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3· Sample Mounting, Temperature Control and Measurement 

The rectangular cavity is made out of a piece of wave guide 

sealed at the end. It has the dimensions of 0.65 x 0.32 x1.63 cm. and 

operates in the TE102 mode. The iris has a diameter of 5/6411
• The 

sample is inserted into the cavity through a hole on the narrow side. 

To avoid serious upset of the cavity Q, the sample holder is made of a 

3inm glass tube drawn out to be o.5mm at the end where the crystal is 

mounted. A copper-constantan thermocouple is inserted into the holder. 

At the tip, the crys~al, the holder and the thermocouple are glued 

together wit.h proxyl. This ensures a good thermal contact. 

The cavity is placed into an oven made of supramica, which 

fits tightly, sandwiched between two pieces of asbestos , between the 

pole faces of the magnet. This reduces the vibration of the cavity. 

In addition the vibrations of the modulation coil can be a serious 

nuisance. This is reduced considerably by fitting wood blocks between 

them. 

A small nicrome wire coil wound around the bottom part of 

the cavity is used as heater. It is supplied by a selenium rectifier 

bridge. The maximum current obtained is 3 amp. and this produces at 

0 the cavity a temperature of 220 C. Since the cavity is small and the 

dimension of the crystal. used must be still samller, we may assume that 

the temperature of the crystal is homogeneous. A Sola transformer is 

used to reduce fluctuation of the line voltage and maintain a steady 

current. Two variacs and a rheostat in series are used to achieve fine 
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control. The e.m.f. on the thermocouple is measured by a thermocouple 

potentiometer. The temperature determination is estimated to be 

0 accurate to 0.5 C. But on sweeping the magnetic field from 7KG to 15KG, 

there is a systematic decrease of 1°C and vise versa. The reason for 

this change is not known. Therefore, the temperature of a spectra can 

be specified to only within+ 1°C. This is .important because the 

determination of the exact temperature of the phase transition depends 

on the pattern of the whole specta. 

4. Alignment of Crystals 

A The crystals of Mg2P2o7:Mn are quadrilateral plates. 

preliminary survey showed that a large crystal seriously reduced the 

cavity Q while too small a crystal did not yield signals strong enoughto 

be detected. Crystals of various sizes were tried and finally two 

crystals were chosen of size lmm lengthwise and l/2mm in thickness. 

This represented a compromiseof the two factors mentioned above. It 

was known that the two-fold b-axis lies on one flat surface. Rotating 

crystal pictures were taken by X-ray to determine this axis. By the 

consideration of symmetry, this has to be one of the magnetic axes in 

18 
the ~-phase. The sample can only be rotated about that one axis which 

is parallel to the pole faces in the esr experiment. Therefore two 

crystals were necessary in order to obtain complete data. One crystal 

could be rotated about the b-axis and the other about an axis perpen-

dicular to the two-fold axis. 



To find the z and x axis in the high temperature phase, the 

crystal was rotated about the b-axis (which is designated the y-magnetic 

axis) and esr spectra were taken at different angular positions at 5° 

interval. The angular position can be set as accurate as 1°. Positions 

of the + 3/2 ~ ! 1/2 transitions were plotted against the angular 

position of the magnetic field in Fig. 4. The curve shows two maximum 

t . 90° t separa ions apar • The two additional axes lie parallel to these 

directions. This follows from the properties of a symmetric tensor. 

The spectra merged together at 55° from one axis and repeats itself 

after 180°. These evidences showed that we w~e · actually rotating about 

a two-fold axis. 

To investigate the y-axis, a second crystal was carefully 

inserted into the cavity so that the b-axis as determined by X-ray was 

as close to parallel to the magnetic field as possible. It was then 

rotated about an axis perpendicular to the b-axis. Spectra were taken 

periodically in angle until we got maximum splittings. 

5. Magnetic Field Measurement 

For survey work a rotating coil gaussmeter was ,used to measure 

magnetic field. Values as high as 15 kilogauss could be measured to an 

accuracy of 0.2 kilogQU$S• For accurate measurement, the NMR probe with 

lithium chloride solution is used. This enables measurement of magnetic 

field as high as 13·5 kilogauss. Calibration points of magnetic field 

were made at intervals of about 150 gauss as the spectra was traced out. 
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This was done by watching the NMR signal on an oscilloscope and mark 

was made on the recording chart as this signal crosses the centre and 

at the same time one measured the frequency of the NMR oscillator with 

a Bendix Radio BC 221-M beat frequency oscillator. The magnetic field 

was measured with an error of ! 2 gauss. 



CHAPI'ER V 

Results 

1. The Spectra and Resolution of the Hyperfine Structures 

For survey work spectra were taken from 7 kilogauss to 15 

kilogauss and at about 8o0 c. Each spectrum revealed five fine structure 

lines except for that taken with the magnetic filed parallel to the 

z-axis where the second upper satellite occurs at too high a magnetic 

field to be seen. These spectra show that only one esr active site is 

· d by Mn++ i·n A M P 0 occupie ~- g2 2 7
• 

At room temperature, spectra taken w:hth the magnetic field parallel 

to high temperaturex-axis and y-axis show groups of continuous and multi-

superposed lines in the range between 9 kilogauss to 14.5 kilogauss. 

Hence we conclude that a significant shift occurs in the axes of the 

magnetic ellipsoid in passing to the a-phase. With H parallel to the 

z-axis of the 13-phase, the following groups of lines are seen. 

Number of hyperfine lines Approximate centre of the group 

6 13· 3(KG) 

12 12·3 

6 11.3 

6 10.3 

6 8.5 

6 5 

- 41 -
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Thus it appears that in the low temperature phase there are two non­

equivalent crystal sites taken up by Mn++ in «-Mg
2
P

2
o
7

• 

For reasons mentioned above, no line above 13·5 kilogauss 

could be measured accurately. The following lines at the axes indicated 

have been carefully measured,alla' three different temperatures (74°C, 

84°c and 94°C): 

Axis Fine Structure Lines Measured 

x ul, c, Ll, L2• 

y u1, c, ~+, L • 
2 

z c, Ll •' L • 2 

Her~ C stands for the central line that is near the g = 2 value for 

magnetic field. L
1 

and L
2 

are the lower first and second satellite 

and u
1 

the upper first satellite The asterisk* indicates the line 

does not' have its hyperfine struct.ure resolved at all three temperatures 

while the dagger + means that hyperfine structure is seen to resolve 

- t 94°c. on.Ly a 

One spectra at z-axis is taken at 174°c. Here the line 

2. Phase Transition T.emperature of Mg~2Q7 :Mn++ 
Little change was noted in the pattern of lines when esr 

spectra were taken at different temperatures within the two intervals 

between room temperature and 58°C and between 63°c and 200°C. The 



spectra in these two temperature ranges are different. To determine the 

transition temperature accurately, and to check the reversibility of 

changes in the crystal,data were taken within the interval 58°C-63°c 

for both decreasing and increasing steps of 1°C. At the z-axis, the 

0 high temperature spectra appears abruptly at ,59.5 C, superposed on the . 

low temperature spectra. At 62.5°c, the low temperature spectra disappears. 

The details of changes in spectra from 58°c to 64°c are shown schemati-

cally in Fig. 6. The lines represent fine structures. The numbers appear-

ing under each line shows the number of hyperfine lines there are 

in the group. The height of these lines represents their relative 

intensity as well as variation in the latter with temperature. A line 

represented by a T is a very broad line not resolved at all. Unfortuna-

tely, no investigation has been made for magnetic field below A in this 

temperature range. Two consecutive spectra taken four hours apart at 

6 
. 0 

1.5 C are the same. This indicates that the coexistance of two phases 

seen on the z-axis spectra is probably not ~ue to an hysteresis effect. 

3• Determination of Spin-Hamiltonian Parameters 

Since the parameter D is expected to be large it is the 

most influential term in equations (5). An esr experiment itself does 

not suffice to determine the absolute signs of the parameters. These 

constants may be determined . from a knowledge of the susceptibility or 

the specific heat or relative line intensities, all at low temperature, 

or the susceptibility anisotropy.· However, the spectra give information 
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on the signs of A/D. For A/D > 0 the extreme separation of a group of 

hyperfine lines is larger at the low field end than at the high field· 

The converse is true for A/D( o30. Our data show that A/D > 0 (Table II). 

Positive valuesof A for Mn++ havehitherto not been reported. Hence, 

we probably have a negative D. 

Assuming a negative D, the positions of fine structure lines 

relative to magnetic field can be obtained from equations (5). Further-

more, for negative A, hyperfine lines of larger m
1 

fall at higher magnetic 

field. These results are expressed schematically in Fig. 5. 

D < 0 

Axis Fine Structure Lines 

z (-5/2 --7' - 3/2) (-3/2 ----7> -5/2) (-1/2 -7 1/2) ( 1/2---;i, 3/2) ( 3/2-::; 5/2) 

x ( 5/2 ~ 3/2) ( 3/2 --7' 1/2) ( 1/2 -?>-1/2) (-1/2--7- 3/2) (-3/2 --7 -5/2) 

y ( 5/2 ----7 3/2) ( 3/2 --7 1/2) ( 1/2 --7 -1/2) (-1/2 ~-3/2) (-3/2 ----'?' -5/2) 

H 

A < 0 

Hyperfine Structures 

-5/2 -3/2 -1/2 1/2 3/2 5/2 

H 

Figure 5 
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The hyperfine interaction tensor A with components A ,A ,A 
x y z 

is obtained by analysing all the resolved lines in the spectra taken 

along the respective axis. From equation (7), it can be derived that the 
A2 

separation d, between two neighbouring lines can be written as d = -A + x ~ 
0 

where x is in every case we had considered an integer. Suitable combination 

of d's can be chosen to eliminate the second order term and A may be 

obtained directly. The value of A for all the temperaFures considered 

are -listed in Table II. 

The fine structure position is obtained by adding the quantity 

17 A2 
~ to the mean position of the third and forth line in the group. For 

0 

A = -87gauss, and H
0 

= 12271 gauss, 14 ~2 - .2.6 gauss. 
0 

The centre of an unresolved fine structure cannot be deter-

mined very accurately because the difficulty in determining the true 

base line and hence the true absorption peak. Therefore, only the 

resolved lines are used in determination of D and E. The process used 

is described below. From here we shall refer to the centre of a fine 

structure line obtained by the method described above simply as the 

line for brevity. The line C at z-axis is first obtained. It is taken 

as the first approximation of H in later calculations. From equations 
0 

(5 and 6) the difference between line u1 and C for the x and y axis 

can be written respectively as 

d 
x 

d 
y 

+ . 1:,2DE 
H 

0 
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Equations (l?a,b) were solved simultaneously by approximation, 

using the magnetic field of the line c as H • The value of D and E z 0 

were then substituted into equations (5 and 6). Values of H and H 
x y 

were obtained from the position of ulx, c ' and Llx and uly' c (and 
x y 

also L1Y at 94°0) respectively. These values were now used as H 's 
0 

in equations (l?a,b) and new values of D and E were calculated. This 

cycle was repeated for as many times as was necessary to make the error 

in the approximation smaller than the experimental error. At the end 

of this process, we have obtained values of D,E, H and H • H was x y z 

then obtained by substituting for D and E in the equation of C • z 

Value of components for the g tensor was calculated from the respective 

value of H , H and H , using the average microwave frequency. Results 
x y z 

of these calculations are listed in Table III. 
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TABLE I .I 

74°C 

TRANSITION Position of Lines (gauss) 
mI 

x y z 

5/2 13499* 13462 
3/2 13426 13371 

- -1/2 13335 13290 
ul + 1/2--+ :; 3/2** -1/2 13248 13193 

-3/2 13166 13112 
-5/2 13086 13048 

5/2 12229 12228 12495 
3/2 12144 12144 12403 
1/2 12055 12047 12313 

c ! 1/2 __. :; 1/2 -1/2 11971 11962 12224 
-3/2 11833 11875 12134 
-5/2 11799 11757 12047 

5/2 11129 
3/2 11012 
1/2 10927 10937 9916 

! 3/2 ~ ! 1/2 
-1/2 10848 
-3/2 10753 
-5/2 10675 

! 5/2 ---+ ! 3/2 10013 7576 

* A resolved line has an error of ! 2 gauss 

+ An unresolved line is accurate to ! 20 gauss 

** The upper sign for x and y axis1 ~ the lower for z-axis 
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TABLE II (continued) 

84°C 

TRANSITION mI Position of Lines (gauss) 
. ,x y z 

5/2 13426 13414 
3/2 13405 13334 

u1 :; 1/2 --+ :; 3/2 1/2 13317 13253 
-1/2 13228 13160 
-3/2 13144 13068 
-5/2 13064 12987 

5/2 12232 12190 12497 
3/2 12145 12100 12400 
1/2 12055 12015 12310 

c :!: 1/2 ___... :; 1/2 -1/2 11971 11927 12214 
-3/2 11884 11840 12124 
-5/2 11803 11756 12034 

5/2 11151 
3/2 11053 
1/2 10958 10929 9948 

11 :!: 3/2 ___.. :!: 1/2 -1/2 10870 
-3/2 10783 

. -5/2 10705 

:!: 5/2 ~ .!. 3/2 -9986 9991 7598 
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TABLE II (continued) 

94°C 

~RAN SI TI ON '111 1Position of Lines (Gauss) 

x y z 

5/2 13499 13375 
3/2 13426 13300 

ul :; 1/2 ----- :; 3/2 1/2 ·13335 13205 
-1/2 13248 13129 
-3/2 13166 13039 
-5/2 13086 12953 

5/2 1222~ 12174 i2490 
3/2 12144 12088 12398 
1/2 12055 11996 12305 

-1/2 11971 11908 12214 
c ! 1/2 ___. :; 1/2 -3/2 11833 11821 12125 

-5/2 11799 11735 12039 

5/2 11129 11122 
3/2 11012 11036 
1/2 10927 10943 10055 

! 3/2 ---+ ! 1/2 -1/2 10848 10862 
-3/2 10753 10769 

. -5/2 10675 10680 

L2 ! 5/2 ___. ! 5/2 9994 9980 7595 



Temperature 

A x 

A 
y 

A z 

D 

E 

74°C 

88 + 2 

89 .:!: 2 

88 + 2 

-1218 .:!: 4 

7 .:!: 2 

2.0084 + 0.0020 

2.0084 + 0.0020 

2.0033 .:!: 0.0020 

TABLE III 

84°C 

87 .:!: 2 

86 + 2 

·93 .:!: 2 

..;1208 + 4 

4 + 2 

2.0080 + 0.0010 

2.0139 .:!: 0.0010 

2.0048 + 0.0010 

V = 34.420 .:!: 0.005 Megacycle 

94°C 

87 .:!: 2 

88 + 2 

90 .:!: 2 

-1186 + 4 

2 + 2 

2.0087 .:!: 0.0020 

2.0185 .:!: 0.0020. 

2.0047 .:!: 0.0020 
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CHAPTER VI 

Discussions 

Values for spin-Hamiltonian parameters are listed in 

Table III. The average D value at three temperatures 74°c,84°c, and 

94°C (-1205 gauss), 

(D = -1103 gauss). 

is comparable to that obtained for Zn
2
P

2
o

7
:Mn++ 

- ++ The D value for Mg2P
2
o

7
:Mn would be expected 

to be large~ if we assume that the amount of distortion caused by 

Mn++ i'n the two h t t 1 b t th os crys a s are a ou e same. Since Mg has a 

smaller atomic radius than Zn, the decrease in atomic separations 

would give rise to a stronger crystal field. Any serious attempt to 

calculate D theoretically is hampered by the facts that (1) the 

functional relation between D and the axial field component Y·
0 is 

2 

not at all clear, as was discussed in Chapter II, (2) the ionic 

model may not be an adequate approximation for the estimation of 

the electric field, and (3) the distortion Mn++ imposes on the host 

crystal is not known. The error in the value of D at the three 

temperatures have been estimated from the combined error in the line 

positions from which it is calculatedo The variation of D with 

temperature is not surprising, ·as the work of Roy et al32 indicates 

a considerable change in volume across the transitiono 

The value of E cannot be measured accurately, but clearly 

is small in magnitude. From this we can conclude that the symmetry 

- 52 -



at the Mn++ is essentially axial. A similar conclustion was obtained 

++ 
in the case of Zn2P2o7:Mn • 

-r 
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The hyperfine structure tensor A stays practically constant 

throughout the temperature range and no reason for the anisotropy can 

be proposed. -The value of g tensor reported here not only deviates 

more than usual from the free ion value, but also are anisotropic. We 

cannot see any evident functional relation of it with temperature. 

In evaluation of H and H from the experimental value of x -y 

D and E, a substantial deviation is obtained in the value derived from 

different fine structure lines. The average deviation is 10 gauss. 

This is expressed as the error in the value for the g tensor components. 

This is considerably larger than our experimental error (! 2 gauss). 

Upon subtracting (5.2) from (5.3), one obtaines an expression not 

containing a first order term in E and thus is most convenient for the 

evaluation of D. Since the line labelled L
1

z is not resolved in our· 

experiment, our error is bound to be increased considerably. Also, it 

has been shown that to describe the problem completely, more parameters 

are needed than that in the spin-Hamiltonian. There are reports of 

descrepence of experimental data from a spin-Hamiltonian parameter 

fitting as much as 5 _to 10%360 Since the zero field splitting is large, 

one would not be surprised by> a.: ·: difference in the splittings between 

levels ! 1/2 and ! 3/2 as compared to that between levels ! 3/2 and 

+ 5/2. Thus, one should use an extended spin-Hamiltonian. However, 



broadness of the lines would probably preclude any definite conclusion. 

There is evidence of line broadening near the transition 

temperature. The line labelled Lly is not resolved at 74°C and 84°c, 

but is seen to resolve at 94°c. The lines ~zand~z are seen to have 

resolved only at 174°c. These lead one to conclude that there is greater 

inhomogeneity in the crystal field at different individual sites near 

t 
the transition. However, these inhomogeneities apparantly persist far 

beyond the temperature that can be assigned for the transition in either 

the X-ray or esr experiment. 

It was confirmed that the z-magnetic axis lay roughly 

parallel to the (lOl) crystallographic direction in the ~-phase, and 

that this axis rotated by 20° towards the b1 reciprocal lattice vector 

upon passing through the transition. A precise measurement was not 

made because of the difficulties of transferring the crystal from the 

cavity to the goniometer head for the X-ray experiment. One can 

remark, however, that the z-axis lies roughly parallel to the long Mg-

OIII bond. 

The phase transition observed here occured 8°c earlier than 

that reporte.d by specific heat measurement33 and X-ray work on power 

32. crystal of Mg2P2o7 This might be accounted for by the presence of 

Mn++ in the crystal if the phase change involves very small difference 

in free energy. There havebeen examples where impurities in a crystal 

drastically changes the phase transition temperature of the host, e~g. 

ferro-electric -pa.raelectric transitions of Ba Ti o
3 

is changed by 



140°C at % when Fe
2
o

3 
is added to it. 

A gradual change from a to ~ phase is observed here to 

occur within a much narrower range of 3°c instead of 20°c as seen by 

specific heat experiment. Although the line broadening does extend 
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further in temperature. Recent specific heat measurement here confirms 

that our samples show a much narrower anomaly29. Across this phase 

transition, the symmetry of the crystal is increased from B-21/c to 

C-2/m through the addition of the symmetry elements (0 90 91/2) and an 

inversion. In addition, there is the evidence for the coexistance of 

the two phases between 59.5°c to 63°c. The y-magnetic axis does not 

lie parallel to the 2
1 

axis in the a-phase but lies along the two-fold 

axis in the ~-phase. This coexistance of two phases in a one component 

system is precluded by the Landa~-Lifshitz theory of second order phase 

transition, because the minimum Gibb's free energy function of either 

phase does not exist at all beyond the transition point. Hence there 

cannot be any supercooling or superheating effect. However, if I 
involves additional variables .besides the order parameter~, 

coexistance of both phases is possible38• A thorough theory 

cases is not yet available. 

such a 

for such 

• ++ 26,27 X-ray work on single crystal of Mg
2
P2o7.cu has seen 

a distinct ~· phase, P!Obably of symmetry C-m, between the a and ~ 

phases and possibly coexisting with the latter phase in some small range 

of temperature. No evidence has been found in these experiments for 

coexistance of ~· and a or ~ and a phases. 
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The space group B 2
1
/c assigned to the low temperature phase 

according to X-ray crystallography would require four non-equivalent esr 

active sites, two from one molecule of Mg
2
P2o7 

and another two generated 

from the former by the screw axis 2
1

• But at a position where the 

magnetic field is parallel to the high temperature z-magnetic axis, esr 

sees only two different sites. This descrepency may be due to the fact 

that the esr experiment fails to resolve the two sites related by the 21 

axis at this particular position. Hence it is likely that the two sites 

manifest a broadening of the lines rather than the distinct resolution 

of two spectra. Another possible explanation is that Mn++ substitute 

the Mg++ sites selectively. But this is very improbable because at the 

melting point of Mg
2

P
2
o
7 

the entropy of the crystal is so large that 

there should be scarcely any chance of ordering while the diffusion of 

the Mn++ should cease somewhat near the melting point. 

Also, to attain coherance between the Xrray and esr results, 

we have to admit that somehow each of the techniques missed one of the 

coexistance of phases. ESR sees only the a-P' coexistance and X-ray 

crystallography sees only the P-P' coexistance. And, since the space 

group of the p' phase, probably C-m, is of lower symmetry than the B-2i_/c 

of the a-phase (with the 2
1 

axis lacking), the a-~ 1 transition cannot 

be a A-transition and must be a first order one. This would require the 

esr spectra to change abruptly at the a-~' transition. But quite contrary 

to this, the a-phase spectra persists through this transition temperature. 

Furthermore, because the space group C-m requires two non-equivalent 

esr sites, the esr experiment should see in the intermediate temperature 
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range a superposition of two spectra on each other, one with a single 

site and the other having two distinct sites. The ~·-~ transition 

would be continuous and beyond this only the single site spectrum with 

space group C-2/m would be seen. There is a possibility, although remote, 

++ that the descrepency arises from the fact that Mg
2

P
2
o

7
:Mn was studied 

++ by esr and Mg2P2o
7

:cu by X-ray. 

X-ray crystallography has also revealed the spiral 

arrangement of the electric dipole associated with the bent P-0-P 

group in the a-phase. In. the ~-phase, these dipoles are randomly oriented. 

This randomness can either be statistical or may be due to thermal 

motion of the dipoles. · It might well be conjectured that 

such rearrangement is in fact the order-disordering effect that triggers 

the phase transition, although the broaden lines indicate a disordering 

that persists quite far above the transition point. 

The phase transition phenomena we have observed here is 

very coinplica te-d and even a satisfactory qualitative description is 

not feasible. The me·chanism for the phase transition as well as the 

paradox of two phases coexisting can only hope to be explained by a 

statistical theory which takes into account microscopic effects in the 

crystal besides that of order-disorder. However, careful esr study 

++ ++ on a-Mg2P2o
7

:Mn and ~.g2P2o7 :cu as well as X-ray crystallographic 

++ study of Mg
2

P
2
o
7

:Mn are desirableo These further experiments would 

possibly provide data for exact number of sites in the a-phase, and 

the influence of impurities on the structure of host crystal as well as 
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phase transition temperatures. 

With so little data available, we cannot get at the 

physical nature of S-state splitting. More esr data on various series 

of isostructural crystals are necessary before we can hope to reach 

at a reliable functional relation between D and Y2° and to determine 

the dependence of the latter on crystal structures. In addition, if 

we can excite enough paramagnetic ions into some excited states and then 

investigate, with esr, the splitting of them in the crystal field, we 

may also get some insight into what is really happening to the S-state. 



REFERENCES 

1. E.U. Condon and G. H. Shortley, The Theory of Atomic Spectra, 
Cambridge University Press (1935). 

2. H. A. Bethe, Ann. Physics, (5], 2, 133 (1929). 

3· B.R. Judd, Operator Technigue in Atomic Spectroscopy; McGraw Hill 
(1963) 

4. M. Tinkham, Group Theory and Quantum Mechanics, McGraw Hill (1964) 

5· K.W.H. Stevens, Proc.· Phy. Soc. (London), A65, 209, 1952 

6. A. Abragam and M.H.L. Pryce, Proc. Roy. Soc. (London) A205, 135 (1951) 

7. B. Bleaney, and K.W.H. Stevens, Rep. Progr. Phys. 16, 108 (1953) 

8. G. J. Kynch, Trans. Faraday Soc. _22, 1402, (1937) 

9. M.H.L. Pryce, Phy. Rev. 80, 1107 (1950) 

10. H. Watanabe, Prog. Theoret. Phys. 18, 405, (1957) 

11. J. R. Gabriel, D. E. Johnston, and M.J.D. Powell, Proc. Roy. Soc! 
246, 503, (1961). 

12. W.J. Nicholson and G. Burns, Phy. Rev. 129, 2490 (1963) 

13· A. Abragam, Phys. Rev • .z2, 534, (1950) 

14. v. Heine, Phys. Rev. 107, 1002 (1957) 

15· T.H. Wood and G.W. Pratt, Phys. Rev. 107, 995, (1957). 

16. K. D. Bowers and Jo Owens, Repts. Prog. Phys. 18, 304 (1955) 

17· Y. Yoleozawa and Y. Kerzumata, J. Phys. Soc. Japan 16, 694 (1961) 

18. J. G. Chambers, Ph.D. Thesis, McMaster University, 1964. 

19· W. Low, Solid State Physics, Sup. Vol. 2, 1962 

20. G. F. Rozter and H. Statz, Phy. Rev. 115, No. 6, 445 (1959) 

- 59 -



60 

21. M.E. Rose, Angular Momentum, John Wiley and Sons Inc. New York (~957) 

22. H. Statz and G. ·F. Koster, Phys. Rev. 115, No. 6, 1568 (1959) 

23. N.J.C. Grant and M.W.P. Strandberg, J. Phys. Chem. Solids, ~ 
635, (1964) 

24. L.D. Landau anJ E.M. Lifshitz, Statistical Physics, Addison Wesley -(1958) 

25. C. Calvo, to be published (1965) 

26. C. Calvo, private communication 

27. C. Calvo, to be published (1965) 

28. W.A. Pieczonka, Master Thesis, 1957 

29· C. v. Stager, private communication 

30· w. Low, Solid State Physics, Sup. Vol. 5, 1962 

31. J. G. Chambers, W. R. Datars and C. Calvo, J. Chem. Phys. 41, 806 
(1964) 

32. R. Roy, E. T. Middlesworth and F. A. Hummel, Am. Mineral ~' 45j 
(1948) 

33· F. L. Oetting and R. A. McDonald, J. Phys. Chem. §Z, 2737 (1963) 

34. R.J. Bersohn, Chem. Phys. ~' 362, (1958) 

35•. W. Rieman, J.D. Neuss and B. Naiman, Qualitative Analysis, McGraw 
Hill, 1942 

36; KoA• Muller, Helv. Phys. Acta 2!• 173 (1958) 

37• R. T. Arnold and A.L. Stanford, Jr., J. Chem. Phys. 41, 1520 (1964) 

38. A.R. Ubbelohde, Quart. Rev.,g, 246 (1957) 




