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CHAPTER I 

INTRODUCTION

It la the Intention of this study to further the in­
vestigations of iron group transition metals doped into II- 
VI compounds by examining the magnetic properties of the 
paramagnetic impurity ion while under the influence of the 
diamagnetic host crystal. The investigation will be limited 
to the impurity ion and its interaction with the host crys­
tal; and therefore, concentrations of impurity ions must be 
low enough to avoid interactions between the impurities 
themselves.

Observation of the magnetic properties will enable us 
to determine the electronic energy level separations with 
respect to the ground stated and compare experimentally de­
termined values to those predicted by theory after assuming 
some theoretical model. Actually, in the cases discussed 
here, the energy level separations are expressed theoreti­
cally in terms of parameters which must be determined experi­
mentally.

There are different experimental techniques available 
to investigate the electronic energy levels, and all have 
advantages and disadvantages as well as different ranges

1



2
of effective application. Optical spectroscopy has been
utilized to study electronic energy level separations from

2 —  1the near infrared to the vacuum ultraviolet (2000 cm" to 
50,000 cm“  ̂ or 5-0 to 0.1 ̂ ), although more work is being

3done recently in the far infrared.^
Magnetic susceptibility can be used to determine elec­

tronic energy level separations in the range of 3 or 4 cm”^
1 4to 1200 cm" and is limited primarily by the range of tem­

peratures over which the sample under investigation can be 
varied. This technique is especially useful when studying 
paramagnetic ions with nonmagnetic ground states, as we shall 
see later.

Electron spin resonance is best used to study ground 
state electronic energy levels and direct transitions between 
these levels when split by the Zeeman effect.^ The energy 
level separations studied depend on the microwave frequency 
used and are generally in the range of 0.03 cm"^ and 3 cm 

The technique used in this study is that of magnetic
2+susceptibility, and this choice is very appropriate for Pe 

2+and N1 in crystal sites of tetrahedral symmetry because of 
the nature of the electronic energy levels involved. Opti­
cal spectroscopy is made difficult in Pe^+ because of Jahn- 
Teller distortions in the higher electronic energy levels, 
and because the energy separations of the lower levels are 
in the far infrared, making experimental measurements and 
sample preparation difficult. On the other hand.
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electron spin resonance is rather difficult because the 
ground state of the Pe2+ and Ni^* ions are nonmagnetic. 
Therefore, once the problems of low temperature measure­
ments of magnetic susceptibilities are solved, the use of 
magnetic susceptibility can supply information difficult or 
Impossible to obtain by other methods.

Magnetic susceptibility could also be expected to be 
an effective means of studying Cr^+ in tetrahedral sites. 
Prom crystal field theory alone one would expect Cr^^ to 
have a nonmagnetic ground state as in the cases of Pe^* and 
Ni2+, However, it is found that the Jahn-Toller effect 
plays an Important role in determining the symmetry at the 
Impurity ion site. Magnetic susceptibility can still be 
used, but the results are not as revealing and unique as 
they are in Pe2+ and Ni^^.

The extension of the magnetic susceptibility measure­
ments to temperatures below 4.2°K is described, and measure­
ments have been made at temperatures as low as 1.8°K. Re­
sults of the magnetic susceptibility measurements for Pe2+ 
in host crystals of ZnO, CdS, ZnS, CdSe, ZnSe, CdTe, and 
ZnTe; for Cr^* in ZnS, CdS, ZnSe, CdSe, ZnTe and CdTe; and 
for Nl2+ in CdSe, ZnSe, and ZnTe will be reported, as well 
as the problems involved and tho procedures used in doping 
the impurity ions of Pe^^. cr^* and Ni^^ in their respec­
tive host crystals.



CHAPTER II 

EXPERIMENTAL APPARATUS

Faraday Balance - Room Temperature 
The apparatus used In these experiments is known as a 

Faraday b a l a n c e . T h i s  particular technique of measur­
ing magnetic susceptibilities is very well suited for our 
investigations of the iron-group transition Ions in the II- 
VI compounds in that the only real requirement on the sample 
is that its size be loss than 1 cm on a side, and that the 
paramagnetic susceptibility be large enough to detect. This 
freedom from a particular sample size or shape allows us to 
study crystals as we receive them. This can be a very im­
portant point if we want to use more than Just one experi­
mental technique to gather information about the nature of 
the sample. Therefore, magnetic susceptibility can easily 
be used to study the same crystals which are, for example, 
out or grown for study by electron spin resonance, optical 
spectroscopy, photoconductivity, and Hall effect, or lumenes- 
cence experiments.

The Faraday balance is a rather old technique of measur­
ing magnetic susceptibilities® and was used extensively by 
Pierre Curie^ in his classical studies. In this technique
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one simply needs a source of an inhomogeneous magnetic field 
and a means of detecting the resulting force on the sample 
under investigation. Let us first look at how this force 
arises.

First* we need a source of an inhomogeneous magnetic 
field. In our case we have used a large permanent magnet. 
Let us arrange the rectangular coordinates such that the 
i-azis is along the center line running through the poles 
of the magnet as drawn in Fig.l. If we determine the mag­
netic field (^) at points along the z-aucis and then multiply 

by the gradient of the field at each of thesô points, we 
would find the values of ̂ c^:^dz associated with the points 
along the z-axis as plotted in Pig, 2. We note for future 
reference that there are two points of maximum 1^)^^dz. So 
now that we have our inhomogeneous magnetic field, let us 
look at the magnitude of the force acting on our sample, say 
at point b.

Next, if we place a small sample (small enough that the 
magnetic field Is not significantly distorted) at point b, 
there is a resulting change in the potential energy as des­
cribed in Eq, 1,

P. E. = i (2-1)
where m = mass in grams,

' 'p a magnetic susceptibility in dgs-emu/gram,
' j p -  magnitude of the magnetic field.

If we take the gradient of the potential energy along the
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Figure 1. Orientation of Cartesian Coordinates with 
Magnet.

Figure 2. Variation of ̂  d #'/dz along z-axis.
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z-axls, we find the force to be

P » d#x/dz +/yd;^y/dz +;^d ̂ /dz). (2-2)
In most cases the last two terms can be neglected, and we 
are left with

Pg * m ^ # x d  #  (2-3)
which Is the force to be measured. We note here that the 
magnetic susceptibility In the formula refers to the para­
magnetic susceptibility of the Impurity Ion which Is under 
study. We shall soon see that, In our experiments, changes 
of magnetic susceptibility as a function of temperature 
from an Initial value are the real parameters of Interest and 
not the absolute susceptibility. Therefore, we can neglect 
the diamagnetic contributions to Eq. (3) arising from the 
host crystal and Its quartz holder since they are Independent 
of the temperature and do not contribute to the change In 
the measured force.

It is of Interest to give here an example of the magni­
tude of the force changes measured. In some cases we wish 
to measure changes In the paramagnetic susceptibility as 
low as i X 10"? emu/gram In samples weighing approximately 
50 mg. Then with a permanent magnet of 3000 gauss and
a d'/î /dz of 200 gauss/cm., these numbers can be inserted In 
Eq. (3) to find

P. 5 X 10-2 X 10"? X 3 z 10^ X 2 X 10%z
» 0,3 X 10"3 dyne (2-4)

or a force change of 0.3 mlllldynes. One reason that such
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small forces must be detected Is that only crystals with 
low concentrations of Impurity Ions are available either 
commercially or by doping pure crystals In our laboratory.

Once the force Is generated by positioning a small 
sample In an Inhomogeneous magnetic field, some means of 
force detection must be found. The detection method chosen 
Is actually quite simple. First, the sample Is attached to 
a long quartz fiber which In turn Is suspended by a quartz 
spring. The end of the spring Is loaded with extra weight, 
if needed, so that the quartz spring Is always extended one 
meter In length (Pig. 3)» Now the permanent magnet is moun­
ted such that It can be moved along the vertical direction 
(z-aiis) at a controlled and variable speed. With the quartz 
spring and the sample aligned in the vertical z-8lk1s which 
runs between the poles of the magnet, the magnets can be 
raised or lowered with respect to the sample. By starting 
with the magnet below (above) the sample and then moving it 
slowly upward (downward), the sample Is first pushed one way 
and then the other from the equilibrium position. So now If 
we view a point fixed with respect to the sample with a mea­
suring microscope (cathetometer), we see the point move from 
the equilibrium point to a minimum position, up to a maxi­
mum position, and then back to the equilibrium position 
again. The distance from the minimum position to the maxi­
mum one, as seen In the cathetometer, we will call d. There 
can now be a deflection d associated with a given sample,
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spring, cathetometer, and magnetic configuration at a given 
temperature.

The force on a given sample in the inhomogeneous mag­
netic field was given by Eq. (3). The quartz spring resists 
a movement from the equilibrium position by a force

P = kx (2-5)
where k is the usual spring constant, and x is the distance 
from the equilibrium point. For our application, we can 
calibrate the deflection as read in the cathetometer in 
terms of a magnetic susceptibility value within a given 
spring-magnet-cathetometer configuration. By combining 
equations (3) and (5) we find that

P = kx « kd/2 » /a z  (2-6)
or = (d/m) [ k/2#(d;^/dz)J = C (d/m) (2-7)
where C = k/2 #  (d ̂  /dz) (2-8)
and X «a spring displacement from equilibrium point, 

d = deflection (between mln, and max, points),
% "  magnetic susceptibility (egs-emu/gram), 
m = mass of sample in grams, 

magnetic field strength,
C » constant to relate measured magnetic suscepti­

bility to platinum standard.
Once the system is calibrated by measuring the magnetic 

susceptibility of platinum to determine the constant C, 
the absolute magnetic susceptibility associated with 
any sample which gives a deflection as seen in the measuring
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microscope can be determined.

Let us now review the entire procedure followed for 
a measurement of magnetic susceptibility at some parti­
cular temperature. The apparatus is set up as in Pig. 3# 
and the magnet is lowered to a position below the sample.
A fixed point is viewed in the cathetometer, and then the 
magnet is slowly raised. The fixed point will move down 
as seen in the eyepiece until the sample reaches point b 
of Pig. 1. At this time the reference line of the oatheto-- 
meter is set marking the location. The magnet is then moved 
up slowly until the sample reaches point a in Pig. 1. Now 
the other reference line of the cathetometer is set on this 
point of maximum deflection, and the distance between the max­
imum and mlalmum deflection as seen and measured with the 
cathetometer is read on a scale varying from 0.00 to 23.00. 
Either a high or a low power objective lens is available for 
the cathetometer. With the high power objective, 0.10 scale 
divisions is found to measure a distance of 3.8 microns. The 
error in reading the deflection under the best conditions is 
approximately dt 0.05. A deflection of this size corres­
ponds to a small force of approximately 0.4 millidyne or 
a weight change of 0.4 microgram on the most sensitive 
spring. For constant room temperature magnetic susceptibi­
lity measurements the above procedure is quite easy to use.
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Range and Detectivity of Faraday Balance 

The range of the paramagnetic susceptibility values 
which can be determined by this balance Is quite large.
If a sample Is suspended by the quartz fiber, and Its de­
flection as measured at room temperature is too large or 
small to be optimally viewed In the cathetometer, three 
simple adjustments can be made singly or Jointly,

First, the air gap of the permanent magnet can be 
varied. If we start with a three Inch air gap and assume a 
unit deflection, then the deflection Increases with the re­
duction in air gap, as shown in Table 1. Note that a reduc­
tion of the air gap from three inches to one Inches causes 
a change In the size of the deflection by a factor of appro­
ximately 13.

Another way to vary the size of the deflection as seen 
In the cathetometer Is to change the objective lens. The 
deflection can be Increased by 1.737 by going from low to 
high power or reduced by O .567 by going from the high power 
to the low power objective lens. The third way Is to vary 
the size of the quartz spring used. The spring constant C 
for each spring used In these experiments la given In Table
2. In this table the notation LLS-H-1 refers to the very 
light spring, the high power objective lens, and a 1" air 
gap. Likewise l^, MS, and RS refer to light spring, medium 
spring, and heavy spring, respectively. The parameter 
K(mm/mg) Is the nominal spring sensitivity which Is quoted
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TABLE 1

VARIATION OP DEFLECTION 
WITH CHANGE IN AIR GAP

Gap d—tîî-- nw
2« 3,20
3" 12.80

TABLE 2
SPRING CONSTANT C AS DETERMINED USING Pt. STANDARD

Spring K(mm/mg) C(eau/8,d,) Max. load (mg)
LLS-H-1 10.0 4.0 X 10-10 100
LS-H-1 4.0 10.8 X 10-}% 250
MS-H-1 2.0 17.5 X 10“|n 500H8-H-1 0.6 62.0 X 10” 1800

TABLE 3 
RANGE OP SPRING CONSTANT C

Configuration G
10LLS-H-1 4 X 10”::@mu/8.d.

HS-L-3 1400 X 10”^omu/s.d.
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by the manufacturer (Worden Quartz Products, Houston, Texas), 
and note that It Is the reciprocal of the spring constant k 
in Eq. (6). C is the constant of Eq. (8), and the maximum 
load is just the weight which will achieve the maximum exten­
sion of 1000 mm. A comparison of the value of C for the most 
and least sensitive configurations is given in Table 3.

At this point it is important to make some statements 
concerning the sensitivity or detectivity of the Faraday 
balance. Sensitivities are often given in terms of the mini­
mum detectable magnetic susceptibility in units of cgs-emu/ 
gram. For research work of crystals of which the size may 
be a limiting factor of the ultimate sensitivity, this prac­
tice is acceptable if one also states the size of the sample 
under Investigation. A better approach when dealing with 
small and varied samples is to give the detectability in 
terms of mass times the magnetic susceptibility (m^) in 
units of cgs-emu.

The Faraday balance used in this investigation could 
be pushed to detect a change of approximately 5 x 10"^^ cgs- 
emu, but a more realistic value is 1 x cgs-emu. Al­
though quite simple in principle, the Faraday badance is 
quite sensitive even when compared to a sample magnetometer 
(Princeton Applied Research Corporation, Princeton, New 
Jersey) or a commercial mlorobalemce using an electromagnet 
producing strong magnetic fields. Both of the latter options 
are also much more expensive than the balance just described.



15
Sample Tube Detail

Thus far we have assumed that the magnetic suscepti­
bility measurements were at room temperature. Since we are 
using magnetic susceptibility to study the electronic energy 
levels of paramagnetic ions in II-VI crystals, we need the 
experimental magnetic susceptibility as a function of tem­
perature. Therefore, we need to control the temperature of 
a crystal on the end of a sensitive spring, as well as, know 
the actual temperature to better than 0,1°K, especially at 
low temperatures. Let us first consider the aample tube.

A detail drawing of the sample tube is given in Pig. 4. 
The vacuum Jacket consists of a 22 mm. pyrex o-ring Joln,t 
which is Joined by a graded glass seal to l6 mm. quartz 
with a test tube end. Since the coolant will be outside 
this vacuum Jacket, an exchange gas must be placed Inside 
the vacuum Jacket. Since we want to measure the magnetic 
susceptibility to 4°K and lower, the gas chosen is helium, 
and it is admitted into the system after the air is evacua­
ted.

The exchange gas will allow the crystal temperature 
to reach an equilibrium with the quartz vacuum Jacket and 
the copper surrounding the sample area. This copper mass 
is added in order to reduce small temperature fluctuations, 
and it sits at the bottom of the quartz tube on a teflon 
spacer. It is the temperature of this copper mass which 
is actually monitored since a thermocouple cannot be
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directly attached to the sample without disturbing the mag­
netic susceptibility measurements. The assumption is made 
that the crystal temperature is in equilibrium with the cop­
per mass. This assumption has been c h e c k e d , a n d , i n  my

3+particular apparatus,was checked using lAl^O^ whose mag­
netic susceptibility is a straight line when plotted against 
1/T(®K). These results are shown in Fig. 5.

As mentioned above, a thermocouple is used to monitor 
the temperature of the sample. At lower temperatures (less 
than 10°K) a carbon resistor may be used to monitor the 
temperature, and it is mounted in the base of the copper 
mass. The leads from the resistor and the thermocouple go 
up the side of the tube to the area of room temperature and 
run out a side tube of pyrex. It has been found for our 
purposes that the leads may be run through an epoxy plug 
which is formed in and around the end of the small pyrex 
tube. The leads are kept clear of the central area by a 
thin-walled (0.005"). non-magnetic stainless steel tube 
which is held in place by teflon spacers. At the top of 
the sample tube is an o-ring joint which makes it easy to
remove the tube and change samples.

Temperature Control for 300°K to 5»5°K
The temperature around the sample area is controlled

by a coolant of either cold nitrogen gas (300°K to 80®K), 
liquid nitrogen (77.3°K), cold helium gas (80 k to 5.5°K), 
or liquid helium (4.2°K.) For these ranges the U-shaped
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dewars shown in Pig. 3 are used. The cold gas or liquid is 
Introduced into one arm of the dewar, and the gas or liquid 
flows up the other arm and cools the sample area. In the 
300°K to 80*̂ K range, the method of measurement is identical

3to the method described by Brumage. The technique in the 
80°K to 4,2®K range Is a little different.

The temperature control system for the 80®K to 4.2°K 
range is shown schematically in Pig, 6. Her© we have used 
a thermocouple as the temperature detecting device with the 
calibration curves of Powell, Bunch, and Gorrucclni. We 
shall discuss the use of the carbon resistor in the later 
section. The thermocouple is soldered to the copper mass 
surrounding the sample. The other end is maintained at 
liquid nitrogen temperatures and serves as a reference junc­
tion. The output voltage is read using a Leeds and Northrup 
K-5 potentiometer, and its associated D-C null detector.
The null detector has a voltage output representing an error 
signal. This error voltage Is fed into the differential 
power amplifier shown in Pig. 7. The differential power 
amplifier powers a small heater on the exit end of the 
helium transfer tube. Once a steady current to the heater 
is set manually by adjusting a variao to the desired vol­
tage, and a nearly steady temperature is reached, the dif­
ferential power amplifier is switched to automatic, and the 
current to the heater is raised or lowered in response to 
the error voltage from the D-C null detector. This device
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Is quite useful when it is desired to hold a steady tempera­
ture for long periods of time.

Cold helium gas is supplied by a helium dewar con­
taining liquid helium which can be slowly evaporated by 
supplying current to a 100 ohm wire-wound resistor placed 
in the liquid helium from a regulated low voltage source. 
This power varies from 0.25 watts to 5 watts. The gas is 
kept at 4.2°K by a long copper rod which is always Immersed 
in the liquid helium and keeps the lower end of the trans-

gfer tube in the helium dewar at 4,2 K (Pig. 6). This sys­
tem works qtite well down to lO^K and has been used to as 
low as 5»5°K; although it csonsumea more helium in the 10®K 
to 5*5°K range, because we are only using a single dewar 
system. Even down to 5.5°K the system can be considered 
useful in that it is easy to use, allows good control of 
sample temperature, and can be quickly adjusted to different 
temperatures. Liquid helium is always introduced at the 
end of a run in the 80°K to 5«5°K range to measure the 
magnetic susceptibility at that point and to get the ther­
mocouple reading when it is Immersed in liquid helium. The 
thermocouple reading at liquid helium temperature is used 
to calibrate the thermocouple. The sensitivity of the 
copper-constantan thermocouple begins to decrease below 
20°K, and points below 10°K must always be compared to the 
helium temperature. The technique used to measure magnetic 
susceptibilities at temperatures lower than 4,2°K will be
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dlsousaed In the next section.

One problem which causes considerable trouble at less 
than 20°K Is a Jumping around of the sample which Is sus­
pended on a quartz spring. This Is probably due. In part, 
to heat leaks, which cause currents In the exchange gas, 
and which. In turn, move the sample around. These forces are 
often larger than the magnetic susceptibility being measured. 
Another possible cause is the Taconis effect^^ which occurs 
when a small tube Is cold at the open end and warm at the 
closed end. This effect Is often used to measure the liquid 
level In liquid helium dewars, A thin piece of rubber Is 
placed over the warm end, and then the change In the pres­
sure oscillations Is monitored as the open end moves In and 
out of the liquid helium. It Is found that this effect can 
be minimized by varying the exchange gas pressure, and in 
some cases the pressure must be varied for different tem­
perature ranges below 10®K.

Temperature Control for 4.2^K to 1.8°K 
The technique of pumping on a liquid helium bath to 

lower the temperature of the system is well known, and the 
vapor pressure of He^ (1958 s c a l e ) i s  given for tempera­
ture from 1°K to 5.2®K. The problem Is to adapt this tech­
nique for use with the Faraday balance.

The first step is to design a double dewar system which 
will fit in the pole gap of the magnet and hold enough he­
lium for an experiment of ^ to 5 hours' duration. The
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dewars are shown In Pig. 8. Styrofoam spacers are used in 
the liquid nitrogen Jacket to support the Inner helium dewar. 
The outer dewar Is supported by a vertical aluminum bar and 
clamps. Since we want to reduce the vapor pressure above 
the liquid helium bath, a cap was built which allows the 
liquid helium to be transferred into the dewar while in 
place. After the transfer the helium fill and vent holes 
may be plugged and the cap fitted to the sample tube so 
that It Is air tight. The cap Is shown In Pig. 8. Note that 
the cap Is fitted to the sample tube by a swagelok with tef­
lon ferrels soldered to a metal bellows which Is between the 
swagelok and the vacuum cap to allow soma flexibility and 
movement of the cap itself as the dewar is filled and then 
the pressure Is reduced by the vacuum pump. The brass cap 
has an o-rlng groove identical to that of the glass o-rlng 
Joint of the helium dewar. This Is the airtight seal be­
tween the dewar and the cap. Extreme care must be taken in 
alignment so that the sample tube is not moved from side to 
side and thereby making contact with the crystal.

Let us now look at the method used to control the vapor 
pressure of the liquid helium. This system Is shown In Pig.
9 and consists of a group of valves In parallel between the 
vacuum pump and the liquid helium. Valve A Is a millturn 
needle valve, and B and C are successively larger valves. 
These valves are adjusted as desired to control the pumping 
speed and therefore the vapor pressure of the liquid helium.
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Part D Is merely a piece of vacuum hose which has a clamp 
to close It off. This is only open for temperatures below 
2°K when a high pumping speed is needed. This system was 
adequate for the measurements in the temperature range of 
4.2°K to 1.8°K.

Temperature monitoring is accomplished by using a car­
bon resistor calibrated by P. L. Scarpaoe at the University
of Wisconsin physics department. %is is a 1/8 watt carbon
resistor which was cycled between 300^K and 4.2°K several 
times before calibrating. This procedure seems to reduce 
the change in calibration due to temperature cycling as it 
is used. The temperature was controlled for calibration by 
basically the same method as described above. After approxi­
mately a dozen calibration points were taken, the data was 
fed into a standard program which found the best fit for 
the formula In H = A + B/T + C In T. The curve R vs. T for
the resistor used in these experiments is plotted in Pig. 10.
This particular curve was not used to find the temperature 
associated with a measured resistance, but rather a table 
was used which gave the resistance for each millidegree 
between 1.7°K and <°K. The resistor could, of course, be 
used up to higher temperatures, and although calibration 
data points were taken up to 2?°K, the curve fit was not 
good to more than 0,1°K above 10°K.

A block diagram of the temperature detection circuit 
is given in Pig. 9. The temperature sensing carbon resistor
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In Pig. 9 la connected to a current control circuit which 
allows us to read either the potential across a lOK standard 
resistor or the potential across the temperature sensing re­
sistor. Current in the circuit was maintained at 1 micro­
amp by monitoring the standard resistor potential. Heating 
due to the temperature measuring resistor is negligable since 
even at 1.8°K where R = 900K ohms, the power dispersed by 
the resistor is only around 1 microwatt. The schematic for 
the current control circuit is also given in Pig. 9.



CHAPTER III

DOPING DIAMAGNETIC CRYSTALS WITH PARAMAGNETIC 
IONS OP IRON, CHROMIUM. AND NICKEL

Introduction
Early In the course of this research we became in­

terested in studying a series of II-Vl compounds doped with 
particular transition metal ions. Since we could not always 
obtain the crystals we wanted, experimentation with crystal 
doping began. Some copper and nickel doping had been done 
in our laboratory, and it was decided to try doping iron, 
chromium and nickel into various II-VI compounds in order 
to study the magnetic susceptibility of the paramagnetic 
ions and thereby gain some information about the positions 
of the lower lying electronic energy levels.

The general problem of doping transition metal ions in
II-VI compounds is In many cases not very well documented

1^ 15or even understood, ' However, as interest in the effects
of impurity ions in II-VI and III-V compounds has grown in
the last ten years, more investigation in these areas has
been completed. Of special interest as a reference text is
the rather lengthy book by Kroger^^ and the more introduc-

15tory volume to defect chemistry by Van Gool. These books

30
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deal with the physical chemistry aspects of the problem. 

Since the physical chemistry of binary compounds is 
not the primary concern here, we shall be content to report 
the procedures which we used to dope different II-VI com­
pounds with Pe, Cr and Ni. Previous investigators have
doped transition metals in II-VI compounds in order to study

17 1A IQ pnoptical absorption, ’ * ^ electron spin resonance, and
21luminescence. Generally our first attempt followed pre­

viously described procedures, and then certain procedures 
were modified on a trial and error basis until the desired 
transition metal concentration and distribution was achieved.

Before we go into the detail of the doping procedures, 
let us first consider what we want in the end product. We 
want to study an impurity ion which goes into the zinc- 
blende structure of, say, ZnS by measuring the paramagnetic 
susceptibility of the paramagnetic ion in the diamagnetic 
crystal as a function of temperature.

This places some requirements on concentration and 
distribution of the impurity ion in the crystal. We want 
at least 10^^ to 10^^ ions/c.c. in order to see the magne­
tic effects due to the impurity ion; a uniform distribution 
so that each impurity Ion is Influenced only by the electro­
static field of the host crystal; and the Impurity ion to 
replace a Zn ion at its lattice site in the crystal.
These requirements are rather demanding because the measured 
magnetic susceptibility arises from the entire volume of the
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crystal, which in turn sets distribution standards for the 
whole crystal. This is a different situation than one en­
counters in doping a crystal for cathodoluminescence, for 
Instance, where the electron beam excited luminescence cen­
ters to a depth of only ^ to 5 microns. In this case one 
need only worry about the surface concentration of impurity 
ions.

Procedure for Doping 
If we want to study the magnetic properties of a par­

ticular impurity ion in the electrostatic environment of 
the host crystal, then we must require that the host be free 
of any other magnetic impurities. To oheck for this the 
magnetic susceptibility of the host crystal is measured as 
a function of temperature. The pure crystal should be dia­
magnetic and therefore independent of temperature. This was 
not the case for some of the crystals until we discovered 
that the crystals could be contaminated when out or cleaved 
and had to be etched in an acid to remove the paramagnetic 
surface impurities.

Once the host crystal is known to be magnetically pure 
(for our use), then it is ready to be plated with the dopant. 
This is accomplished by a vacuum evaporation apparatus shown
in Pig. 11, The charts and descriptions in the books by L.

77Holland and J. D. Strong aid in the choice of filiments 
and techniques to use with a given metal. In these texts 
one finds techniques and refractory support materials for
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for evaporating metals; as well as useful vapor pressure 
data. For the evaporation of iron, chromium and nickel a 
tungsten filiment is recommended. However, the iron alloys 
with tungsten, and care must be taken so that the évaporant 
does not exceed 35;̂  of the weight of the tungsten filament. 
The évaporant is heated by passing a current through the 
filament. Current control is obtained by adjusting the po­
tential with a variao on a step-down transformer which, in 
turn, supplies the high currents at low voltages to the 
tungsten filament. The exact values of current required 
due to the temperature requirements of the heating filament 
depends upon the particular évaporant. For example, iron 
and nickel both melt around 1500°C, and their evaporation
temperature is about the same value. (Evaporation tempera- 

22ture is defined as the temperature at which the vapor pres­
sure of the évaporant reaches 10 microns Hg.) However, 
chromium melts at around 1900°G, but its evaporation tem­
perature is 1200°G, During evaporation the iron and nickel 
boil while the chromium sublimes to plate the crystals.
The molten metal is kept in the heating coil by surface 
tension.

The crystals which are to be plated with the desired 
metal are placed on a glass slide and positioned beneath 
the heating filament. The current in the filament is in­
creased slowly until the filament is red , and then the 
increase is even slower until the iron or nickel melts.
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The chromium pellet is heated until it becomes red. Eva­
poration of the metal usually begins at this point, and the 
rate of evaporation can be controlled by increasing or de­
creasing the current to the filament. The thickness of the 
metal film on the crystal can be monitored to some degree 
by looking through the glass slide. In our case the eva­
poration was continued until the glass slide was opaque. 
This insures that the metallic film is at least a minimum 
thickness of approximately 1000 A° or 0.1 m i c r o n . B o t h  
sides of the crystal are plated with a uniform thickness 
of metal.

After plating, the crystal is placed in a quartz tube 
which is closed at one end and has been ’’necked-down" by 
heating around the tube and then pulling it slowly apart, 
as shown in Pig. 11. The constriction aids in sealing the 
quartz tube after evacuation. As the crystal is put into 
the quartz tube, any additional elements are added. The 
quartz tube is now evacuated to leas than 5 x 10“^ torr 
and then sealed off by carefully heating the constriction 
with a torch. The metal plated crystal is now ready for 
the oven.

The crystal is heated at temperatures from 800°C to 
1200°G for a period of approximately 100 hours. The tem­
perature depends upon the host crystal, and we seem to get 
more consistent results by heating for several days. The 
oven and block diagram of its temperature controller are
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shown In Pig, 12, The heating element Is a cylinder 1 1/8" 
ID X 1 3/^" 0Û X 15" long, 7" of which is the actual heating 
element. The cylinder is cut so that the current flow does 
not give rise to a magnetic field along its axis. The 
heating element is placed in a ceramic tube, and this is 
wrapped by felted micro-quartz which in turn is covered with 
asbestos paper to protect the felted micro-quartz. When 
the oven is maintaining a temperature of lOOO^C, the power 
input is less than 500 watts. Temperature is maintained at 
a given setting by an API Model 603K SCR Driver, Compact I 
Controller associated with an API Model 603 pyrometer, type 
R with accuracy calibration and a Platinum/Platinum 13# 
Rhodium thermocouple.

Once the crystal has been heated the prescribed length 
of time, we quench it rapidly in a large beaker of water to 
"freeze in" the solubility and distribution properties of 
the impurity ion characteristic of the higher temperature.
A rapid quench is necessary because in some cases (N1 dif­
fuses quite rapidly) the impurity ion will try to diffuse
out of the crystal again and cause precipitation or clus-

14terlng of the impurity ions. In the cases of Pe, Cr and 
Ni this clustering is completely unacceptable because it 
leads to ferromagnetic behavior. Ferromagnetic behavior 
becomes noticeable at some lower temperature and masks the 
properties of the Individual impurity ion under investiga­
tion.
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After the crystals have been quenched, they must be

etched again In an appropriate acid such as HCl or HNO^ to
remove the residual metal on the surface.

It Is observed that one must also remove those surface
layers In which the Impurity Ion Is so concentrated that the
onset of the exchange phenomena between the Impurity Ions
Is seen as the temperature Is decreased. This phenomena
Is very easy to observe when the Impurity ions have non-mag-

2+ 2+netlc ground states as In Pe and N1 . In chapter IV It 
will be shown that If a paramagnetic Ion has a nonmagnetic 
ground state, its magnetic susceptibility will become con­
stant at sufficiently low temperatures. For an example, let

p ius choose NI because the magnetic susceptibility becomes
2+constant at higher temperatures for It than for Pe

2+In chapter VII we will find that If Ni Is located at 
a tetrahedral site, the expected magnetic susceptibility 
curve will look like curve D In Pig. 13. If the crystals 
are not properly etched, the magnetic susceptibility can 
look like curve A, and we see the magnetic susceptibility 
Increase rapidly with a decrease in temperature. Further 
etching results In curve B, and careful etching Is continued 
after each magnetic susceptibility measurement until curve D 
la obtained.

2+Now we have assumed that Ni is the Ion which gives 
rise to the paramagnetic susceptibility. Since the host 
crystal was checked and found to be diamagnetic and Inde-
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pendent of temperature; and if care la taken to introduce 
no other impurities in the doping procedure, any paramag­
netic susceptibility should be due to the nickel. However, 
the Ni could be either monovalent or trivalent and con­
tribute to the paramagnetic susceptibility. If these con-

?+tributions were added to that of Ni , a curve such as G 
could result in which the magnetic susceptibility increases 
slowly with a decrease in temperature. If Ni'*' or Ni^^ were 
known to be present, their contribution could be, in prin­
ciple, subtracted out in the same manner as the contribu­
tion of Gd^^ was subtracted from the measured magnetic sus­
ceptibilities of Hu^^zYGaG.^* However, if we can obtain 
crystals which give measured magnetic susceptibility curves
like curve Û in Pig. 13. then we can strongly argue that the

2+measured magnetic susceptibility is due to N1 . Similar
pxarguments hold for Fe , although we shall see that in the 

2+case of Cr , Jahn-Teller effects reduce the usefulness of 
the above arguments. In this study, both Pe2+ and Ni^^ doped 
crystals had a constant magnetic susceptibility at appro­
priate low temperatures and then remained constant as the 
temperature was decreased to as low as 1.8°K in the case of 
Pe2+:ZnO.

Procedure Variations with Different Host Crystals
Although in principle the process for doping crystals 

is very straightforward, in practice there is not yet enough 
known to completely predict the most effective conditions
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and/or manner of Incorporating Impurity ions in a diamag­
netic host crystal. Variables such as temperature and 
length of time for the impurity ion to diffuse into the 
crystal; and the choice of either adding elements to control 
vapor pressure or heating the crystal in a vacuum are not 
well known. In fact, many reported cases of crystal doping 
are conflicting. The possibility of the crystal subliming 
from In between the metal plating when heated in a vacuum 
at too high a temperature has been unintentionally verified 
through experiment. A summary of the conditions under which 
crystals with the desired properties were obtained is given 
in Tables 4, 5. and 6. In the cases where solid elements 
were added (all of around 99-999% purity), an amount approxi­
mately equal to the mass of the host crystal was added. In 
the case of 2nO the quartz capsule was evacuated, and the 
pure oxygen was added at an approximate pressure of 1 atmos­
phere. This additional element has a significant effect

3 1. ̂ 1 ̂ 16upon the impurity concentration in the host crystal ’ ’ ’ ,
but this effect was not investigated after an acceptable cry­
stal doping was achieved. The choice of the element to be
added was aided by the vapor pressure tables in the book by

25A. N. Nesmeyanov ,

Summary
The particular method of vacuum evaporation of a metal 

on a host crystal, and then the heating of the crystals in 
an evacuated quartz capsule, to dope paramagnetic impurity
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TABLE 4
.2+ DOPED IN II-VI COMPOUNDS

Host Mass
(mg)

Time 
(hrs.)

Atm. Cone. X 10“^® 
(#Pe/o.o.)

ZnO 65.5 1200 200 0 2.5
CdS 21.1 950 120 s 11.8
ZnS 51.4 950 132 8 23.7

CdSe 74.3 950 100 Se 2.5
ZnSe 69.7 950 100 Se 2.5
CdTe 40.7 925 142 Cd 6.8
ZnTe 69.8 925 142 Zn 7.6

.24-
table 5

Or DOPED IN II-VI COMPOUNDS

Host Mass
(mg)

Time 
(hrs.)

Atm. Gone. X 10“^® (j^r/0.0. )

ZnS 60.8 900 264 S 0 .8

CdS 324.3 900 131 S 1.9
ZnSe 100.0 900 96 Se 1.2
CdSe 189.4 900 96 Se 0.3
ZnTe 113.8 900 96 Zn 0.3
CdTe 98.7 900 96 Cd 1.2
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TABLE 6 
DOPED IN II-VI COMPOUNDS

Host Mass
(mg)

Temp.
(®c) Time .LA*m. (hrs.)

Cone, z 10~1G 
(#Ml/c.c.)

ZnS 53.5 900 94 3 27.0
ZnSe 56.4 900 94 Se 15.4
CdSe 52.4 900 94 Se 5.0
ZnTe 68.8 900 94 Zn 18.0
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Ions in a diamagnetic host crystal was chosen for its sim­
plicity and its ability to produce the desired crystals 
(other methods are discussed in ref. 2, p. 32). With this 
method Pe^* has been doped into the seven host crystals of 
ZnO, CdS, ZnS, CdSe, ZnSe, GeTe, and ZnTe; Cr̂ "*’ into the 
six host crystals of CdS, ZnS, CdSe, ZnSe, CdTe, and ZnTe; 
and finally Ni^+ into CdSe, ZnSe, ZnTe, CdS, and ZnS. These 
doped crystals were satisfactory for the measurement of mag­
netic susceptibilities to temperatures as low as 1.8°K.
The concentrations can be determined from magnetic suscep­
tibility measurements and are reported in later chapters on

2+ 2+each impurity ion. Pe and Ni will be found to be pri­
marily in the divalent state due to the constant magnetic 
susceptibility at low temperatures; however, we shall see 
that this argument is inappropriate for Cr . All that can 
be said about the distribution of the impurity ions in the 
host crystals is that the ions are influenced only by the 
crystalline environment of the host, since we observe no 
exchange interaction in the reported magnetic susceptibility 
data.



CHAPTER IV

Pe2+ IN TETRAHEDRAL SITES— THEORY

Introduction
Our Intention in this investigation is to further 

studies of iron group transition metals in II-VI compounds.
p iHere, we are interested in Pe in the cubic tetrahedral 

crystal fields of ZnS, CdSe, ZnSe, CdTe, and ZnTe. Then 
the cases of CdS and ZnO will be considered which have, 
respectively, a small trigonal distortion and a rather 
large trigonal distortion.

Let us first look at an isolated iron atom in the dl-
2valent state. The electronic configuration of iron is (Is) 

(28)2 (2p)6 (38)2 (2p)6 (26)6 (4g)2 ( ^ )  (3d)6 (4s)2

where (Ar) represents the filled inner core which is iden­
tical to the argon atom. In the divalent state the iron 
atom loses the two outer 4s electrons, leaving the argon 
core and the incomplete 3d shell. Since we are concerned 
only with the magnetic properties of the atom which arise 
when the shells are not completely filled, we can neglect 
the Inner core of filled shells. Therefore, we will consi­
der only the six 3d electrons and their magnetic properties.

The electrostatic repulsion of the six electrons of
45
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the 3d shell will lift the degeneracy of the electronic en­
ergies and form energy levels labeled by the terms S, P, D,

6̂P, G, etc.^ In the case of iron we need only concern our­
selves with the ground state of since the next term is 
far enough away from the ground state that it does not ef­
fect the magnetic susceptibility (approximately 20,000 cm“  ̂

in free ion for next highest term of .
Now, for our studies, we want the impurity ion to re­

place a positive ion of the host crystal for about every 
thousand positive ions, although the solubility of the im­
purity ion in the host crystal is often much less than this. 
We do not want the impurity ion in an Interstitual site or 
any other non-substitutional site since this would compli­
cate our problem. When the impurity ion is so placed in the 
host crystal, there will be an effect upon its electronic 
energy levels arising from interactions with the host crystal.

Since we are studying an isolated impurity ion (all 
other impurities are far enough away from this site that 
they have no effect), we can lump together the crystalline
effects due to the individual host ions into a crystal field 

27 28 29potential. * ’ The crystal field is developed in terms
of a power series of tesseral harmonies in explicit terms 
of the charge and the positions of ions giving rise to the 
field. In our studies we are assuming that there are no 
significant distortions to the host lattice by the substi­
tution of the impurity ion. Two important properties of
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this crystal field are those of the symmetry and the strength 
of the electrostatic field. The symmetry of the host is, of 
course, determined by the lattice structure, but the strength 
of interaction, as seen by the effects on the impurity ion , 
is better determined experimentally for each particular case.

Crystal Structure
The crystals investigated In this study have either the

10zincblende or vmrtzite crystal structure.^ The zincblende 
31structure^ may be considered as two interpenetrating cubic 

face centered structures translated with respect to each 
other by 1/4 of the body diagonal or c-axis (Pig. 14). The 
wurtzite structure^^ may be considered as two interpenetra­
ting hexagonal close-packed structures displayed with re­
spect to each other by 3c/8 along the c axis. These two 
structures are identical out to the third nearest neighbor.
In both structures the nearest neighbors form identical tet­
rahedral units as shown in Pig. 14. Nine of the twelve next 
nearest neighbors also have identical locations, and the 
other three are rotated by an angle of 60® in the zincblende 
structure with respect to the wurtzite structure. Therefore, 
significant differences between the two structures arise 
only in the third nearest neighbors, and this is one of the 
reasons some compounds exist in both structures. ZnS, CdSe, 
ZnSe, CdTe, and ZnTe all have the cubic tetrahedral symmetry 
either in zincblende or wurtzite structures. The tetrahed­
ral symmetry of the negative ions surrounding the impurity
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Ions Is shown in Pig. 14. The cases of CdS and ZnO are 
basically the same with the addition of a trigonal distor­
tion which amounts to a stretching of the crystal along the 
body diagonal or c-axis of the crystal. This is illustrated 
in Pig. 15 where the bond length of one of the negative ions 
is longer than the other three (a).

Hamiltonian
Once we have our crystal potential, we can use the 

approach known as crystal field theory, which was suggested 
by B e t h e , t o  calculate the splitting of the terms of the 
impurity ion. The crystal field is not the only Interaction 
which will split the energy levels, and we must consider, 
therefore, the effects due to the spin-orbit interaction, 
slight distortions from the cubic tetrahedral field, and the 
effects of the applied magnetic field.

At this point, let us look at the Hamiltonian used in 
calculations of this type and list the terms in order of de­
creasing effect on the electronic energy levels. In our 
particular case, we can use the weak— field approximation 
in which the crystal field strength is less than the electro­
static repulsion of the electrons of the free ion. This 
electrostatic interaction is included in the unperturbed 
Hamiltonian (Hq ) of the free ion. The complete Hamiltonian 
can be written as

H = Ho + Vo + Hg.o + Vt + Hm' (4-1)
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(4-2)
and corresponds to the Hamiltonian of the free lonj 

''o = l / > 1  Y.h.J-)]]

(4-3)
represents the crystal field term where the z-axls Is along 
the trigonal axis (c-axls of the crystal

Hs-o = % L'S" (4-4)
represents the spln-orblt Interaction for the case of 
Russell-Saunders coupling with the radial Integration In­
cluded In ^ j [ /L Is defined as the spln-orblt coupling 
parameter and Is determined from the experimental measure­
ments)^*

(4-5)
represents the trigonal distortion of the tetrahedron along 
the body diagonal with the z-axls along the crystalline 
c-axls: and

Hffi = -  y^o (L+ggS) • iy  (4-6)
represents the term arising from the presence of the 
magnetic field. We can then with the above Hamiltonian, 
calculate the electronic energy level splittings In terms 
of some parameters which are to be determined experimen­
tally. Although these parameters could be calculated from 
first principle, even with many approximations the calcula-
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tlons are still laborious, and the results generally do not 
fit the experiment well. This is due to a variety of rea­
sons, among which are that the crystal field theory calcula­
tions have assumed point charges in the host lattice, and 
covalency effects of the crystal are difficult to assess 
except by experiment.

Magnetic Susceptibility 
Once the energy level splittings are known, the mag­

netic susceptibilities can be calculated by the standard
32methods of Van Vleck. Van Vleck finds that the paramag­

netic susceptibility is given quantum mechanically by

y. ̂  /  À w i L ^  i r)̂ v)J /A'7')

(^7)
where lx>̂  ® degeneracy of the state,

L = molecules / mole, 
and the coefficients (W's) used above are defined by expan­
sion of the perturbed energy as a power series in the mag­
netic field

E (perturbed) = + ^ n j m ^  + ^   ̂ (^8)
where #(0) = solution of unperturbed problem, (^-9) n jm
and % j m  “ (L+2S)^ j tij'tt}') (4-10)
which is Independent of field strength ;^and Is the first
order correction to the small perturbation yg(L+28),
and W<2) = 2  /(n]m (Lt2S)#/n’j'm’)/^ ('*-11)

njm n]m hvCnJm) - hV(n']'m')
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which is the second order correction term. A point worth 
noting here is made by comparing the approach of the experi­
mental work of Curie in 1895f and the subsequent theoretical 
justification of Langevln in I905 with that of the more re­
cent quantum mechanics. Curie's work was oriented towards 
the determination of the magnetic moment associated with a 
particular sample. In quantum mechanics the magnetic moment 
is not associated with the entire volume but is associated 
with each electronic energy level. This makes the calcula­
tion of magnetic susceptibilities more cumbersome; however, 
with the application of the quantum mechanical approach, 
many apparent deviations from Curie's law could be explained. 
This property also makes magnetic susceptibility very use­
ful for the study of lower lying energy levels of paramag­
netic ions in diamagnetic host crystals. Since the effect 
of the host Is constant with the temperature change due to 
its diamagnetism, the temperature dependent paramagnetism 
of the impurity ion can be studied. In fact, it is these 
very deviations from the Curie behavior that makes the de­
tection of the positions of electronic energy levels possi­
ble.

Let us look at the simple case of Just two electronic 
energy levels and examine the change In magnetic suscepti­
bility as the temperature is varied. In Pig. I6 we see 
electronic energy levels 1 and 2 which are separated by an 
energy à . Initially the thermal energy of the system (kT)
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Figure 16. Magnetic susceptibility from two energy levels.
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is much greater than the energy . (Assume energy of level
1 is zero.) In this case, the effect of the two levels on
the magnetic susceptibility Is to contribute a constant
magnetic moment Jl. Then in the region where kT is much
greater than A , the magnetic susceptibility ̂  is propor- 

_2tioned to ÿi /kT; and therefore, it exhibits Curie-like be­
havior. Next, if we look at the region where the energy 
separation A is much greater than the thermal energy kT, we 
will again see a Curie-like dependence of the magnetic sus­
ceptibility on the temperature. The magnetic susceptibility 
i s now

^  oC + 2/(11^12)/^ (4-12)

Where (11^11) is the diagonal matrix element of the magne-
2tic moment operator, and 2|(lj^l2)j is the temperature 

independent contribution to the ground state magnetic mo­
ment which arises since there is a matrix element connec­
ting levels 1 and 2, and level 2 is close enough to level 1 
to make a significant contribution.

Because the temperature dependent magnetic suscepti­
bility is different in the two regions (kT>> A and k T «  A ), 
the slope of the curve is different for the two regions when 
the magnetic susceptibility is plotted vs. the reciprocal of 
the temperature. This is shown in Pig. 16. This property 
can be very useful in determination of the position of elec­
tronic energy levels lying near the ground state. If it 
happens that the diagonal matrix element of the magnetic
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moment operator Is zero for the ground state, then the mag­
netic moment depends only on the factor 2/(1I^/2) | V a 
which is temperature Independent.

Therefore, in those cases where there is an electronic 
energy level or levels which lie close to the ground state, 
and their separation from the ground state is greater than 
the energy associated with the lowest temperature which can 
be reached by the experimental apparatus, then the measured 
magnetic susceptibility can be used to determine the posi­
tion of these levels. The application of this technique 
will be illustrated later for the cases of Pe^*, Cr^^ and 
Ni^*. In this work with our present magnetic susceptibility 
apparatus, we can determine the magnetic susceptibility to 
such an extent that the error in determining the à value is 
l0.5oni"^, and the sensitivity compares quite favorably with 
the as yet sparse data^*^^ available from work done in the 
far Infrared range (10 to 120 omT^ or 1000 to 83^) for 
transition metal ions in II-VI compounds.

Application of Group Theory 
Group theory can be used to advantage in the predic­

tion of the maximum splittings of the electronic energy 
levels as the free ion is placed in the host crystal, re­
sulting in a loss of symmetry as the effects of the host 
crystal field, spin-orbit, trigonal crystal field, and the
applied magnetic field are considered. As we have mentioned,

2+the six 3d electrons of Pe free ion split into a series of
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terms, the lowest of which is as predicted from Hunds
rules.^ Since the other terms are much higher in energy,
we need only concern ourselves with the 5d term.

?+When the Pe is placed substitutionally for the posi­
tive ion in the host lattice (Fig. 14), it is influenced by 
the crystal field strength and symmetry of the host. In our 
study, the crystals have a cubic tetrahedral symmetry with, 
at most, a small trigonal distortion along the body diago- 
nal (Pig. 15). Now, as the D term is subjected to the cry­
stal field of tetrahedral symmetry, it splits into two 
levels

^  (4-13)
as shown in Pig. 17. The energy level separation here is 
commonly denoted by lODq or à (not the same ^ as in Pig. 
16). This spacing is usually determined from optical spec­
troscopy alone, but in this case, magnetic susceptibility
data or far infrared data is needed as well. In the cases

1 1discussed here, lODq ranges from 2000 cm" to 30OO cm" .
Next, we must consider the spin-orbit interaction and 

5 5its effect on the E and Tg levels. Group theory tells
us that we can expect the levels to decompose under spin-

37orbit interaction as
Dg X fj = Pjf (4-14)

where Dg is the appropriate rotation group for spin 8, and 
is the representation of the level under consideration.

In this case we have
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Dg Z E = + Ag + E + + Tg (4-15)

0. i = A, + E + 2T + 2T (4-l6)2 2 1 1 2
since spin = 2, and wo are interested in Tg &»d E levels.
Group theory only predicts the maximum splittings under a
reduction of symmetry, and these splittings may or may not
occur in the real case considered. One must resort to ac-

38tual calculation, such as that of Low and Weger, to de­
termine the precise ordering of the electronic energy levels. 
It turns out that the level is split by the first order
spin-orbit interaction, but the level is untouched.
Here we must go to the second order spin-orbit coupling to
obtain any splitting of the level. Then from the actual 

17 38 39calculations * ’ we can list the energy levels in their
proper order, as shown in Pig. 17.

Next, we consider the effects of a trigonal distortion
Loto the cubic field. Here one can use a correlation table 

or perform a multiplication similar to the one above. This 
splitting is also shown in Pig, 17.

Group theory can also be used to reduce the number of 
matrix elements to be calculated for the magnetic suscepti­
bility by indicating the matrix elements that must be zero
by symmetry considerations alone under the magnetic moment 

41operator p. This is done by considering the transforma­
tion properties of the magnetic moment operator which acts 
as an axial vector.
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In a tetrahedral field the magnetic moment operator yiT can 
be represented in group theoretical notation by T^. By 
taking the product of appropriate rotation groups repre­
senting y i and the electronic energy levels in question 
(described by Bethe,̂ ? Low,^^ and Tinkham^^), we find that 

~p. is isotropic, all the electronic energy levels are con­
nected, and the magnetic susceptibility {^i) is also iso­
tropic.

When a trigonal distortion is considered, the symmetry 
changes from to C^, and the crystal is no longer Isotropic, 
A z-axie is defined along the body diagonal (Pig. 15) o r the 
crystalline c-axis. The bond length b is no longer the 
same as the other three. The ions numbered 1, 2, and 3 form 
the x-y plane which is isotropic.

If we apply a magnetic field along the z-axis, the mag­
netic susceptibility parallel to this z-axis can be measured 
(■̂ //). Ag now represents the magnetic moment operator 
and we find that the ground state is only connected through 

to the A^ levels (Pig. 18). If the magnetic field is ap­
plied perpendicular to the z-axis (in the x-y plane), the 
magnetic susceptibility perpendicular to the z-axls can be 
measured (^/). The magnetic moment operator is re­
presented by E, and we find that the ground state Is only 
connected to the E levels through the operator There­
fore, the distortion which removes the isotropic nature of 
the crystalline symmetry leads to an anisotropic magnetic
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susceptibility. This anisotropic magnetic susceptibility 
is labeled or ̂ depending upon the axis of measurement.

We see in the case of ̂ /that only the ground state 
(nonmagnetic) and the upper levels contribute to the 
magnetic susceptibility. In the case of the ground 
state A^ level and the upper E levels contribute to the 
magnetic susceptibility. Therefore, since along either 
axis we have a case which looks similar to the simple two- 
level magnetic susceptibility described previously, we 
would expect to be able to determine the energy spacings be­
tween the ground state and the higher spacings if we reach 
low enough temperatures. And by measuring the magnetic 
susceptibility along the two different axes to determine 

and AS shown in Pig. 18, we can obtain some infor­
mation concerning the strength of the trigonal crystal field 
as seen by its effect on the impurity ion.

Summary of Paramagnetic Susceptibility Calculations
2+for Pe in Tetrahedral Pield 

Before the paramagnetic susceptibility can be calcu­
lated, the energy level splittings must be calculated. As 
we have noted, the first calculations were those of Low,^ 
and these have been extended recently by Slack, et al.^
The calculations of the electronic energy levels and the 
subsequent paramagnetic susceptibility calculation (for the 
case of cubic tetrahedral symmetry which is reported here) 
were done by William H. Brumage of Louisiana Polytechnic
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Institute, and they follow the methods reported in previous 
publications.^'39*^0 The calculations all show that the 
second order spln-orblt splitting causes a uniform separa­
tion of the level into five components a parameter K

2apart (Pig. 5) where K = 6?)/û. This parameter K is to be 
determined from the paramagnetic susceptibility measurements. 
The results of the Brumage calculations are shown in Table 7* 
These results are listed for different temperatures in the 
range of 1 to 300°K and for values of K ranging from 11.8 
cm”  ̂to 18.8 cm“ .̂

Once the paramagnetic susceptibilities have been calcu­
lated, we will want to plot a graph showing the results at 
a glance, and the most direct way is to plot the paramag­
netic susceptibility y^vs. the temperature T in This
has been done, and the results are shown in Pig. 19. Note 
that it is only at low temperature that the paramagnetic 
susceptibility values are very different for a small change 
in the value of K; therefore, accurate data must be taken 
in the low temperature region wh&re the susceptibility mea­
surements are most difficult. At temperatures higher than 
20 K the paramagnetic susceptibility is very nearly the 
same for all values of K in the range of interest.

Another way of representing the paramagnetic suscepti­
bility data is to plot ^  vs. 1/T where T is again in degrees 
Kelvin. This particular method is shown in Fig. 20 amd is 
quite useful because here we see the Curie behavior at high
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TABLE 7

CALCULATED MAGNETIC SUSCEPTIBILITY POR 
PA^+ IN CUBIC CRYSTAL PIELD

(%) A . §

i 1000.0 42.01 37.59 34.01
2 500.0 41.99 37.58 34.01
3 333.3 41.71 37.45 33.95
4 250.0 40.73 36.90 3344
5 200.0 39.02 35.79 32.92
6 166.6 36.86 34.23 31.81
7 142.8 34.55 32.44 30.45

8 125.0 32.27 30.58 28.95
9 111.1 30.12 28.77 27.43

10 100.0 28.15 27.05 25.95

20 50.0 16.20 15.99 15.77

30 33.3 11.11 11.05 10.98
40 25.0 8.40 8.37 8.45

50 20.0 6.74 6.73 6.72

100 10.0 3.37 3.37 3.37
200 5.0 1.68 1.68 1.68
250 4.0 1.34 1.34 1.34

300 3.3 1.12 1.12 1.12
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Table 7 (continued)

T
(°K)

1/ToX 10? 1 * 100 (ogs- emu/mole)
k*lî.o T&iyTÿ K«lB.ë

1 1000.0 31.05 28.57 26.45

2 500.0 31.05 28.57 26.45

3 333.3 31.02 28.55 26.44
4 250.0 30.85 28.46 26.39
5 200.0 30.39 28.16 26.20
6 166.6 29.61 27.62 25.83

7 142.8 5*28.58 26.85 25.25

8 125.0 27.39 25.91 24.52
9 111.1 26.13 24.88 23.68

10 100.0 24.87 23.81 22.78

20 50.0 15.53 15.28 15.02

30 33.3 10.90 10.82 10.73
40 25.0 6.33 8.29 8125

50 20.0 6.71 6 .69 6,67

100 10.0 3.37 3.37 3.37
200 5.0 lv68 1.68 1.68
250 4.0 1.34 1 .34 1.34

300 3.3 1.12 1.12 1.12
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temperatures (above 20®K) and then the gradual turn to a new 
slope at lower temperatures. In the case of Pe^* with its 
six 3d electrons in a tetrahedral crystal field, the ground 
state is non-degenerate resulting in a zero magnetic moment, 
and there is only the constant paramagnetism due to pertur­
bations of the upper levels. Therefore, the low tempera­
ture component of the magnetic susceptibility becomes con­
stant with lower temperatures as expected, and the curve 
becomes flat earlier (at higher temperatures) as the value 
of K is increased. This method is used for the prelimi­
nary analysis of the experimental data. Also the approxi­
mate concentration of the impurity ions in the host crystal 
can be obtained from this plot by comparing the Curie por­
tion of the experimental curve to the same portion of the
calculated curve. The ratio (a) of ^  expérimenta^
X)/ calculatedM gives the fraction of the expected paramag­
netic susceptibility from one mole of Pe^* ions in a tetra­
hedral crystal field that was actually measured. The con-

2+version of this ratio (R) to the number of Pe ions per cu­
bic centimeter, the molar fraction, and the mole fraction is 
illustrated in the next chapter. Due to the Curle-like 
linearity of the magnetic susceptibility at high tempera­
tures, the scale in Pig, 20 is such that the low tempera­
ture effects are emphasized. The scale can be expanded to 
check for deviations from the Curie behavior and to better 
determine the slope which in turn will Improve the
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determination of the impurity concentration.

There Is yet a third useful way to present the tempera­
ture dependent paramagnetic susceptibility. As demonstrated 
In Pig. 21, the values of ^ «T can be plotted against T.
In this presentation the curves for all values of K will go 
through the origin (T - 0°K), and near the origin the curves
will be linear. This method will prove most useful for the 

2+case of Pe :ZnO where data was taken to temperatures as 
low as 1.8°K. At high temperatures (greater than 30° to 
40°K) the ^ * T  values become constant with Increasing T and 
are the same for all values of the parameter K. This allows 
us to scale the experimental curve to the theoretical curves 
at high temperatures. After this Is completed, the experi­
mental values can be plotted In the low temperature region 
and matched to one of the theoretical curves associated with 
a particular K value. The experimental data Is plotted by 
all three methods and compared to the theoretical curves to 
check the consistency of the experimental values.

It should be pointed out that the measured magnetic 
susceptibility Is the sum of the paramagnetic susceptibility 
of the Impurity Ion, the diamagnetic susceptibility of the 
host crystal, and the diamagnetic susceptibility of the 
small quartz holder containing the sample. Remember that 
It Is the magnetic susceptibility curve shape which allows 
us to determine the position of the electronic energy levels. 
Noting also that the value of the paramagnetic susceptibility





71
is the same for all choices of K at room temperatures, and 
that we can use the spring calibration to determine the 
change in paramagnetic susceptibility from the room tempera­
ture value, we are not required to determine the absolute 
diamagnetic contribution to the magnetic susceptibility 
reading. The diamagnetic contributions are constant with 
temperature changes; and therefore, they can be ignored.
This situation allows us to be concerned with only the 
changes in paramagnetic susceptibility which is the physi­
cal phenomena of interest here.

Summary of Paramagnetic Susceptibility Calculations
2+for Fe in Tetrahedral Field 

with a Trigonal Distortion 
The paramagnetic susceptibility calculations for Fe^+ 

in a cubic crystal field have been extended by W. H. Brumage 
and G. P. Dorman to include the effects of a trigonal dis­
tortion. The effects of the trigonal distortion are shown 
in Pig. 17 and Pig, 18. By measuring the magnetic suscep­
tibility as a function of temperature with the z-axis para­
llel to the magnetic field ( V 1 and then with the z-axis per­
pendicular to the magnetic field { ' X j , we expect to determine 
the parameters 8^ and Sg of Pig. 18.

If we can determine the values of 6^ and gg» can 
also expect to determine the value of K. The parameters X. 
and A can also be determined if the value of E is available 
from optical spectroscopy. The trigonal case is more
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complicated than the cubic case, and a larger portion of 
the work Is done by the computor. The best fit for our 
measured magnetic susceptibility curves Is given In Table 8. 
The measured values will be discussed In the next chapter.
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TABLE 8

CALCULATED MAGNETIC SUSCEPTIBILITY OP Pe2+ in 
CUBIC CRYSTAL FIELD WITH TRIGONAL DISTORTION

T 1/T. %iiX 100 X ± x  100
(OK) X 103 (emu/mole) (emu/mole)

1 1000.0 94.83 22.37
2 500.0 94.25 22.37
3 333.3 90.89 22.39
U 250.0 84.74 22.36

5 200.0 77.29 22.21
6 166.6 69.72 21.90

7 142.8 62.63 21.47

8 125.0 56.27 20.95
9 111.1 50.69 20.37

10 100.0 45.84 19.76

20 50.0 21.19 14.25
30 33.3 13.12 10.71
40 25.0 9.43 8.45

50 20.0 7.36 6.93
100 10.0 3.53 3.57
200 5.0 1.76 1.80
250 4.0 1.41 1.45

300 3.3 1.18 1.21



CHAPTER V

Pe2+ jN. TETRAHEDRAL SITES - EXPERIMENT

Introduction
In Chapter IV a theoretical model was assumed which 

would allow one to handle mathematically the calculation of 
electronic energy levels of a transition metal Ion In the 
crystalline environment of a host crystal, and then the 
calculation of the paramagnetic susceptibility arising from 
the electronic energy levels. Let us now consider how this 
model Is verified by experiment.

In the energy level diagram of Pig. 17, the energy 
levels are calculated in terms of two major parameters.
The first is A or lODq which gives some Indication of the 
strength of the electrostatic field of the host crystal and 
Is usually determined from optical absorption experiments. 
The second parameter is K which denotes the splitting of 
Into five equally spaced levels. Now, when these parameters 
are to be measured experimentally, problems immediately 
arise.

The first problem is that A or lODq is not, directly 
determined from the optical absorption experiments. Nhat 
can be found are the optically allowed transitions from the

7^
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ground state (^E) to the various levels of the mul- 
tlpllt. The strongest line which Is observed Is the ab­
sorption labeled E In Pig. 1?. Prom the theoretical cal­
culations, it Is found that

E = A + 3;\ + 3K/5 + (5-1)
or E = y) + + 138^^/54. (5-2)
since K = 6 ^/A . (5-3)
Therefore, the experimental value of E alone will not be 
enough to determine the value of A .

On the other hand, the value of K will be determined 
from magnetic susceptibility data, but the value of the 
spln-orblt coupling parameter cannot be determined without 
the value of A • This Is a good example of a situation 
where one experiment alone Is not enough to confirm the 
predicted situation. Therefore, we will need data obtained 
from optical absorption experiments to complement the mag­
netic susceptibility data. The value of E Is available

iiltfrom the publications of Slack, Ham, and Chrenko and of
1RBaranowskl, Allen, and Pearson for CdS, ZnS, ZnSe, CdTe,

and ZnTe. The value of GdSe can be estimated by comparing
the lattice parameter of CdSe to a graph on page 630 of ref.
19. No value of E has been measured, to our knowledge, for 

2+the case of Pe :ZnO.
Once the values of E and K have been experimentally 

determined, values of X and A can be calculated from the 
following:
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^  ° A  i -101.4 y  (5-4)

and then
à = 6 %̂ /K. (5-5)

Equation (5-4) was found by combining equations (5-2) and 
(5-3).

As mentioned before, the value of K can also be deter­
mined from optical absorption and luminescence in the far

1  'J'5 h,h he:infrared. These results are available for ZnS
and CdTe and compare favorably with the value of K as de­
termined from magnetic susceptibility. Par infrared data 
for the other five iron-doped crystals is not, to our know­
ledge, available at this writing.

?+Fe in Tetrahedral Crystal Field
Again the magnetic susceptibility is measured as a

function of temperature, and then the results are compared
to the theoretical curves of Pig. 20, This procedure is

2+followed for the case of Pe ;ZnS and the results are shown
in Table 9 and Fig. 22. The parameter K is determined to be 

+ -115.0 _ 0 .5 cm , and the concentration is found to be 23.7 

X 10^8 Fe^* per cubic centimeter by comparing the Curie part 
of the experimental magnetic susceptibility curve to the 
theoretical value. T h e ^  jj reported in the tables is the 
paramagnetic susceptibility per mole of impurity ion.

The measured magnetic susceptibility for Pe^‘*';ZnSe 
is given in Table 10 and Pig, 23; for Pe^'^tCdSe in Table 11
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TABLE 9
2+.MEASURED MAGNETIC SUSCEPTIBILITY OP Pe^^rZnS

m = 51.4 me (our crystal) 
C = 24 X lolG Pe/o.o.
T 1/T X  X 10^
(°K) X 10^ (emu/gram)

m * 37.5 mg (Schneider)
C = 254 % lolG Pe/o.o.
T 1/T X  X 10^
( K) X 10^ (emu/gram)

295.0 3.4 3.27 295.0 3.4 0.61

56.0 17.9 16.84 88.3 11.3 2.09

52.6 19.0 18.11 70.5 14.2 2.52

45.0 22.2 21.34 39.1 25.6 4.56

39.6 25.3 24.15 36.5 27.4 4.80
35.6 28.1 26.99 31.6 31.6 4.53

31.6 31.6 29.80 25.6 39.1 6.71

26.7 36.5 33.81 22.5 44.4 7.52

23.7 42.2 37.82 19.4 51.6 8.49

19.5 51.3 46.13 16.5 60.6 9.72

16.3 61.3 53.57 14.2 70.4 10.96

13.6 73.5 59.31 11.5 87.0 12.78
10.6 94.3 72.48 9.5 105.3 14.66
7.8 128.0 82.80 8.4 119.1 15.15

4.2 238.1 93.11 4.2 238.1 17.30

* Two crystals from different souroes were used in these 
measurements. One grown from the melt (Schneider), and the 
other doped In our laboratory. The temperature dependence 
of the magnetic susceptibility is identical.
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TABLE 10

MEASURED MAGNETIC SUSCEPTIBILITY OP P@2+:ZnSe

m » 69.7 mg
C = 2 .5 X I0I8 Pe/c.c.

T 1/T_ % x  10^ T 1/T_ % x  10?
(°K) X 10^ (emu/gram) (°K) x 10-̂  (emu/gram)

295.0 3.4 6.12 19.5 51.3 85.9

79.0 12.7 23.90 17.2 58.1 90.8

77.3 12.9 23.85 15.2 65.8 109.0

71.0 14.1 26.32 15.2 65.8 109.0

34.1 29.3 52.64 13.7 73,0 111.2
33.0 30.3 53.66 10.4 96.2 141.8
30.1 33.2 61.77 10.4 96.2 144.0
27.6 36,2 63.38 9.4 106.4 154.2

25.6 39.1 66.61 4.2 238.1 217.5

24.1 41.5 68.22
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and Pig. 24; for Pe^‘̂:ZnTe in Table 12 and Pig, 25; for 
Pe^*:CdTe In Table 13 and Pig, 26. The determined values 
of K and the concentrations are 11.8 Ï 0.5 cm“  ̂and 2.5 x 
lolB Pe/c.c. for Pe2+:ZnSe; 11.5 t  0.5 cm“  ̂and 2.5 x 10^® 
Pe/c.c. for Pe^+iCdSe; 15.6 t 0,5 cm”  ̂and 7.6 x 10^® Pe/c.c. 
for Pe^+iZnTe; and 18.0 t  0.5 cm~^ and 6.8 x 10^® Pe/c.c. 
for Pe2+:CdTe. In assigning the best value for K, the value 
of the magnetic susceptibility at the liquid helium tempera­
ture was the determining factor. The measurements at this 
temperature were more accurate with respect to temperature 
because the sample was surrounded by walls In contact with 
liquid helium, and many measurements wore made at this tem­
perature over a period of time. The value reported was re- 
producable over many measurements; however, In cases where 
there was doubt, two values were reported. The overall 
accuracy In determining the value of K Is less than 1 0.5 cm"^ 
In most cases.

Pe^* In a Tetrahedral Field 
with a Trigonal Distortion 

CdS and ZnO have trigonal distortions to the tetrahe­
dral crystal field. CdS has such a small trigonal distor­
tion that magnetic susceptibility and %^dlffer only at 
very low temperatures. Therefore, the magnetic susceptibi­
lity curves for the tetrahedral case can be used to determine 
the values of and 8 2- The measured magnetic susceptibi­
lity curves are given for Pe^”*’;GdS In Pig. 27 and Tables
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TABLE 11

MEASURED MAGNETIC SUSCEPTIBILITY OP Pe2+:GdSe

T
(OK)

1/T- 
X 10 j

m = 74.3

C a 2 .5 X
%  T 10^
(emu/gram)

mg
lO^G Pe/c.c.

T 1/T- 
(®K) X 103 (emu/gram)

295.0 3.4 6.12 19.7 50.8 87.66
73.2 13.7 25.73 19.1 52.4 89.27

72.2 13.9 24.71 15.0 66.7 105.3

64.7 15.5 28.47 14.5 69.0 110.1
56.6 17.7 32.23 12.7 78.8 125.2

42.1 23.8 46.30 11.3 88.5 137.5

35.0 28.6 51.78 9.9 101.5 150.4

29.3 34.2 61.24 8.7 114.9 167.6

29.2 34.1 61.24 8.6 116.0 169.2

25.3 39.5 69.29 7.3 137.0 182.1
23.3 42.9 75.74 4.2 238.1 222.9
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TABLE 12

MEASURED MAGNETIC SUSCEPTIBILITY OP Pe2+:%nTe

m « 69.8 mg

(^K)
1/T_ 

X 10^

G = 7 .6  X lO^B
%  X 10®

(emu/gram)

Pe/o.c.
T
(°K)

1/T-
X 10^

%  X 10 
( emu/grai

295.0 3.4 1.84 20.2 49.5 25.95

120.0 8 .4 4.58 18.0 55.6 28.20

77.3 13.0 6 .74 16.6 60 .2 30.78

77.3 13.0 7.16 15.8 63 .3 32.07

76.0 13.2 7.16 13.1 76 .3 36.58

36.5 27,4 14.96 10.5 95.2 39.48

35.4 28.3 16.28 9.2 108.7 43.51

29.9 33.4 17.24 8.2 121.2 45.12

27.1 36.9 19.18 4 .2 238.1 50.28

23.8 42.0 22.08 4 .2 238.1 51.25

21.8 45.9 23.04
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TABLE 13

MEASURED MAGNETIC SUSCEPTIBILITY OP Pe2+:CdTe

T
(°K)

1/T- 
X IQJ

m ® 40.7 
C = 6.8 X 

108
(emu/gram)

mg
lO^G Pe/c.c.

T 1/T- 
(°K) X 10^

%  X 10"
(emu/gram)

295.0 3.4 1.63 26.3 38.0 17.18
77.0 13.0 6.19 20.5 48.8 21.19

72.0 13.9 6.37 18.7 53.5 21.90

55.0 18.2 8.75 12.5 80.0 28.35
41.9 23.9 11.09 10.8 92.6 30.79

37.4 26.7 12.57 10.5 95.2 31.93

35.4 28.3 13.15 9.8 101.5 32.79

32.0 31.3 14.61 8.8 113.0 33.94

31.8 31.5 14.61 4.2 238.1 39.09

31.7 31.5 14.61 4.2 238.1 39.24
26,7 37.5 17.18
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I k  and 15.

For both Po^‘*’:CdS and Pê '*’:ZnS wo were fortunate to 
have orystals from Or. Jurgen Schneider of the Physical 
Institute, University of Freiburg, Germany. These crystals 
gave the same magnetic susceptibility curves as those crys­
tals doped In our laboratory. The results for the Schneider 
orystals are recorded in Tables 9 and I5.

ZnO has a very large trigonal distortion, and its effect 
on the electronic energy levels is such that a different mag­
netic susceptibility calculation must be made. The theore­
tical parameters are then varied to fit the measured mag­
netic susceptibility which is shown in Pig. 28 and Pig. 29. 
These measurements are recorded in Tables 16 and 17. Prom 
the magnetic susceptibility measurements it is found that 
8^ = 7 .8 cm**̂  and 82 =* 17.6 cm“  ̂for Pe^+jZnC. The dif­
ference between 8^ and 8g Is much larger for Pe2+:ZnO than
for Pê '*"%Gd8 where Sĵ  = 14.3 cm”  ̂and Sg ® 16.0 cm“ .̂ A
summary of these measurements in the cubic crystal field is 
compiled in Table I9. The spin-orblt parameter X, is deter­
mined as described on page 76. The ratioX/Xpindioates 
the reduction of X  (free ion valueXp= -103 om"^) when the 
impurity ion is subjected to the crystal field. The para­
meter Dq Is A /lO of Pig. 17» and 8^ and Sg are shown In
Pig. 18.
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TABLE 14

2+MEASURED MAGNETIC SUSCEPTIBILITY OP Pe^":CdS

T
(®K)

1/T_
X 10^

m * 22.1
C * 11.8

% %  10« 
(emu/gram)

mg (our crystal)
X lO^G Pe/o.o.

T 1/T, 
(®K) X 10^

%  X 10®
(emu/gram)

296.0 3.4 1.11 19.9 50.3 21.50

86.3 11.6 5.54 18.5 54.1 22.88

69.6 14.4 6.13 16.4 61.0 24.81
45.7 21.9 10.04 16.4 61.0 25.50

44.1 22.7 10.32 12.3 81.3 28.80
32.1 31.2 14.47 11.1 90.1 31.98
28.6 35.0 16.68 9 .9 101.0 35.70
27.3 36.6 15.99 7.3 137.0 39.00
24.7 40.5 17.37 6.2 160.0 40.38
22.4 44.6 19.02 4.2 238.1 43.28

* All %  values reported are for %,
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TABLE 15

MEASURED MAGNETIC SUSCEPTIBILITY OP Pe^‘̂ :CdS

m = 97.0 mg (Schneider)
C « 254 X 10^® Pe/o.c.

T
((»K)

1/T, X 103
%iX 10«

(emu/gram)
T
(°K) 1/T. X 103

%iX 106 
(emu/gram)

296.0 3.4 0.61 12.8 78.1 11.44
68.6 14.6 2.68 12.1 82.6 11.50

35.5 28.2 5.04 10.6 94.3 13.00

24.9 40.2 6.98 10.2 98.5 13.54

22.8 43.9 7.52 4.2 238.1 16.38
22.3 44.7 7.57

20.9
16.1

47.9

62.1
7.95
9.88

T
(OK)

1/T. 
X 103

%||X 10^ 
(emu/gram)

15.0 66.7 10.31

14.5 69 .0 10.58 4.2 238.16 18.37

* All %  values reported are for except for the
last entry which is for % n  . Higher Pe^* concentration 
in the Schneider crystal allows one to measure and

%,, at 4.2*K and find a measurable difference.
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5 10 15
Figure 29. Measured magnetic susceptibility curve for Pe^'*':ZnO.

20

VO
VjJ



9^
TABLE 16

.2+MEASURED MAGNETIC SUSCEPTIBILITY OP Pe^‘*’:ZRO ( % )

T
(°K)

1/T. 
X 10^

m * 65.5 

G = 2.5 X

(emu/gram)

mg
10^8 Pe/o.

T
(°K)

c.
1/T-

X 10^ (emu/gram)

298.0 3.4 0.64 11.90 84 19.61

77.3 13.0 2.74 10.20 98 22.93
50.9 19.6 3.55 9.00 111 26.54

36.2 27.6 6.50 8.00 125 30.40
32.4 30.7 6.50 6.75 148 34.49

25.8 38.8 9.72 6.15 163 36.25

25.2 39.7 8.54 5.80 172 37.71
23.3 42.9 9.67 4.20 238 44.85

21.3 46.9 10.53 4.20 238 45.66

19.8 50.5 11.76 4.12 243 45.66

18.8 53.2 12.41 3.42 292 48.88
17.5 57.1 13.16 3.40 294 48.88
l6.6 60.2 13.97 3.35 299 48.88
15.4 64.9 15.04 3.06 327 49.15

15.1 66.2 15.74 2.10 476 51.03

14.8 67.6 15.42 2.02 495 51.03

14.6 68.5 15.95 1.85 538 51.03

12.3 81.3 19.34 1.80 555 51.03
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TABLE 17

MEASURED MAGNETIC SUSCEPTIBILITY OP Pe2+:ZnO (V  )

m = 65.5 mg
C a 2.5 X 10 Pe/c.c.

T
(®K)

1/T.
X 10;

'X ,±x lo9
(emu/gram)

298.0 3.4 0.64
72.9 13.7 2.95
61.1 16,4 3.33

33.1 28.2 5.69

25.3 39.5 6.28
21.1 47.4 7.41
18.5 54.1 7.63

16.1 62.1 8.54

13.9 71.9 9.56

11.9 84.0 9.93
10.3 97.1 10.26
9.5 105.2 10,26
8.4 119.0 10.42
7.7 130.0 10.64
4.2 238.1 11.55
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TABLE 18

COMCEKTSATIONS 0? IN R06T CRYSTALS

Host Mass
(mg)

H c 
X lOr

# Po/o.o. 
X 10-18

# Po /
# Host % 10°

Wt. ?©/ 
*t. Host X 105

ZnO 65.5 3.0 2.5 63 2
CdS 21.1 7.7 6.1 330 3
ZnS 51.4 16.0 14.0 530 9
CdSe 74.3 3.0 2.5 140 9
ZnS a 69.7 3.0 2.5 110 1
CdTe 40.7 8.0 6.8 440 2
ZnTa 69.8 9.0 7.6 390 3
CdS (S) 97.0 300.0 254.0 12,670 115

ZnS (S) 37.5 300.0 254.0 10,050 172

H
# P®/©«e« ® R ' (L^M.W. )p0

# P0 / # Host ® R.(Lo/M.N.)pg' (L€5/H.W.)gJa^
wt. P© / wt. Host ® R'(M.W.)p@' (H.W. %“*1'Host
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TABLE 19

SUMMARY OP EXPERIMENTAL RESULTS FOR Pe2+

Host E(opt. ) 
(cm-1)

K(%)
(om-1) (cm* ̂ )

^ 7.0
(om*l)

ZnS 2947 15.0 -88.6 0.86 314
CdTe 2282 18.0 -85.8 0.83 245
ZnTe 2486 15*6 -84.3 0.82 273

CdSe 2500* 11.5 -71.4 0.69 268

ZnSe 2738 11.8 -75.6 0.73 291

Host E(opt.) 
(om-1)

K(CC)
(cm-1)

a ^
(om-1) ^2 1(cm-1)

CdS 2550 15.0 —82.6 0.80 14.3 16.0
ZnO 3000* 17.4 -95.0 0.92 7.8 17.6

«estimated
** One can do a more refined analysis which changes the

crystal field parameters, but not the energy levels. This 
Is an eiample of the magnetic susceptibility accurately de­
termining the energy levels while rather insensitive to ex­
act model, although crystal field parameters vary consider­
ably. Refined analyses give ^  = -99, -99, -96, -81, -85, 
-93, and -100 for ZnS through ZnO, respectively.



CHAPTER VI 

Cr2+ IN TETRAHEDRAL SITES 

Introduction
The electronic structure of chromium, another of the

g 1iron-group transition metals, is given by (Ar)(3d) (^s) .
In the divalent state the atom loses two outer electrons

h, 2+leaving (Ar)(3d) . Like the case of Pe in Chapter IV, the 
completely filled inner core can be neglected since only the 
phenomena due to the four 3d electrons is under study. As 
previously described, crystal field theory should predict 
the splitting of the electronic energy levels when suc­
cessively smaller perturbations are considered. The starting 
point is again the ground state of the free ion. The ground 
state of Cr^* is as it was in Pe^*. A tetrahedral crystal 
field will split the ground state into ^E and ^T2 levels, 
except now the % 2  l®vol lies lower than the Ê. The ^T2 

level is split by first order spin-orbit perturbation, and 
both ^E and levels are split by second order spin-orbit 
effects as shown in Pig. 30. If this were the case, then 
the same procedures for the measurement of the magnetic sus-

p iceptibilities, as used for Pe , would yield the positions 
of the electronic energy levels of the ^Tg multiplet. It

98
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could be expected that the value of \  (spin-orbit coupling
parameter) and K (second-order splitting) would be quite
accurately determined. However, the magnetic susceptibility
measurements on Or doped ZnS, CdS, ZnSe, CdSe, ZnTe, and
CdTe seem to agree with previous measurements using electron 

LA L7 LB ÜQspin resonance *  ̂and optical spectroscopy; that
crystal field theory alone does not predict the electronic 
energy levels found from experiment.

Jahn-Teller Effect 
The phenomena which must be considered in order to ex­

plain the experimental results is known as the Jahn-Teller 
effect, which may be defined^^ as the Intrinsic instability 
of an electronically degenerate complex against nuclear dis­
tortions that remove the degeneracy. This does not apply to 
degeneracies arising from an odd number of electrons and des- 
cribed by Kramers' theorem.^ Although the phenomena was 
first predicted in 1937.^^ Sturge^^ points out that the first 
unambiguous evidence for its existence was reported by Bleaney 
and Bowers^^ in 1952. A review of Jahn-Teller effects in so­
lids Is given by Sturge^^ in the "Solid State Physics" series 
which includes results up to 1966-1967.

The Jahn-Teller effect was not considered in magnetic 
susceptibility studies of Pê *̂  in tetrahedral II-VI compounds 
because the optical spectra^’̂ ^*^^ indicated that the Jahn- 
Teller effects are confined to the “̂ Tg level, and the effects



101
on the level are small If at all. The magnetic susoeptl-

2+bllity measurements reported above for Pe omnflrm that the
experimental data can be explained without the inclusion of
Jahn-Teller effects in the theory of the manifold. Elec-

2+tron spin resonance data w e  not available for Pe in tet­
rahedral sites because the ground state of the Pe^* ion in 
this case is nonmagnetic.

For the case of Cr^* in a tetrahedral site, the Jahn- 
Teller effect plays a significant role, as we have mentioned. 
This system was first studied by Morigaki and by Estle , et 
al in 1963. Both performed electron spin resonance experi­
ments on Cr̂ '*’:CdS,^*^^*^ and Estle, et al also studied 
Cr2+:Zn8e^^ In 1964. The interpretations of their data dif­
fered. Both attributed the results to a Jahn-Teller distor­
tion at the impurity site, but the symmetry choices differed. 
Morigaki attributed his results to a distortion of trigonal 

symmetry. Estle, at ai interpreted their results in 
terms of a tetragonal distortion. Sturge in his review^l 
points out arguments which favor a distortion of tetragonal 
symmetry to lift the degeneracy of the ^Tg state. This sit­
uation is Illustrated in Pig. 31. Note that after the tetra­
hedral crystal field Is considered, the next perturbation is 
the reduction of symmetry at the impurity site to the tetra­
gonal Dga* Then spin-orbit interaction is considered, and 
one must go to the second order to split the ^E and 
states. Under second order spin-orbit splitting the ^82
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state goes to Aĵ , Ag, E, and 83 states. The and Ag

LRground states are degenerate within this approximation; 
therefore, we cannot expect the magnetic susceptibility to 
become constant at rather low temperatures If this model Is 
correct.

A recent paper by Vallln, Slack, and Roberts^® also 
supports the choice of a tetragonal distortion since their 
data of the optical absorption In the far Infrared (2 cm”  ̂
to 120 cm“ )̂ does not detect the optical transitions predic­
ted by Morigaki's choice of the trigonal distortion.

2+Their measurements Included only Or :ZnSe In the paper, but 
a report at the March, 1970 American Physical Society meet- 
Ing^^ indicated that work was In progress for ZnS, CdS, ZnTe, 
and CdTe as well.

Magnetic Susceptibility Measurements 
The paramagnetic susceptibility has been measured for 

chromium doped ZnS, CdS, ZnSe, CdSe, ZnTe, and CdTe, As with 
the case of Pe , the general features of the resulting para­
magnetic susceptibility curves are similar for all of the 
chromium doped host crystals. However, quantitative features 
such as the to splitting and the A^, Ag to E splitting 
In Pig. 31 can be determined by careful measurements on each
doped crystal. Although the theoretical calculation of para-

P+magnetic susceptibility of Cr In a tetrahedral site under­
going Jahn-Teller distortion has not yet been done, this pro­
blem Is now being considered by Dr. C. P. Dorman at the
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Oklahoma College of Liberal Arts in Chlokasha, Oklahoma.

If we assume the electronic energy level splittings 
shown in Pig. 31 (with Jahn-Teller effect), we expect to 
determine the A2 - S splittings mentioned
above. The - ^82 splitting we expect to be approximately 
100 cm"^ to 300 cm"^. No optical data is available here 
because absorption data in this range would be masked by 
thermal vibrations of the host crystal. The A^, A2 - E 
splitting has been measured by Vallln, Slack, and Roberts^® 
and found to be 7.43 cm"^.

The measured paramagnetic susceptibility curves for 
Cr^+zGdS and Cr^^:ZnS are given in Pig. 32 and Pig. 33» 
respectively. We should expect to see both the %  - 
splitting and the A^, A2 - E splitting. As we can see in 
Pigs. 32 and 33» the splitting does show up as the
bend in the susceptibility at approximately 40®K. Since the 
A|, A2 - E splitting has been found to be 7,4 cm“ ,̂ we expect 
another bend or change in slope at 4°K or less. Experimenta­
tion is now being extended to lower temperatures as we have 
done in the case of Pe^*:ZnO. The paramagnetic susceptibi­
lity measurements then can qualitatively determine the - 
^82 splitting as w&ll as the A^, A2 - E splitting.

The concentrations reported in Tables 5 and 23 are 
found by using the "spin-only” formula for the paramagnetic 
susceptibility as described by Van Vleck.^ This method is 
remarkably accurate for this purpose, but it does not predict
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TABLE 20

HBASOBED MAGNETIC SUSCEPTIBILITY OP 
Cr^+:Zn8 and Cr̂ '*':CdS

Cr^+iZaS 
m « 60 .8 mg 
C » 0.8 z 10

L  l/T?(®K) z 103

Cr/c.o.
Ad

(ia-a-1)

Cr^tCdS 
m « 324.3 mg 
C • 1 .9 ac 10^®

,Sk , x ^{Ï3

Cr/o.0 .
Ad

(MS-H-2)

298.0 3.4 0.00 298.0 3.4 0.00
77.3 13.0 0.37 99.0 10.1 0.32

59.3 16.9 0.51 77.3 13.0 0.64
54.5 18.3 0.58 59.7 16.8 0.80
48.2 20.7 0.67 40.1 24.9 1.16
43 .0 23 .3 0 .72 33.9 29 .5 1.24
38.7 25.8 0.83 29.3 34.1 1.36

34.2 29.2 0.88 22.8 43 .9 1.49

28.7 34,8 1.02 17.9 55.9 1 .64

24.8 40.3 1.03 13.1 66.3 1.66
21.2 47 .2 1 .23 11.9 84.0 1 .74

17.1 58.5 1 .32 9 .5 103.3 1.91

12.3 81.3 1 .90 8 .1 123.5 2.01
4.2 238.1 3.67 4.2 238.1 2.82
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TABLE 21

MEASURED NAfiHSTIC SUSCEPTIBILITY OP 
Cr^*;ZnSe and Cr^+iOdSe

Cr^+iZnS®
m « 100.0 mg
C ■ 1.2 X 10^® Cr/e.o,

Cr̂ +xCdSd
a = 1@9.4 mg
0 a 0.3 2 10^® Cp/o.O.

T
(®K)

1/T, Ad 
X 103 (BS-H-l) & )

1/T, X lo3 Ad
(Ms-a-1)

298.0 3.4 0.00 298.0 3.4 0.00
77.3 13.0 0.40 77.3 13.0 0.20
46.4 21.6 0.85 44.3 22.6 0.42
37.4 26.7 1.10 31.5 31.8 0.65

36.3 27.5 1.15 28.2 35.5 0.70

33.1 33.3 1.24 23.6 42,4 0.80
27.6 36.2 1.57 20.2 49.5 1.05

25.7 38.9 1.6# 14.7 68.0 1.40
23.3 42.9 1.80 13.0 76.9 1.65

21.2 47.2 2.18 11.4 87.7 1.75
17.6 56,8 2.35 8.5 117.7 2.23

12.6 79.4 3.10 7.7 129.9 2.57
4,2 238.1 10.00 6.9 144.9 2.95

4.2 238.1 3.30
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TABLE 22

MEASURED MAGNETIC SUSCEPTIBILITE OP 
Cr2+;ZnTe ooA Cr^:CdT«

Cr^‘*’aZnTe 
m e 113*8 mg

CrZ+CdTe 
m « 98*7 mg

C «
T
(®K)

0.3 X 10|1® Or/o.o.
Ad

(MS-H-1)

C « 

(®K)

1.2 X 10l8
1/T- X lo3

Cr/o.0

A d 
(MS-H-1

298.0 3.4 0.00 298.0 3.4 0.00
20.1 49.8 0.50 77.3 13.0 0.32
16.1 62.1 0.70 48.5 20.6 0.90
12.7 78.1 0.90 44.5 22.5 1.00
10.4 96,2 1.10 39.6 25.9 1.04
9.0 111.1 1.25 36.8 27.2 1.16
4.2 238.1 2.35 31.3 32.0 1.28

25.3 39.5 1.64
22.6 44.3 1.95
15.7 63.7 2.70
11.8 84.8 3.35
9.2 108,7 3.60
4.2 238.1 5.10
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TABLE 23

CONCBNTOATIOHS OP Cr%* IN HOST CRYSTALS

Host Mass
(mg) a A X 10°

# Cr/o.o.
X 10-1»

# Cr /
# Host 

X 10»

wt. Cr/ 
wt. Host 
X 10»

ZnS 60.8 9.6 0 .8 32 5.1

CdS 324.3 23.0 1.9 96 8 .3

ZnSe 100.0 14.0 1 .2 53 5 .2

CdSe 189.4 3 .4 0 .3 15 0.9

ZnTe 113.8 3.1 0 .3 14 0.8

CdTe 98.7 14.5 1 .2 78 3.2
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or explain the changes in the paramagnetic susceptibility 
curve at low temperatures.



CHAPTER VII 

Nl2+ IN TETRAHEDRAL SITES 

Introduction
Nickel is another of the iron-group transition metals, 

and its electronic structure is given by (Ar)(3d)®(^s)^.
In the divalent state the outer two 4s electrons are host, 
and we need consider only the magnetic phenomena arising 
from the eight 3d electrons. As previously described,^2, 
crystal field theory predicts the splittings of the elec­
tronic energy levels are shown in Pig, 3^. We note at this
point that the ground state is nonmagnetic as in the case of 

2+Pe , but here the lower energy level separations are a 
function of the spin orbit coupling parameter ^ rather than 
K as in Pe . Therefore, the determination of the spln-or- 
bit coupling parameter ̂  from the measured magnetic suscep­
tibility is more direct than in the case of

In the calculation of the positions of the electronic
energy levels using crystal field theory, the mixing of the 
3 3P free-ion level with the lower P level must be considered. 
The P levels are then split by crystal field theory, and 
the energy level separation is given as a function of the 
crystal field parameter A or lODq, Next the levels are

112
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split by first order spin-orbit interaction. In previous 
studies of Nl^^ in ZnO,^^ CdS,^^ and ZnS^^ it was found 
that 2. was -175 cm"^, -170 om"^, and -150 cm”  ̂ respectively. 
The value of the parameters^  pp and A as determined from op­
tical spectroscopy were approximately 8880 cm~^ and 4440 cm”^
respectively. These magnetic susceptibility measurements

2+have been extended to include Ni in CdSe, ZîiSe, and ZnTe, 
The calculated magnetic susceptibility as a function 

of the parameter T(®K) and (cm“^) is shown in Pig. 35.
The method of calculation has been reported prevloualy^^’ 
and is similar to the approach described for Pe^* in an 
earlier chapter.

Magnetic Susceptibility Measurements 
The measured paramagnetic susceptibilities of Nl^* in 

CdSe, ZnSe, and ZnTe are given in Table 24, The procedure 
was exactly as we have described for in various host
crystals. In the preliminary measurements, data was taken 
down to 10®K. When all three crystals had been measured, 
and the magnetic susceptibility curves compared to theore­
tical curves, It was found that the experimental curve fit 
the theoretical curve calculated with a spin-orbit para­
meter of -60 om*"̂ . This was unexpected because the 
value of /I = -175, -170, and -I50 for ZnO, CdS, and ZnS 
respectively.

Our first thought was that the doping was somehow the 
cause of our problem. Therefore, Ni was doped Into ZnS
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TABLE 24

MEASURED MAGMSTIC SUSCEPTIBILITY OP 
Ml2+jCdSa, Ni^+rZnS®, and Ni^+tZnTe

Ni2+1CdSe Nl2+;2nSe Ni^+tZnTo
m « 52 .4 »g p m * 56.4 mg -o ® * 59.5 .oC * 5.0 I lOlB Q « 15.4 2 lolG C * 4.3 I lolG

Ni/o.o, Kl/o.e. Ni/o.o.

T
(*K)

A d 
LS-H-1

T
(®K)

Ad
LS-E-l

T
(OK)

Ad
LS-H-1

2*8.0 0.00 298.0 0.00 298.0 0.00
77.3 0.85 112.5 1.90 77.3 0.28
50.5 1.35 77.3 3.30 46.7 0.80
47.9 1.55 68.2 3,60 39.9 0.95
44.0 1.68 59.2 4.25 34.5 1.25
38.8 1.80 37.3 5.75 30.1 1.42
32.4 1.93 36.0 5.73 27.6 1.77
29.1 1.98 33.9 6.07 24.3 1.80
26.4 2.00 29.0 6.15 20.2 1.95
21.6 2.00 25.4 6.25 16.5 1.85
17.6 2.00 19.2 6.65 13.6 1.90
15.6 2.00 16.9 6.70
13.5 2.00 11.8 7.00
11.6 2.00 9.7 7.00
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and #ien Uie magnetic susceptibility measured as a check on 
the doping procedures. It was found that the magnetic sus­
ceptibility measurements gave -I50 cm“  ̂as before. Then 
we doped Ni^^ into a new set of host crystals. We again 
found that the paramagnetic susceptibility Increased with a 
decrease in temperature until the paramagnetic susceptibi­
lity become constant with further decrease in temperature. 
The new magnetic susceptibility curves again indicated a 
spin-orbit coupling parameter of -60 cm“ .̂

At this point our experiments seem to be self-consis­
tent, and the procedures of doping the crystals and measur­
ing the magnetic susceptibility give previous results when 
Ni^+ is doped into ZnS. However, the spin-orbit coupling 
parameter for ZnSe, CdSe and ZnT© seems to be approximately 
one-half the value of X,ln ZnO, CdS and ZtiS which in turn is 
approximately one-half the free-ion value of A,® -340 cm"^.

Dr. Jurgen Schneider of the University of Freiburg in 
Germany Is interested in doing Infrared spectroscopy mea­
surements on these crystals. We hop© that future measure­
ments will lend evidence to support or deny the unusually 
low spin-orbl^ coupling peu-ameter which our magnetic suscep­
tibility measurements indicate for in the selenides 
and tellurides. Concentrations of the Ni^* ion in the host 
crystals as determined from magnetic susceptibility measure­
ments are given In Table 25.
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TABLB 25

CONCENTRATIONS OP Nl2+ IN HOST CRYSTALS

Host Mass
(mg) ïîo5 # Nl/0,0.X 10-18 # Ni /

# Host 
I 10®

wt. Ni / 
wt. Host X 105

ZTSS 53.5 29.6 27.0 1067 17.8

ZnSe 56.4 16.9 15.4 684 6.9

CdSe 52.4 5.5 5.0 267 1.7
ZnT« 59.5 4.7 4.3 231 1.4



119
CONCLUSIONS

The sensitivity of a Faraday balance has been improved 
by more than an order of magnitude, and its range of magnetic 
susceptibility measurements has been extended to temperatures 
lower than 1,8®K. The Faraday balance was then applied to 
the study of transition metal ions in II-VI compounds in l6 
different cases.

The techniques of doping transition metals in II-VI 
compounds are reported for the crystals studied in this 
work. The magnetic properties of two other crystals grown 
from a different method are studied and compared to crystals 
doped in our laboratory to gain confidence in the doping 
techniques.

Magnetic susceptibility measurements of seven iron 
doped crystals were studied which led to the determination 
of the positions of the lower lying levels of the Impurity 
ion. The five crystals of tetrahedral symmetry doped with 
iron had K values of 15.O om“ ,̂ 18.0 om” ,̂ 15.6
11.5 cm"^, and 11.8 cm"^ for Pê '*’iZnS, Pe^+tCdTe, Pe^+.znTe, 
Pe^^:CdSe, and P©̂ '*’:ZnSe, respectively. CdS and ZnO host 
crystals possess a trigonal distortion, and S^, 82 found 
to be 14.3, 16,0 oa“  ̂and 7.8, 17.6 cm“  ̂ for Pe^+.Cds and 
Pe :ZnO, respectively.

The magnetic susceptibility data for the Cr^* doped 
II-VI compounds seems to support the electronic energy level 
scheme predicted by considering a Jahn-Teller distortion
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which reduces the symmetry of the lattice site to Al­
though the calculated magnetic susceptibility Is not avail­
able at this writing, the qualitative features are very en­
couraging and experimentation Is In progress to detect 
lower levels by magnetic susceptibility measurements at 
temperatures less than 4.2®K.

2+The magnetic susceptibility measurements for Nt doped
crystals were expected to be very straightforward. Indeed,

2+the crystals were doped with N1 Ions, and the results were
consistent for three complete series of doped crystals.
When the measured magnetic susceptibility was fit to the
theoretical curves; however, It was found that the spin-
orblt parameter was approximately -60 cm“ .̂ This was unex-

2+pected since the spin-orblt parameter for N1 :ZnS Is -I50 

cm”  ̂which, In turn, la approximately one-half the free Ion 
value of -3^0 cm“ .̂ Therefore, optical absorption experi­
ments are now being conducted by Dr. Jurgen Schneider to 
confirm or deny these unusual values for \  .

Magnetic susceptibility studies of transition metal 
Ions In II-VI compounds have proven to be quite fruitful 
and have obtained information difficult to obtain from 
either electron spin resonance or far Infrared spectroscopy.
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