounds exist
in a number of phases and it is possible that esr, together
with x-ray, and other studies of these compounds could
provide clues as to the mechanisms responsible for the
transitions in these phosphates in general and in particular
for the mechanisms active in the & to}3 transition in Zn,PF, O,
that is observed in this study.

There are three common types of divalent phosphates;
the orthophosphate M, (P0O,), , the pyrophosphate, M,B, 0;, and
the metaphosphate, M (P0O;), . The phase equilibria of the
zinc phosphates have been studied in some detail by Katnack
and Hummel (1958). They found that there is a very sluggish
reversible transition in the orthophosphate at about 9k2°c,
and that the high temperature}?—phase could be quenched as
a metastable phase at room temperatureé. The metaphosphate

was found to undergo a sluggish irreversible phase transition
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between 600 and 700°C. In contrast the zinc pyrophosphate
was found to have a rapidly reversible phase transition at
13218ec.

The pyrophosphate is thus the most convenient for
study, both because the transition occurs at a relatively
low temperature and because the rapid reversibility of the
transition means that the crystals will remain stable.
Similar phase transitions have been observed in the magnesium
pyrophosphate at 68%2°C (Roy, Middlesworth and Hummel, 1948)
and in Cu,P, 0, at 72%20¢ (Calvo, to be published). The latter
compound is not useful for esr work because the paramagnetic
copper ions excessively broaden any resonance signals. This
disadvantage also applies to Mn, F, O;, although no transition
has been found in this material, There is also another
group of related divalent pyrophosphates which are of interest
because of their luminescent properties when suitably activated
(Ramby, Mash, and Henderson,'1955); CagP, 04 ST, P, 0, , and
Ba, P, 0,. These have a number of disadvantages as far as the
present studies are concerned. The phase transitions which
occur in these materials occur at high temperatures, above
750°C, and are probably irreversible (Ramby, et al, 1955).
Also the Ca - 0, Sr - 0, and Ba - 0 distances are generally
considerably greater than the average Mn --0 distances, so
that the lattice could become gquite distorted near a manganese
impurity, making field gradient calculations‘based on the host

lattice structure inappropriate for the Mn' ion site.
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Only recently has much work been done on the crystal
structures of these phosphates. The structures which have
been completed are ¥ -Zng; (PO4), (Calvo,1963), B -Zn, B 04
andX -Zng (POy), (Calvo, to be published), B-Mg, P, 07 and
ﬁ«&hbrao7 (Lukaszewicz and Smajkiewicz 1961). Also some
preliminary work has been done onO(-Mg2P207,6K-ZnaF307
and X ande—Cu23?07here at McMaster University.

The structure of the high temperaturef?phase of
Zn,P, 0; is shown in figure 5. The zinc ions lie on a two-
fold axis and are surrounded by six oxygens at distances
of 2.18, 2.06 and 2,05A°. Figure 6 shows the very distorted
octahedron of oxygens surrounding the zinc ions down the two
fold axis. The main distortion from a regular octahedron
arises from the clockwise rotation of 36° about the two-fold
axis of the two oxygen ions that lie above the plane of the
figure. The pyrophosphate ion consists of corner-shared
tetraheda. The central atom of the pyrophosphate ion lies
at a centre of symmetry and the mimor plane of the ion
coincides with the mirwror plane of the space group.

The lattice parameters and space groups of both phases
of zinc pyrophosphate are listed in table 1. The notation
3xa and 2xc is intended to emphasize the fact that the high
temperature unit cell triples along the a axis and doubles
along the ¢ axis in going to the(X phase and that the two"

structures are very closely related. The C -2  space group
m
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(International Tables for X-Ray Crystallography, Volume I,
1952) 1limits the number of non-equivalent cation sites to
only one 1nf3-Zn23207. This can be seen by considering the
equivalent positions of the space group. The four zincs are
located on two-fold axes at O, y, %3 O, ¥, %3 %, % - vy, 33
and ¥, ¥ + y, % and because of the isomorphism of Mn,P 0O,
and B -Cu, P, O, with B-Zn, P, 0, the Mn'" and Cu™ are assumed to
substitute on the Zn'' sites. The first and third and the
second and fourth positions are related to one another by
translation operations (C-centering) only and thus they are
equivalent, The lst and 2nd site are related by the mirror
plane and if a magnetic axis lies parallel to the two-fold
axis, that is perpehdicular to the mirror plane, the two
sites differ only in the sense of the x and z magnetic axes.
Sinée a magnetic axis must be parallel to the two-fold axis
and esr can not distinguish an axis inversion, the two sites
will appear as one. Therefore in the C-%Qspace group with
cations lying on the 2-fold axis only one site will be seen
in the spectrum. The volume of theX -Zn,P, O,unit cell space
group I-C 1is 6 times that of thef form, so there are 24
cation sites per unit cell. Again the centering operation
of I-C relates them in pairs and thus there may be as

many as twelve non-equivalent sites in this phase.
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Table I

Zn,A.R,O'7 Crystallographic Data

p-Zn,R 0

Q

)

& -Zn, B 0

QO T ®

™

Space Group C-2/m
6.61 A°
8.29 A°
4,52 A°
105.3°

Space Group I-C
3 x 6,696 A°
8.282 A°
2 x 4,501 A°
106° 161



CHAPTER TV

EXPERIMENTAL PROCEDURE AND RESULTS

1. The ESR Spectrometer

Both 3 em. and 0.8 cm. esr spectrometers were used
in this study. A block diagram of the 3 cm. spectrometer
is shown in figure 7 (Pieczonka, 1960). The 3 cm. wavelength
microwave energy is generated by the klystron and propagated
down a rectangular waveguide through a uniline, a frequency
meter and a variable attenuation to arm 1 of the magic tee.
The magic tee has the property that when arms 4 and 2 are
terminated in equal impedances no power is transmitted into
arm 3. The absorption of power by the sample in the microwave
cavity in arm 4 upsets this balance and a signal is detected
in arm 3. The absorption signal is modulated by the
modulation of the d.c. magnetic field by the coils shown on
the magnet pole pieces.L‘The modulated absorption signal is
then amplified and deteéged in a phase sensitive detector.
The d.c. output of the phase sensitive detector is then fed
to a chart recorder. Also shown in figure 7 is a frequency
control loop which locks the klystron frequency to the resonant
frequency of the microwave cavity. The construction and

operation of the 0.8 c¢m., spectrometerl is quite similar

1
This spectrometer was provided by Professor W.R. Datars
of the Physics Department at McMaster University.
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to that of the 3 cm. spectrometer,

A Varian 6 inch magnet was used, with a 1% inch gap
for the 3 cm. experiments and a % inch gap for the 0.8 cm.
experiments., The power supply and magnetic field drive

mechanism are described by Pieczonka (1957).

2 The 3 cm., Sample Holder and Oven

Because of the low unit cell symmetry ofo(—ZnRRZO7
it was necessary to be able to rotate the sample about two
perpendicular axes in order to determine the direction of the
magnetic axes experimentally.

The design of the sample holder is illustrated in
figure 8. The large outer shaft allows rotation about an
axis which is set perpendicular to the magnetic field. The
non-concentric inner shaft rotates the sample about an axis
perpendicular to the first axis, by means of the right angled
gear system shown.

The sample holder had to be made of a relatively low -
loss - dielectric material which would not excessively lower
the Q of the microwave cavity, and yet be able to withstand
temperatures up to about 200°C without change of its
mechanical properties. The gears and the part of the sample
holder that entered the oven were cast from Stycast 2651,
supplied by Emerson and Cumming Inc. It was found that the
Stycast part of the center shaft tended to distort under the

gear pressure at high temperatures, so that this part was
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strengthened by a glass rod, as shown in figure 9. The
gears were cast in moulds made from modeling clay. The "
brass mitre gears, supplied by the Boston Gear Co. and cut
down to 4" outside diameter, were used to form the moulds.
Using optical methods it was found that the setting of the
sample holder was reproducible tol 4°, limited by the gear
backlash. The glass rod cracked on cooling but still
remained serviceable.

The sample holder shown in figure 8 is supported by
a brass support shown in figure 9. This support was
designed to clamp between the magnet coil supports. The
oven is made of Supramica, supplied by the Mycalex Corp. of
America, and was designed to slip over the microwave cavity
assembly. The heating element is about 5 feet of number 27
nichrome wire wound on a ceramic core. The overall width
of the oven is 1/ inches. About 45 watts of input electrical

power are required to reach a temperature of 200°C.

3. The 0.8 cm. Sample Holder and Oven

The small size of the 0.8 cm. microwave cavity made
it impracticable to provide facilities for rotation about
two axes. The sample is mounted on the end of a‘%a" diameter
ceramic rod as shown in figure 10. A thermocouple is mounted
as shown, in contact with the crystal. The crystal is afixed
to the end of the rod with Stycast 2651, which covers both

crystal and thermocouple and ensures good thermal contact.
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The sample holder is supported by a frame which is clamped to
a piece of 3 cm., waveguide such that the axis of rotation

of the sample is parallel to the waveguide. The microwave
cavity and oven assembly is also clémped to this waveguide so
as to position the sample properly in the cavity. The
assembled unit is shown schematically in figure 10. The
waveguide fits snugly between the magnet pole-pieces when
they have the 3 inch gap necessary to obtain the high fields
required for 0.80 cm. operation. Thus the axis of rotation
is aligned parallel to the pole faces. The oven is made of
Supramica in a manner similiar to the 3 cm. oven, except that
the total overall thickness is now 7/16 inch. Because the
thinner walls allow greater heat losses, about 75 watts of
input power are necessary to reach a temperature of 200°C,

The power supply for both ovens was a full-wave selenium
rectifier bridge with a rated output of 5 amperes at 90 volts.
To obtain sufficiently fine temperature control this power
supply was controlled by two Variacs in series. Since
fluctuations of the line voltage caused temperature variations
in the ovens of as much as 7°C it was necessary'to use a
constant voltage transformer. It was then found that
fluctuations over a period of hours were not greater than
Y0.5°C., The temperature of the sample was monitored during
the experiment with a Phillips millivolt recorder and
measured with a Pye Type P4 thermocouple potentiometer,

The accuracy with which the temperature of the sample
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could be measured was limited by an effect which was difficult
to evaluate precisely. As the sample was rotated in the oven
it was noted that the measured temperature varied by as much
as 5°. 8ince the heating element in the 0.8 cm. oven is
situated just below the opening for the sample holder it is
assumed that this change in temperature results from the
difference in thermal conductivity between the Stycast and

the ceramic rod. When the ends of the ceramic rods were
ground down to permit them to enter the cavity, as shown in
figure 10, the two holes for the thermocouple wire become
exposed and often the end of the rod chips in an unsymmetrical
fashion. These openings are all filled in with Stycast when
the sample is mounted. It was found that the temperature

was highest when the Stycast portions are nearest the heating
elements. Although there is undoubtedly a temperature gradient
set up along the ceramic rod in this region it is likely that
the major part of the observed variation represents a real
change in the crystal temperature, since the thermocouple

is next to the sample and is kept in thermal contact with it
by the Stycast. Because of these considerations and because
the lower transition temperature was consistently found to

be near 132°C a maximum uncertainty of ¥oo¢ is assigned to the

temperature measurements for the 0.8 cm. data.

4, Alignment of the Sample

The symmetry of the crystal lattice is reflected in
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“the spin Hamiltonian, so that the two-fold axis which exists
in ﬁmZnaElQ7is also one.of'the paramagnetic axes. Since the
three susceptibility axes are orthogonal, the remaining two
axes lie in the plane perpendicular to the two-fold axis.
For at eonstant microwave frequency, the magnetic field at

: which resoriance occurs for a given transition passes through
either a minimum or a maximum when a susceptibility axis is
parallel to the hagnetic field. Thus the esr spectrum can
be used to locate fhese axes. This task is simplified in the
case of ﬁ_Znn@LQ7since the existence of the two-fold axis
fixes one of the magnetic axes and confines the other two to
a plane perpendicular to it.

The samplesl Wefe first aligned on a regular x-ray
goniometer head, using either an oscillation or precession
camera. FEach sample to be studied with the 0.8 cm.
spectrometer was then glued to a ceramic rod with the two-
fold axis either perpendicular or parallel to the axis of the
rod. Two devices were constructed to accomplish these
orientations. One was merely a large brass cylinder which
would slide into the film holder of the Weissenberg camera
with the ceramic rod projecting from a hole in the center.
The other was a small brass adapter which holds the ceramic

rod in the position of the x-ray beam in the precession camera.

lSingle crystals were grown from the melt. The'Zn,Elo7
was prepared as described by Rieman, Neuss, and Naiman (I§42).
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After a sample had becen glued to the rod with Stycast,
the alignment was checked to ensure that the crystal had not
moved during the glueing. .To do this, an adapter was made
which when attached to a regular goniometer head base allowed
oscillation or Weissenberg photographs~of the sample to be
taken. The alignment remained true to an accuracy of *1°,

Fach sample for use with the 3 cm. spectrometer was
glued to the appropriate gear (figure &) in roughly the
desired orientation and final adjustments were made by using
the esr spectra to align the paramagnetic axes parallel to

the magnetic'fieldo This adjustment was carried out to an

accuracy of 20 for both the 3 cm. and 0.8 cm. samples.

5. Spectra of cu'™ and Mn'' at Various Temperatures

In this section the general behaviour of the swectira

obtained will be discussed. As anticipated in Section (IT,

‘_.I
p—

the huf+spectrum consists of four lines with hyperfine
interval A. Figure 11 shows the spectra of cutTat various
temperatures with thef%_ axis parallel to the magnetic
field. The quentity plotted on the abscissa is the first
derivative of the energy absorbed by the spin system. The
¥lystron frecuency was held constant and the wagnetic field
is pnlotted along the ordinate axis. Tt can be seen that ithe
high temnerature lines have begun to split when the sample is
cooled to 150¢C. This splitting increases down to 132.het
Q.5¢C. A\t this temperature it changes abruptly to the snecirun

shown at 13290 and the line positions remain essentialliy
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unchanged down to room temperature.

The spectra with the x & y-axes parallel to the
magnetic field are not so informative. Figure 12 shows these
spectra for various temperatures. The value of A along .
thegse axes is so small that only a single line with a peak
to peak line width of about 50 gauss is obtained, at
intermediate temperatures the y axis line becomes somewhat
asymmetric, but does not detectably split. The origin of the
two low intensity lines which are present in the x-axis
spectrum in the intermediate and low temperature ranges is
not understood.

The high temperature MﬁH_spectra consists of five
groups of six lines. The overall splitting of each group
is approximately 450 gauss and the interval between the centers
of the groups varies between 850 and 2200 gauss when the
magnetic field is parallel to a magnetic axis. Because of
the limitations of the magnet used it was only possible to
record three or four of the lower field groups. The second
lowest of these lines, corresponding to the-F%é—’4'é fins
structure line is shown in figure 13 for various temperatures
with the y-axis of thef3~2n33107(the two-fold axis) parallel
to the magnetic field. The lines broaden as the upper
transition at about 155°C is approached from above., The six
lines at 183°C are just barely discernible at 164°C, At
155°C the splitting has just begun. Although it is not

possible to pick out all of the lines of the two sites, the
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first two peaks at low magnetic field are separated from
the last two at the high field end of the spectrum by the.
same interval as the two extreme peaks at 164°C and are
separated from one another by W10 gauss.

The lower set of lines at 147°C are not as intense as
the upper set. The two lowest line positions are indicated
by arrews, The much broadened high temperature line is
still in evidence even at 135°C, just above the lower
transition. The behaviour illustrated in figure 13 is typical

of the spectra for all three magnetic axes.

6. Angular Variations of the Magnetic Axes

It should be noted here that the spectra between 132°C
and 155°C are measured parallel to the high temperature magnetic
axes., It was found experimentally that at about 134°C the
magnetic axes had sifted by as much as 4°, Because of the
orientational difficulties mentioned above it is not possible
to tell precisely what directional changes take place in
the magnetic axes., The goodness of fit of the spectra to
the expressions for the line positions (2.4%) and (2.6) is a
fairly sensitive indication of the deviation of thejynaxis
from its high temperature position, but because of the small
value that is found for E the line positions are relatively
insensitive to rotations of the other two axes about the

axis. This point will be elaborated upon below,.

Although the line positions of the CdH'spectra do
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not shift much on going from 132.5°C to room temperature

the relative amplitudes of the derivative curves do. The
Mn++spectra behave in a similiar fashion, although the
interpretation is not as straight forward because of their
greater complexity. There is an abrupt change at about
132°C, but intensity changes continue at least down to

100°C., Since the intensities of the Mn"" spectra lines

change as the magnetic axes move away from being parallel

to the magnetic field it is difficult to distinguish

changes in intensity due to possible population differences
of the various cation sites in the lattice from these

angular variations. To be able to sort out these effects

in this region would require being able to follow the
magnetic axes as they move. These angular changes do not

all take place abruptly at the lower transition. For
example, at room temperature evidence for at least three
different sites was found. Although the direction of the
magnetic axes of these sites was not established, measurements
along three axes near the high temperature axes were made for
one of these sites. One of the other low temperature sites
is very similar to the one measured, with the*3%<?>* /; lines
nearly coinciding along the x-axis. At 128°C with the
magnetic field parallel to the x-axis of thef?—Znn@lO7these
two sets of lines are less than 6 gauss apart. At 122°C they
are about 18 gauss apart and at room temperature about 38

gauss apart. Thus, some changes arc still taking place



considerably below 132°C.,.

The actual direction for the low temperature y-axis
measurements was chosen about 4° away from the high
temperature y-axis because it was only there that it was
possible to resolve the six lines of a particular site. The
X and§>~axes measurements were made at directions rotated
9° about the high temperature 2-fold axis from the high
temperature x and?}— axes positions. At this position the
two low temperature sites mentioned above were separated
by only about 14 gauss. FEven though these room temperature
measurements were not made with the magnetic axes properly
aligned it will be shown later that they give reasonably

accurate values for the spin Hamiltonian parameters.

7« Measurement of the Iine Positions

The magnetic field calibration was made by measuring
the nuclear magnetic resonance frequency of either proton
(at 3 cm.) or lithium nuclei (0.8 cm.) magnetic moments
situated near the resonant cavity. Actually the cavity and
the nuclear resonance sample were placed 1 inch on either
side of centre of the magnet pole pieces. The nuclear
resonance signal was displayed on an oscilloscope screen
and as this signal crossed the center of the screen a marker
was drawn on the chart paper by shorting the input terminals
of the recorder temporarily. The frequency of the proton

oscillating detector was then measured with a Bendix Radio



35

BC-221-M beat frequency oscillator. The magnetic field was
swept at a rate varying from about 30 to 50 gauss per minute.
The modulation of the nuclear resonance signal was supplied
by the esr modulation coils and was about 20 gauss peak-to-
peak. The magnetic field could be measured to an accuracy
of ¥1 gauss in this manner, but other factors increased the
error in the measured line positions to the values shown in
the tables of data.

The rectified signal from the phase sensitive
detector in figure 7 passes through an RC filter before going
to the recorder. Increasing the time constant of this filter
improves the sensitivity of the detection system but will
eventually distort the signal. A reasonable compromise
between improved sensitivity aﬁd error in line positidn due
to this distortion was achieved with a time constant of 8
seconds. The amount of distortion was determined by
sweeping the magnetic field through the resonance signals in
both directions, and taking the average line position. This
procedure contributes an uncertainty in line position of between
0.5 to 1 gauss depending on the signal amplitude.

The magnetic field drive speed fluctuated somewhat,
chiefly because of worn or dirty potentiometers in the drive
ciréuit° Thié could be seen as a slight irregularity in the
progréss of the nuclear resonance signal across the
oscilloscope screen and in nonlinear magnetic field intervals

on the chart paper. This effect was minimized by putting
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calibration markers near the line positions.

The effect of this and other random errors could be
seen in the departure of the hyperfine intervals from the
values predicted by equation (2.7). The line positions
obtained for Mn™ with the 0.8 cm. spectrometer are given in
column 5 of table 2. The first column denotes the axis
parallel to the magnetic field when the measurement was taken,
the second the temperature of the sample, the third the electronic
transition and the fourth the nuclear quantum number. The
sixth column gives the average values of the two central
hyperfine transitions. The errors quoted for these average
values are the sums of the random errors needed to encompass
the irregularities in the hyperfine structure and the errors
due to the distortions of the signals described above. There
are some cases where one line position in a hyperfine group
is obviously wrong, either because of overlapping lines or
a poor reading. 1In these instances this line position corrected
to give the proper hyperfine intervals is used in computing
the average value in column 6. The Cu’*data are presented
in table 3. The errors quoted for the data taken about the
X and y-axes are based on an alignment accuracy in the magnetic
field of ¥1° and are considerably larger than the contributions
discussed above. The errors for the}ymaxis spectra are obtained
in the manner described above for the Mn'* spectra.

The line positions marked "Std." in table 2 or with an

asterick in table 3 are the signals from the charred charcoal
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samples which are glued to the crystals underLStudy. These
samples are prepared by charring sugar and mixing it with a
Stycast fixer. It has been found (Ingram, 1954) that the
spectroscopic splitting factor of g = 2,0030%0,0003 obtained
for these chars is constant up to about 600°C. The errors

| for these lines areT 1.5 gauss for the high temperature lines
and £ 2 gauss for the remaining lines. The errors quoted for
the g-values in the tables 4 and 6 are just the random errors
and do not include a possible systematic error in the above
g-value. The line positions denoted by "u'" are either

unresolved or unmeasured.

8. Determination of the Spin Hamiltonian Parameters for Mn**

The absolute values of the spin Hamiltonian parameters
for Mn'* can be obtained by fitting equations (2.4) and (2.6)
to the fine structure line positions. These line positions can
be obtained from the Hav values in Table 2 by adding to them a
correction arising from the second order hyperfine effects
indicated in equation (2.7). This correction 1is 17A2/4Ho = 2,8
gauss for A = 90 gauss and Ho = 1.2 x 10’+ gauss. The procedure
for determining these parameters is simplified if the rhombic
splitting parameter E is small. Consider the high temperature
spectra as an example. If E is less than about 70 gauss the

interval between the =3/2—>-1/2 and the =1/2-—>+1/2 fine structure
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TABLE II
Position of esr Lines in Gauss in Mn: Zn13107
Axis Temp. (°C) Transition m Line Position Hau

-5/2 9759
=3/2 o846

Z 175 -3/2—-1/2 -1/2 9932 9977%3
+1/2 10021
+3/2 10117
+5/2 10213
-5/2 11957
-3/2 12048
-1/2 12138

z 175 =1/2—>+1/2 std. 12173 12184t 2
+1/2 12230
+3/2 12322
+5/2 12413
~5/2 11762
~3/2 11852
-1/2 11939

X 184 +1/2—-1/2 +1/2. 12028 11984%2
+3/2 12118
std, 12173
+5/2 12210
-5/2 10738
-3/2 10829

x 186 +3/2—-+1/2 -1/2 10919 1096273
+1/2 11006
+3/2 11096
+5/2 11190
-5/2 12940
~3/2 u .

X 185 -1/2—-3/2 -1/2 13117 13161-4
+1/2 13205
+3/2 u
+5/2 u
7w

X 186 +5/2—=~+3/2 1/2 9967 10020%t3
+1/2 10062
+3/2 10157

R

10250
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TABLE II (Continued)

Axis Temp. (°C) Transition m Line Position Howw
-5/2 11697
-3/2 11787
-1/2 11874 .
v 183 +1/2—>-1/2  +1/2 11961 11907%2
+3/2 12049
+5/2 u
std. 12101
-5/2 9841
-3/2 9929
y 183 +5/2—>+3/2 -1/2 10022 10063%3
+1/2 10107
+3/2 10198
+5/2 10291
-5/2 10716
-3/2 10803
v 183 +3/2—>+1/2 -1/2 10889 10933*3
+1/2 10978
+3/2 11070
) +5/2 11162
-5/2 12823
-3/2 12909
v 183 -3/2—>-1/2 -1/2 12996 13040%3
+1/2 1308kL
+3/2
+5/2
~5/2 11969
-3/2 12057 :
z 136 =1/2—>+1/2 =1/2 121548 12193%3
std. 12183
+1/2 u
+3/2 u
+5/2 u
-5/2 u
=3/2 10288 :
z 136 -3/2—=>-1/2 =1/2 10374 10419*% 5
(Upper Set) +1/2 10464
+3/2 10561

_+5/2 1064k




136

137

137

137

137

TABLE 1T (Continued)

axis  Temp. (°0)  Transition

40

m Line Position Howr
-5/2 9346
-3/2 oL 22 .
-3/2—=1/2 -1/2 9512 9555~7
(Lower Set) +1/2 9597
+3/2 9683
+5/2 u
-5/2 11831
-3/2 11921 |
+1/2—>-1/2 -1/2 12018 12056~
(Upper Set) +1/2 12101
std. 12185
+3/2 u
+5/2 12288
-5/2 11706
-3/2 11790
+1/2- =1/2 -1/2 11877 119214
(Lower Set) +1/2 11967
+3/2 12055
+5/2 u
std. 12185
-5/2 10990
-3/2 11079 .
+3/2—>+41/2 -1/2 11168 112157,
(Upper Set) +1/2 11261
+3/2 11353
+5/2 11445
-5/2 10528
-3/2 10612
+3/2~>+1/2 -1/2 10696 10740t
(Lower Set) +1/2 10783
+3/2 10869
+5/2 u
-5/2 11831
-3/2 11921 .
+1/20->=1/2 -1/2 1201k 12060-4
(Upper Set) +1/2 12106
std. 12188
+3/2 u
12284

+5/2



TABLE IT (Continued)

4]

Axis  Temp. (°C) Transition

m

" Line Position H..

11701

+5/2

-5/2
-3/2 11781 .
y 133 +1/2--1/2 -1/2 u 11930%8
(Lower gSet) +1/2 u
+3/2 u
+5/2 u
std. 12188
-5/2 u
-3/2 11125
v 135 +3/2—++1/2 -1/2 11215 11261%5
(Upper Set) +1/2 11306
+3/2 11398
+5/2 11L9Y
-5/2 10558
-3/2 10647
y 135 +3/2>+1/2  -1/2 10733 10777%5
(Lower Set) +1/2 10821
+3/2 10904
+5/2 u
~5/2 11972
-3/2 12066
z Room ~1/2—4+1/2 =1/2 12162 12209*2
std. 12205
+1/2 12255
-3/2 12244
-5/2 12437
-5/2 10754
~3/2 10845
z Room -3/2==1/2 -1/2 10938 10984%2
+1/2 11030
+3/2 11123
+5/2 11216
-5/2 12996
-3/2 13201
zZ Room +1/2->+3/2 =1/2 u 13432t5
+1/2 u
+3/2 u
u



TABLE IT (Continued)

Axis Temp, (°C)

Room

Room

Room

Room

Room

Room

m

42

Transition Line Position Heor
-5/2 11939
-3/2 12033
+1/2—»=1/2 =1/2 12121 121673
Std. 12201
+1/2 u
+3/2 12311
+5/2 12407
-5/2 11300
-3/2 11390
+3/2—>+1/2 =1/2 11L79 11530%t5
+1/2 11578
+3/2 11669
+5/2 11756
-5/2 12308
-3/2 12696
-1/2—=3/2 =1/2 12785 12831*5
+1/2 12877
+3/2 12965
+5/2 13063
-5/2 11932
-3/2 12021
+1/2—=1/2 =1/2 12113 12159k
std. 12194
+1/2 u
+3/2 12305
+5/2 12Lho4
-5/2 114202
-3/2 11511
+3/2—+1/2 =1/2 11608 11655%5
+1/2 11694
+3/2 11791
+5/2 u
-5/2 u
-3/2 12552
-1/2—~>=3/2 =1/2 12646 12692%5
+1/2 12737
+3/2 12829
+5/2 12916



TABLE II (Continued)

ku-lr |

Axis Temp. (°C) Transition m Line Position
-5/2 11967
-3/2 1205%
z 1k -1/2—>+1/2 -1/2 12148 12193%3
std. 12180
+1/2 12237
+3/2 12328
+5/2 124204
-5;2 10132
-3/2 10233
z 14k -3/2>1/2 =1/2 10319 10374+%8
(Upper Set)  +1/2 10421
+3/2 10509
+5/2 10591
-5/2 9378
=3/2 9460 .
z 14k -3/2->-1/2 -1/2 9545 9598-10
(Lower Set) +1/2 9645
+3/2 u
+5/2 9817
-5/2 10971
-3/2 11073
y 147 +3/2—>+1/2 =1/2 11164 11211%6
(Upper Set) +1/2 11257
+3/2 11349
+5/2 11h42
-5/2 11827
-3/2 11917
v 147 +1/2->-1/2 =1/2 12007 1205413
(Upper Set) +1/2 12100
std. 12188
+3/2 u
+5/2 12284
-5/2 11765
-3/2 11833 _
x 176 +1/2—=>-1/2 =1/2 11946 11988%3
‘ +1/2 12030
+3/2 12119
+5/2

12212




TABLE II (Continued)

AN

Axis Temp. (°C)  Transition  m Line Position  Hup
x 176 +3/2 +1/2  +3/2 1110 109688
y 149 +1/2 =1/2 =3/2 11910 12045%y
B (Upper Set) -1/2 11999
y 149 +3/2 +1/2 =1/2 11161 11208%8
(Upper Set) +1/2 11255
v 149 +1/2 =1/2 =5/2 11729 11959*10
~ (Lower get)
v 149 +3/2 +1/2 -=5/2 10610 10840%20
 (Tower get) -3/2 10701
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TABLE T1I
Pogition of esr Tines in Gauss in Cu: Zn P O,

ixis Temp. (°0) T.ine Position Ha.

10050 N
2 181 9969 9927}
988k
9805
12231%

| 10080 ,
z 154 9995 9953" 4
9911
9824
12238%

10081

9996
z 150 9960 99534
9909 992610

98082

0824

1223 5%

10088
10002
z LR 5963 90587 L

9915 9921*10
2885

9827

9790

12237%

10091
10003 ‘
Z 147 9920 9961' 5
29830 992410
9793
12237%

10092 «
z 145 10004 2961" Lt
9918 9928%10

9877

9829

9794

12233%



s

"Temp;k(°C)

10

142

141

134

133.5

132.5

TABLE III (Continued

Line Position

10093

10012
9922
9836
9798

12238%

10097

10011
9922
9837
9790

12235%

10106

10012
9927
983k
9788

12234*

10115
10026
9937
9848

9796
12241 *

10105
10015
9927
9842
9787
1224 5%

10172
10076
10029
9988
9991
9880

9799
12024k *

H !}-W

996726
9929+10

99676
9930%10

997016
9926*10

9982+*3
9928*10

99714
9916*10

10032*10
9915%6

L6



Axis Ternp. (°€C)

Z

111

Room

181
154
134.5
109

177

137

121

Room

TABLE III (Continued)

Line Position

10180
10082
10035
9987
9955
0885
2802
12249%

10212
1011k
10060
10014
9979
9906
9819
12268+

11725
1224 5%

11748
12248+

11781
12257

11785
12259%

11674

1170%
| L2elox

11645
11698

11739
1221k

11669
11723
11766
12239%

CHew

10035%6
9920+8

1006415
9oL317

11725410

1174810

L7

1178110

11785*10

12220% 1167510

11704110
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line positions for the z-axis 1s equal in magnitude to 2 D
within the experimental error. The absolute value of D 1s
obtained directly and yieldé IDI = 1103%3 gauss. If this
value of D is used, E can be found‘from the differences
between the line positions for the other axes. The procedure
followed was to find E from the differences between the
+5/2—+3/2 and +3/2-—~+1/2 1line positions for both the x and

y-axes. For the x-axis, this difference is

946 = D - 3E - 9(D+E)2 + 27 (D-3E) (D+E)2
Ho 8 Ho? (4.1)
Again 1f E 1s less than 70 gauss the significant terms are
o4 = D - 3E - 9D2 - 18DE + 27D3 - 27D°E
LHo Ho 8Ho? THoZ (4.2)
Similarly, for the y-axis we have for this difference
870 = D+3E - 9D2 + 18DE + 27D3 + 27DZE
Eﬁa LHo 8Ho 8Ho (&.3)

For Ho = 1.22 x 101+ gauss, the values obtained are 11.0%2 and
11.3t2 gauss respectively. In addition the sign of E 1is
found to be opposite to that of D. As a check the +1/2—>-1/2
line positions for-the x and y-axes were calculated from the
average of the +3/2-»+1/2 and -1/2—>-3/2 line positions, using
the above values of D and E, The calculated values agree with
the experimental values within experimental error, Finally,
the values of Ho for the three axes were calculated and the
g-values found by multiplying the ratio of the standard line
position to Ho by 2.0030, the g-value of the standard sample.
The parameters were determined in the manner described
above for temperatures where measurements were made along all

three axes. Near the upper transition in the intermediate
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temperature range with the z-axis parallel to the magnetic
field the low intensity of the signals made interpretation
difficult, The situation is considerably better for the y-

axis spectra and measurements were made in this region along

the y-axis only. Since E was found to be small in all three
temperature regions, it was assumed to remain small throughout
the entire intermediate region. The D values in this region
were obtained from the y-axis data by givingfits value at

135°C and solving the equation obtained by taking the difference
between the +3/2—+1/2 and +1/2—-1/2 line positions., For

lEf = 5 gauss and Ho = 1;22 X lOL'l gauss the significant terms are
H 'H [)‘E 'Dg_ 3D3 L. L
+ b ~ 3L - 3 . .
%’“?+§ i’“’*é i ﬁ%FE' ¥ Ho? ( )

This is a cubic equation, but the predominence of the linear
term results in convergence on the only physically meaningful
solution.

The values of the spin Hamiltonian at temperatures
for all three axes are given in table 4, It will be noted
from table 2 that the parameters at 136°C were actually
obtained from the spectra taken over a range of temperatures
from 133 to 137°C. It is only the +1/2—%-1/2 spectrum which
was recorded at 133°C but since these line positions change very
slowly with the temperature the effective temperature range
is 135° to 137°C. Over this range D changes by only 1.5 gauss
(see figure lh), so that the temperature was assigned at 136°C
without contributing significant errors. Also the spectra

for the z-axis were measured at a sample temperature of 175°C,



TABLE IV
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Spin Hamiltonian Parameters for Mn'* at Room Temperature,

136°C and 18u4ecct

184ec 136°C (Upper) |136¢ (Lower) Room Temp.,
D ~1103*3 -887°L -1319%5 -612
E 11%2 743 5ty 22
gx 2.,0010%0,0005 | 2.0033%*0.0010 | 2,0018%0.0010 | 2,000%%0,0012
9 2,0005%*0,0005 | 2,0025%0,0010 | 1.9999%*0.0010 | 1.999%*0.0012
§2 2,0017%0,0005 | 2,0001*0,0008 |2.0001*0,0008 | 2,0019%*.,0012
Ax =89,6%0.5 -90.,0%0,8 -83.4%0,8 =93,6%1.2
Ay -89.2%0,5 -90.2%1,6 -85,4%1,2 ~92,4%1,6
Az -91.2%0.5 -89.8%1,2 -85,0%1,6 ~93,0%0.8

+ The signs of D and E have been assigned on the assumption

that A is negative.
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about 10° below the corresponding measurements for the x and
y-axes. Again it was found that the line positions did
not vary appreciably in this region (See, for example, the
x-axis line position at 184°C and 176°C in table 2). The
values of D obtained from y-axis measurements only, as well
as those from table 4 are plotted as a function of temperature
in figure 1k,

Positive and negative signs are assigned in table 4
even though only the relative signs of the parameters can
be determined from the data in table 2. As has already been
shown the signs of D and E are opposite. In (II, 6) it was
shown that the relative signs of D and A could be determined
by comparing the intervals between the extreme hyperfine
positions of each five structure group. These differences
are rather small at the high fields used and only the high
temperature data is accurate enough for this purpose. The
hyperfine splittings of the five structure groups for the
three axes are given in table 5 as well as the differences
between successive groups. The average of these differences
is 4.3f2.2 gauss. The average difference calculated from
equation (2.7) for A=90 gauss and Ho= 1.22 x 10* gauss 1is
3.5 gauss, From equations (2.4), (2.5) and (2.7) it can be
seen that, for the x and y-~axes spectra, if D and A are of the
same sign the higher magnetic field fine structure groups
should have smaller hyperfine splitting and vice versa if

D and A are of opposite sign. Thus the data in table 5 shows
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Hyperfine Splitting of Fine Structure Lines at 184oC

TABLE V

52

X AH y AH b4 AH
-1/2¢>.3/2 Loty 436%
| 6%6 > L5 N

+1/2¢>-1/2 LLg8%2 . 4ho*2 6t L5672 .

s T 2-
+3/2>+1/2 45213 g 44613 . 454 3

=z ,3..
+5/24>+3/2 k57%3 blhot3

AH, = 4,3*2.2

AHal,

1
o
°
Wl
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D and A to be of like sign. Tables 2 and 5 were prepared

with this foreknowledge, although the conclusion is independent
of this fact. Finally, the signs of A reported for Mn'' are
invariably negative, so A was assuﬁed to be negative in the
present case., This means that D is also negative and E 1is
positive., Because of the gradual nature of the changes observed
in D and E it can also be inferred that these parameters keep

the same sign over the whole range of temperatures.

9. Effects Arising From Changes in the Magnetic Axes Directions

It was stated earlier that the failure in fitting the
experimentally determined line positions to equations (2.4)
and (2.6) can be used to set a maximum on the possible
deviation of the z~axis setting from being parallel to the
magnetic field. For an approximate calculation of small
angular changes it is sufficient to use only the first order
terms in the expressions for the angular variation of the
line positions. Also, since E is small only the axiaily
symmetric terms need be considered. Bleaney (1954%) has shown
that the expression for the angular variation of the fine

structure to the first order for the axially symmetric case

is
Hnom-1 = Ho + D (M-})(3g2 Cos? 6-1)
g (4.9)
where © is the angle between the applied magnetic field and

the z-axis and g2 = g2 + gf. In the Mn'* case gig, so
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that the term containing the angular dependance is D(M-=-1/2)
(3cosa6==l)° For example, for M = 3/2, the difference between
this term for 6 = 0° and 6 = 5° is 0.024D, and for & = 90° and
6 = 85° is 0,022D., Thus if a measurement is made at 6 = 5°

and D determined from equation (%.5) with 8 set equal to zero,
the value found for D will be 0.012 D less than its proper
value. If nowFLemq4Lis determined by experiment for 6 = 85°

it will be found to have a value less than its value at & = 90°
by an amount 0.022 D. Thus the two sides of equation (4.1)
will differ by an amount 0.010 D. To complete the analogy with
the procedure followed in section (IV, 8), it is necessary

to also evaluateLL+»n4"H° at right angles to both the

© = 5° and @ = 85° directions considered previously, that is

at ® = 90°, In this case equation (4.5) fails to balance by
an amount of 0.012 D. By inspection of equations (4.2) and
(%.3) it can be seen that these two effects will always add

in producing different values of E from these two equations.
Equations (4.2) and (4.3) are actually the differences between
the +5/2-#+3/2 and +3/2-—>+1/2 line positions, but the first

two terms on the right hand side are the same for the intervals
between the +3/2—+1/2 and +1/2->-1/2 line positions. The
remaining terms on the RHS are small enough that changes in
them may be ignored. Thus the variation in E determined by
this method is 0.022 D if the z-axis is misset by 5°.

The two values of E obtained for the lower set of



55

lines at 136° were 14 and 8%*4, Although the relatively
large uncertanties of the two values overlap, they also allow
as large a value of 6 as 6°, The values of E for the upper
set of lines are 6*3 and 7%3 gauss, which limits & to 5° for
D = 887 gauss., For the room temperature results the values
are 18%3 and 26%3, The value of 9° for © needed to span the
range from 15 to 29 for E also sets an upper limit on the
error in the measured value of D of +29 gauss, so that D is

between 607 and 646 gauss.

10, The Spin Hamiltonian Parameters for cu'™

The computation of the spin Hamiltonian parameters is
a much easier task for Cu'’ than for Mn**. Second order
hyperfine effects are small for the large magnetic fields
used (Bleaney, Bowers, and Ingram, 1955) so that the g-values
can be determined by taking the center of the hyperfine group
as the fine line position., The parameters are presented in
table 6 for high and intermediate temperatures. The value
of Az is missing for one site at 136°(C because only one line
could be resolved. The room temperature parameters were not
computed because of the difficulty in labelling the different
sets of lines. One noteworthy feature of the room temperature
spectra is that Az is at least 98t 2 gauss for one of the gites.
It can be seen in table 4 that the hyperfine splitting for
Mt is also appreciably larger at room temperature., Finally,

the splitting between the two sites which appear in the cu't



TABLE VI
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Spin Hamiltonian Parameters for cu't at 136°C and 181°C

181°¢ 136°C
gx 2,097%0,002 2,089%0.00k4 2,089%0.00%4
gy 2.092%0,002 2°o8hfo,oo& 2.084+0,00k
gz 2,468%0,002 2,456%0,002 2,710,004
| axl, |2yl <15 gauss <15 <15
[Az] 82t2 gauss 8913
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z-axis spectra is plotted as a function of temperature in

figure 15,

11. The Directions of the Magnetic Axes in the Crystal

One of the magnetic axes must lie along the

crystalline two=fold axis in;?uZnaP 0 The z-axis would

277°
normally lie along the long axis of the octohedron but since
the octahedron is so distorted in this case it was decided
to confirm this. A sample of Cu doped Zn23207 was aligned by
esr on the 3 cm. sample holder described in section (IV, 2),
and the directions for which the x and z magnetic axes were
parallel to the magnetic field were noted. The sample
holder and sample were then removed from the magnetic field
and the directions of some prominent faces of the sample
were determined optically. It was found that one of these
faces was about 4° from being parallel to the magnetic z-axis.
since the accuracy of each measurement was about ¥2° it seems
likely that this is a real difference. X-ray measurements
showed that this face corresponded to the (101) face in the
B-Zn, B, 0, or to the (602) in theX-phase, confirming that the
magnetic z-axis is Lo*L4o ayay from the long axis of the

octahedron.
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CHAPTER V

DISCUSSION OF RESULTS AND CONCLUSIONS

1. The Relation Between the Electric Field Gradient and the

Axial Splitting Parameter D

The paucity of good crystallographic data for systems
where Mn'' substitutes for a divalent cation in a noncubic
environment has prevented a critical study of the relation
between the electric field gradient and the axial splitting
parameter. In the non-hydrated compounds studied by esr the
symmetry of the Mﬁkkspectrum is usually cubic and in the
hydrated compounds the hydrogen positions are, in general,
not known. In addition the fact that the experimental values
of ID| for Mn™ with one exception (Donovan and Vuylsteke,
1962), have been less than 400 gauss in comparison to the
much larger range of results available for F’" would tend
to discourage such a study. The results presented in chapter
IV extend this range considerably and are obtained in a
material for which the atom positions are being accurately
determined.

It will be seen later that among the divalent phosphates
the most useful for a comparison of D and A°, for Mo are

7
been completely determined, this comparison is rot yet possible,

an B, 0, and Mg, P, 0, . Since only theﬁ-'Zna B, O7 structure has

58
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It would be profitable at this stage, however, to do some
preliminary calculations to investigate the behaviour of the
lattice sums involved in the field gradient computation as

a function of distance from the site concerned and also to compare
the calculated field gradients inp -¥n,B, 0, to that in the
isostructural Mn, P, 0,. This information would be useful for

a number of reasons. The contributions from the neighbouring
oxygens would give some indication of the magnitude of effects
arising from possible distortions of the lattice and also of
the order of magnitude of the displacements necessary to give
rise to the variation in D in the intermediate temperature
region shown in figure 14,

The details of the field gradient calculations are
presented in appendix 2., The oxygen ions are characterized by
a charge of -~2e, the zinc ions by +2e, and the phosphorus ions
by +5e, where e is the absolute value of the electronic charge.
This approximation will he discussed below. For}3=2m2@107,
considering the octshedron of oxygens alone, the field
gradient is - 0.082e (in units of (1/4°)° . When the six nearest
phosphorus ions are included the total changes to - 0.110e and
the next thirteen atoms that contribute most significantly
bring the total to -~ 0.148e. This slow convergence of the
field gradient calculations has already been pointed out by
Bersohn (1958) and calculations of this sort are usually

carried out to include a sphere of radius about five lattice
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constants, From a computational point of view this is a
disadvantage, but it has the advantage that it tends to
suppress the effect of local distortions near the impurity
ion. Only the contributions of the nearest neighbours are
considered in the Mn,P, 0, calculations, but the value of
-0.050e compared with that of -0.082e forp- ZnaP'QO7
demonstrates the order of the uncertainty in the field
gradient when Mn'*is an impurity inP- 2n,P, 0,. It is still
an open question as to the degree to which the structure
adjusts to a substitutional impurity. Results of these
calculations élso reinforce the point made above that it would
be advisable to restrict the calculations to cases where the
Mn*t ion is substituting for Mg " or Zn'*, since the average
cation oxygen distances are within 0,05A° of being the same
in many isostructural compounds.

One other question which arises in these calculations
concerns the validity of the 1onic charge model. Pauling's
(1960) electroneutrality principle states that the net charges
on ions of stable complexes are smallerrthan their valence
numbers. Cruickshank (1962) has applied Pauling's
electronegativity relations to Sc,S1,0,, an isostructure of
B- Zn, P, 0, and deduced ionic charges reduced by more than a
factor of two from their formal values, but he admits that these
considerations are still in the speculative stage., In general
this charge neutralization would tend to lower the magnitude

of the crystalline electric field, but since the reduction

is not the same for each ion the effect on the electrie field
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will be quite complicated. Although these effects may be

quite important, they might also be expected to be of a

similar nature in isostructural compounds. Thus a comparison
of D and A in the various phases of Zna3107and Mg, P, 0,

could yield values of C,and C,in the equation D = C,Vax + CaVai.
In the event charge reduction estimates are unduly pessimistic,
D and A° values for the orthophosphates would also be useful.
Preliminary experiments with both MggPa07and B- Zn3(PO4)1

have shown that D is of the same order of magnitude in these ‘
crystals as in - Zn, P, 0,, and accurate measurements are in

progress.

2. The Intermediate Phase

The most interesting result of this study is the
variation of the D value in the temperature range from 132°C
to 155°C. This variation suggests a gradual change of the
average atomic positions as the temperature 1is lowered, |
beginning at 155°C. There is no detectable discontinﬁity
in the variation from this temperature to 132°C. 1In
confirmation of this behavior, figure 15 shows the variation
in the difference between the average line positions of the
two sets of lines, which begin to appear in the Cu++spectra
at about 155°C, Although the resolution of the splitting is
not as high as that in the Mn**spectra, the curve extrapolates
to zero at about 155°C, This indicates that this sort of
behavior is not merely a peculiarity of the Mnfrimpurity, but
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is characteristic of the host crystal.

One striking feature of the Mndfspectra 1s the
broadening which occurs near 155°C, For the +}¢>-%4 electronic
transition this broadening is not obvious. However, it is
quite pronounced for the3f3/2%*il/2 transitions and even more
so for the ¥5/2*3/2 transitions. Equations (2.4) show
that the +}¢<»>-% line positions depend only slightly on D,
in contrast to the line positions of the other transitions.
This suggests that the broadening is due to lattice
viberations rather than to lifetime effects, since the latter
would be expected to introduce equal broadening of all
transitions. Unfortunately the broadening prevents definite
assignment of the total signal below 155°C to the two sites
which appear at this temperature. If the change at 155°C
is é true phase transition and the system is in equilibrium
then the Gibbs phase rule precludes the existence of the high
temperature phase in this region. The definite appearance of
a new and different esr spectrum in this region in both the
case of Mn™ and of Cu' argues for a distinct phase. If this
is so, the apparent lack of latent heat in the differential
thermal analysis experiments (Katnack and Hummel, 1955) and
the gradual change of the spectra indicate that the transition
at 155°C 1s of second order. Certainly, careful speéific heat
measurements around 155°C are desirable in order to substantiate
the proposed thermodynamic order for the transition and to

compare the breadth of the specific heat anomaly with the



63

range of line broadening noted in the esr spectra.
The extinctions in the x-ray diffraction patterns of

Zn,P, 0,above 132°C are consistant with the C-2/m, C-2, or

1
C-m space groups. In general one must attempt a structure
resolution in each of these space groups before the proper
space group can be chosen. The existence of only one esr site
for Mn"" in the B -phase 1is consistent'with and provides direct
evidence for the space group C-2/m chosen for the structure
above 155°C., In the intermediate phéée two esr sites are
detected but the extinctions, the unit cell geometry and the
intensities of the individual x-ray reflections appear
unchanged. Under the assumption that the appearance of the

two sites represents a cooperative change in the host structure
the space group symmetry must have been lowered to either

C-é or C-m. Since the esr results indicate that there is a
slight shift in the magnetic y-axis of one of the two sites
away from the direction of the two fold axis in the f-phase,
the C-2 space group is ruled out, so the symmetry of the
interﬁediate phase is C-m,

The fact that the intensities appear unchanged suggest
relatively small atomic displacements. This is not inconsistent
with the large difference in D values found for the two sites
in the intermediate phase since a change by as little as
0.02A° in the Z-component and the Y value of 05 (appendix 2)
changes the field gradient by about 144 of the total

contribution of the nearest 25 ions.
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It is difficult to go further in discussing the atomic
positions in the intermediate phase without more information.
The most tantalizingly suggestive feature of the data in this
region is the symmetry of the D value displacements from the
high temperature value as illustrated in figufe 14, However;
there are many possible changes in ion positions which would
be capable of giving rise to effects 6f this order. A knowledge
of the dependence of D on the field gradient in this region of
D values would be helpful in this respect. Also, the
resolution of theO(—ZnJPaO7structure could be very helpful.
For example, one would know whether the Qlo;*ion bends and
whether the central oxygen remains equidistant from the
phosphorus atom. An esr study of the transition in Mg, P, 0,
will supplement the x-ray study and might provide clues as to
the‘mechanism that applies to the phase transitions in these
divalent pyrophosphates. A preliminary experiment on
Mg13207: Cu showed only one esr site as expected in the
C-2/m space group chosen for this phase. No splitting of the
esr spéctra lines was observed on either side of the transition.
The unit cell and the space group ofo(-MgaERO7have been
determined and early progress made on the resolution of the
structure, (C.'Calvo, to be published) The space group is
unambiguously P=2,/a and supports as many as & diffefent esr
sites. The atomic displacement of the Mg, for example, are of

the order of +A° from their high temperature positions. The
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esr spectra of Mggﬁzovz Mn will also be examined around the
transition since Mn**provides a more sensitive probe for

small ionic displacements.

3. The Parameters A and g

The g-factors and hyperfine constants for Mn++given
in Table IV do not show any anisotropy within the experimental
error, The only systematic variation in the spin-Hamiltonian
parameters seems to be the increase in the hyperfine splitting
factor A as the axjal splitting D decreases. Any functional
relationship does not appear to be of a simple form. Although
it is difficult to see any significance in the trend, the
fact that the two A values given for cu'¥in Table VI show a
parallel trend suggests that a basis for this correlation
may be found in future theoretical studies. Therefore it is

worthwhile to note these effects.,

%, Further Experiments

It has been pointed out above that more structural and
esr data on Znalaa7 and MgaP;zO7 are required fo; a comparison
of D and A, Although only a magnet with six inch diameter
pole pieces has been avajlable to date, it is hoped that a
twelve inch magnet will be available for some of the proposed
experiments. This would allow sufficient space in the
magnetic field to provide facilities for rotation of the
sample with respect to the magnet field direction about two

mutually perpendicular axes and thus allow the directions of
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the magnetic axes to be determined in those cases where none
of the axes directions can be determined from symmetry
considerations,

As for the transitions themselves, in addition to the
est study of Mgg3207: Mn mentioned above, NMR studies of the
phosphorus ions in MgRPQO7 and Mg,P,0, similar to those
carried out in Li Mn PO, (Mays, 1963) should be quite

informative.



APPENDIX T

FOURTH ORDER PERTUBATTION CONTRIBUTIONS TO THE ENERGY TLEVELS

OF THE SPIN HAMILTONIAN FOR Mn*?*

Since the electronic and the nuclear parts of the spin
Hamiltonian (2.6) may be diagonalized separately, the second
two terms on the RHS of equation (2.6) can be considered a
pertubation on the first term and the last term can be
neglected for the purposes of_calculating the electronic
energy levels. Thus one has

H

1

Ho + H,
where H, = DS§+ E (55"~ Sy°)
The fourth order terms are given by

B =3 ™S 157 BT S ()

(Condon and Shortly, 1935), where

g”n"‘?nj(’:: Lﬁg}zﬁwm« ISNEN

AT =A™
A 1o = — <™ [H, !0\“><0(#’H4!7£2 Y IR SIS
{ } (™™ )R % A =AY

*““*\.

iy - <w;:>

. dnl
Wl -g %_ {1y
{K“M“’} =0

65



66

[

o M

B, Z<MH9<><¢« THIA™S
0(—7“1

B™ = 4™ [VIK™

The non-zero matrix elements are given in table 7 for the
magnetic field parallel to the magnetic z-axis. Substituting

the appropriate matrix elements in equation (All) leads to

% _ +
B* 2 g Ho?

Ho5
*h- + 9 pPE*_ 117 E*
}34 To3 + o3 (A1.2)
th oo~ 2.2 4
= 736 D'E*—~ 28 E"
ﬁ“* Ho3 + Ho3

The fourth order terms to be added to the expressions for the

line positions for H//z are thus

t5/00+3/2 ¢+ 36 DAE*+ 28 B!
Ho3 Ho3
(Al1.3)
t3/0011/0 D” g
Hod .
+1/22-1/2 + 72 DRE + 56 E
Hod Ho3

The fourth order perturbation terms for H//x and H//y are

obtained by making the substitutions given in equations (2.5).



TABLE VIT

VALUZS OF THE MATRIX ELEMENTS<A™ |HIA™

n v52 |32 |+ -1/2 -3/2 -5/2

vs2 | (/%D A B

+3/2 (3/2)?D I B

+1/2 N0 E _ (1/2)*D VIS &
—————————

- 1/2 M8 & (1/2)*D VIO E

- 3/2 VIS E. | (3/2)*D

- 5/2 VIO E (5/2YD
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APPENDIX VIIT

FIELD GRADIENT CALCULATIONS

The electric field gradient (f.g.) at a lattice site
in a crystal can be written _

f.g. 2_61 Zt”‘” - (& )'/2,@; (A2.1)
where Y is the distance to theq th neighbour, which has a
component along the z axis z; and is characterized by the
charge e; s The series represented by equation (A2.1) converges
slowly but a program for the IBM 704 is available on cards
which calculates the f.g. in an arbitrary direction for a
~crystal of arbitrary space group (Bersohn, 1958). However,
the calculatibns below are intended merely to illustrate some
arguments in chapter V and only inéiude a small number of
neighbours.

The coordinates of the ions considered for}3=ZnQ%.07
are given in table 8. All of these except Zn, are related by
the two=fold axis to a similar ion which makes an equal
contribution to the f.g. The z-axis is taken to be the 0
direction. Table 9 gives the results of the célculationso
The quantity q is the charge assigned to each ion and e is
the absolute value of the electronic charge. The last column
of table 9 gives the contribution of the ion in question to the
f.g. as well as that of the ion related to it by the two fold
axis. ‘

The analogous quantities for Mn P O7 are given in table

10 and 11.



ATOM POSITIONS INP’ -Zn, B, O7

TABLE VITI

a

+,826

lo 573
1.732

3,305

3305

1.917

1.917

1.388
1.388

3.305

b

1,575
-1.285

. 290
~2,574
5,716
1.570
1.570

i 1.571
1.571
~2.574%
-2.57h%

3.090

+1, 284

- 90k

S eToL

-2, 260
2,260

-2, 260
2. 260

-1.772
2,748

1.772

-2, 748
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FIELD GRADIENTS IN ﬁ-Znn B 07

TABLE IX
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|z (a%) r (A°) q | (BZ;: r )q
f
0, -0.056 2,062 -2e § +0,228e
0, -0, 86k 2,048 ~2e 40,1086
O, -2,151 2,174 -2e =0.377e
0y 1.423 3.425 -2€ +0,048e
Os 1.423 6147 -2 +0.01ke
O, 4,436 4,861 ~2e ~0,052e
04 1,815 3,965 -2e +0,020e
P, 0,967 3,285 +5e +0,426e
P, 0.423 é 3.303 +5e -0,286e
Py 0.595 | 3.224 +5e ~-0,168e
P, 2,602 Y, o857 +5e +0,016¢e
Zn, 0 3,142 +2e -0.06ke
Zn 2,282 4,525 +2e =0,010e




ATOM POSITIONS IN Mn, B O,

TABIE X
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a - b c
0, -.,829 1.656 -1,289
0, | 1.578 ~1.321 eI
0, 1.737 403 - o Ol
TABLE XT
FIELD GRADIENTS IN MnﬁF;O7
Z (A°) r (A°) a 1 (3z'- r?)g
I.O"
0; 0.043 2,150 -2e +0.402e
0, .831 2,115 -2e +0,226e
0, 2,104 2,188 -2e -.678e
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