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CHAPTER I
INTRODUCTION

It 18 the intentlion of fhis study to further the in-
vestigations of iron group transition metals doped into II-
VI compounds by examining the magnetic properties of the
paramagnetic impurify ion while under the influence of the
dlamagnetic host orystal. The investigation will be limited
to the impurity ion and its interaction with the host crys-
tal; and therefore, concentrations of impurity lons must be
low enough to avoid interactions between the impurities
themsgelves.

Observation of the magnetic properties will enable us
to determine the electronioc energy level separations with
respect to the ground statel 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 disadventages as well as different ranges

1



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

the near infrared to the vacuum ultravlolet2 (2000 cm’1 to

50,000 cm™ !

or S.O‘p to 0'1.P)' although more work is being
done recently in the far inf'rared.3

Magnetic susceptibility can be used to determline elec-
tronic energy level separations in the range of 3 or 4 cm"1
to 1200 cm™? 4 and 18 limited primarily by the range of tem-
peratures over which the sample under investigatlion can be
varied, This technique 1s especlally useful when studying
paramagnetic ions with nornmagnetic ground states, as we shall
see later,

Electron spin resonance is best used to study ground
state electronic energy levels and direct transitions between

5

these levels when split by the Zeeman effect, The energy

level separations studled depend on the microwave frequency
used and are generally in the range of 0.03 en~ ! and 3 cm-l.
The technique used in this study is that of magnetic
susceptibility, and this cholce 1s very appropriate for Fe2+
and N12+ in crystal sites of tetrahedral symmetry because of
the nature of the electronic energy levels involved., Optil-
cal spectroscopy 18 made difficult in Fe2+ because of Jahn-
Teller distortions in the higher electronic energy levels,
and because the energy separations of the lower levels are

in the far Ainfrared, making experimental measurements and

sample preparation difficult. On the other hand,
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electron spin resconance is rather difficult because the
ground state of the Fe2' and Ni2* jons 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 stﬁdylng Cr2+ in tetrahedral sites.
From crystal fileld theory élone one would expect crit to

2+ and

have a nonmagnetic ground state as in the cases of Fe
N12*, However, it 18 found that the Jahn-Teller affect
plays an lmportant role in determining the symmetry at the
impurity ion site. Magnetic susceptibility can s8till be
used, but the results are not as revealing and unique as
they are in Pelt and NiZ*.

The extension of the magnetic susceptibility measure-
ments to temperatures below 4.2% is described, and measure-
ments have been made at temperatures as low as 1.8%K., Re-
sults of the magnetic susceptibility measurements for Felt
in host orystals of 7Zn0, CdS, %nS, CdSe, ZnSe, CdTe, and
znTe; for Cr* in zns, CdS, znSe, CdSe, 7nTe and CdTe; and
for N12* in cdSe, 2nSe, and ZnTe will be reported, as well
as the prchlems invoived and the procedures used in doping

the impurity lons of Fe2*, cr2* and Ni°* in thelr respec-

tive host crystals.



CHAPTER II

EXPERIMENTAL APPARATUS

Faraday Balance - Room Temperature

The apparatus used in these experiments is known as a
FParaday balance.u'6'7 This particular technique of measur-
ing magnetic susceptibilities 1s 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 less than 1 cm on a 8ide, and that the
paramagnetic susceptibllity 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 vaery 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 crystale which are, for example,
cut or grown for study by electron spin resonance, optical
spectroscopy, photoconductivity, and Hall effect, or lumenss-
cence experiments,

The Faraday balance 18 & rather old technique of measur-
ing magnetic susceptibilltiesa and was used extensively by
Pierre Curie9 in his élasslcal studies. In this technique

Is
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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 nesd a source of an inhomogeneous magnetic
fleld. In our case we have used a large permanent magnet.
Let us arrange the rectangular coordinates such that the
x~axis 18 along the center llne running through the poles
of the magnet as drawn in Fig.l. If we determine the mag-
netic fieldvcﬂ) at points along the z-axls and then multiply
4f by the gradient of the field at each of thesé points, we
would firnd the values of?%daﬁhz asgoclated with the points
along the z-axis as plotted in Fig. 2. We note for future
reference that there are two points of maximumiﬁaﬁﬁvdz. 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 pcint b,
there 18 a resulting change in the potential energy as des-
cribed in Eq. 1.

P. E. = % m¢¢//2 (2-1)
where m = mASs8 in grams,
9& = pagnetic susceptibility in dgs-emu/granm,
/f = magnitude of the magnetic field.

If we take the gradient of the potential energy along the



Plgure 1. Orientation of Cartesian Coordimates with
Magnet.

bd#idz

b
-7 a O\/z

FPigure 2. Variation of # d 4/ /dz along z-axis,




7
z-axis, we find the force to be
P = nWth dWx/dz + # @ # /a2 +Hatf /2z). (2-2)
In most cagses the last two terms can be neglected, and we
are left with
Py = nYH A H /a2 (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 sse that, in our experiments, changes
of magnetic susceptibllity as a function of temperature
from an initial value are the real parameters of interest and
not the absolute susceptiblility. Therefore, we can neglect
the dlamagnetic contributions to Eq. (3) arising from the
host crystal and 1ts 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 changss measured. In some cases we wish
to measure changes in the paramagnetic susceptibility as
iow &s i x 107 emu/gram in samples welghing approximately
50 mg. Then with a permanent magnet of 3000 gauss (7%) and
a d7%/dz of 200 gauss/cm., these numbers can be inserted in
Eq. (3) to find
F,= 5% 1002 x 107 x 3 x 107 x 2 x 102
= 0.3 x 10~3 dyne (2-4)

or a force change of 0.3 millidynes. One remson 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 fleld, some means of
force detection must be found. The dstection method chosen
18 actually quite simple., PFirst, the sample 1s attached to
a long quartz fiber which in turn is suspended by a quartz
spring. The end of the spring i1s loaded with extra welght,
if needed, so that the quartz spring is always extended one
meter in length (Fig. 3). Now the permenent magnet is moun-
ted such that 1t can be moved along the vertical direction
(z-axis) at a controlled and variable gpeed, With the quartz
spring and the sample aligned in the vertlcal z-axis which
rung between the polesg 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
s8lowly 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 o mazxi-
mum position, and then back to the equilibrium position
agaln., 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 samplelin 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 1s the usual spring constant, and x is the distance
from the equilibrium point. For our appllcation, we can
calibraté 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 flnd that

P=kt =ud/2 = m Y H#d W /dz (2-6)
or = (d/m) [ k/2#(d #/dz)|= C (a/n) (2=7)
where C = k/2 # (4 # /dz) | (2-8)
and X m spring displacement from equilibrium point,

d = deflection (between min.-and max, points),

)fﬂ magnetic sugceptibility (ogs-emu/gram),

m = mass of sample in grams,

}{s magnetic rield 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 gilves 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 susceptiblility at some parti-
cular temperature, The apparatus 18 set up as in PFig. 3,
end the magnet 18 lowered to a position below the sample,
A fixed point 1s viewed in the cathetometer, and then the
magnet 1s slowly ralsed. The fixed point will move down
as seen in the eyeplece until the sample reaches point b
of Fig. 1. At this time the reference line of the cathetos-
meter is set marking the location., The magnet is then moved
up slowly until the sample reaches point a in Fig. 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 minimum defleoction as seen and measured with the
cathetometer is read on & scale varying from 0.00 to 23.00.
Elther a high or a low power objective lens is avallable for
the cathetometer, With the high power objective, 0.10 scale
divisions is found to measurs a distance of 3.8 microns. The
error in reading the deflection under the best conditione is
approximately d¥ 0.05. A deflection of this size corres-
ponde to a small fores of approximately 0.4 millidyne or
a welght changa of 0.4 miorogram on the most sensitive
spring. Por conatant 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 18 quite large.

If a sample 18 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 cathstometer, three
gsimple ad justments can be made singly or Jjointly.

Flrst.Athe alr gap of the permsnent 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, a3 shown in Table 1. Note that a& reduc-
tion of the air gap from three inches to one inches causes
& change in the size of the deflection by a faoctor 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 0.567 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 ccnstant C
for each Bprihg used in these experiments 18 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 LS, MS, and HS refer to light spring, medium
spring, and heavy spring, respectively. The paramster
K(mm/mg) is the nominal spring sensitivity which is quoted
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TABLE 1

VARIATION OF DEFLECTION
WITH CHANGE IN AIR GAP

1,00
3.20
12.80

TABLE 2

SPRING CONSTANT C AS DETERMINED USING Pt. STANDARD

Spring K(mm/mg) C(enu/a.d.) Max. load (mg)
LIS-H-1  10.0 4,0 x 1o’ig 100
IS-H-1 k,0 10,8 x 10:19 250
MS"H-]. 2.0 1705 X 10_10 500
HS=H~1 0.6 62.0 z 10 1800

TABLE 3
RANGE OPF SPRING CONSTANT C
Configuration

LLS-H-1 b x 107 emw/s.d,
H8-L-3 1400 x 10”7 " “emu/s.d.
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by the manufacturer (Worden Quartz Products, Houston, Texas),
and ricte that it 18 the reciprocal of the spring constant k
in Eq. (6). C 1is the constant of Eq. (8), and the maximum
load 18 just the weight which will achleve the maximum exten-
sion of 1000 mm. A comparison of the wvalue 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 magnetlé susgceptibility in units of cgg-emu/

. gram. For research work of crystals of which the size nay
be a 1limiting factor of the ultimate sensitivity, this prac-
tice i8 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 (mjé) in
units of cgs-emu,

The Faraday balance used in this investigation could
be pushed to detect a change of approximately 5 x 10-11 cg8-
emu, but a more realistic value is 1 x 10”10 cgs-emu, Al-
though quite simple in principle, the Faraday badance 1is
quite sensitive even when compared to a sample magnetometer
(Princeton Applied Researsh Corporation, Princeton, New
Jersey) or a commercial miorobalance using an electromagnet
producing strong magnetic fields., Both of the latter options

are also much more expensive than the balance just described,
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Sample Tube Detail‘

Thus far we have assumed that the magnetic suscepti-
bility measurements were at room temperaturzs. Since we are
using magnetic susceptibility to study the electronic energy
levels of paramagnetlic 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 asg, know
the actual temperature to better than 0.1°K, especilally at
low temperatures. Let us first consider the zample tube.

A detall drawing of the sample tube is given in Fig. 4,
The vacuum jacket consiste of a 22 mm. pyrex o-ring joint
which 18 joined by a graded glass sesl to 16 mm, quartz
with a test tube end. 3Since 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 jackgt and
the copper surrounding the sample area., This copper nass
is added in order to reduce small temperature fluctuations,
and it sltzs at the bottom of the quartz tube on a teflon
gpacer., It 1s 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 18 in equilibrium with the cdp-
per mass. This assﬁmptlon has been checked,u’lo and,in my
particular apparatus,was checked using Cr3+:A1203 whose mag-
netic susceptibility is a straight line when plotted against
1/T7(%°K). These results are shown in Fig, 5.

| As mentloned above, a thermocouple 18 usad to monitor
the temperature of the sample, At lower temperaturas.(less
than 109K) a carbon resistor may be used to monitor the
temperature, and it is mounted in the base of the copper
mags, 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 snd 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%

The temperature around the sample area is controlled

by a coolant of either cold nitrogen gas (300% to 80%),
o

liquid nitrogen (77.3%°K), cold helium gas (80 K to 5.5°K).

or liquid helium (M;ZOKJ For these ranges the U-shaped
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dewars shown in Pig. 3 are used. The cold gas or 1liquid 1is
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
to the method described by Brumage,3 The technique in the
80%K to 4,2°K range 1s a little different,

The temperature control system for the 80°%K to 4,2%
range 1s shown schematically in Fig. 6. Here we have used
a thermocouple as the temperature detecting device with the
calibration curves of Powell, Bunch, and Corruccini.11 We
shall discuss the use of thes ocarbon resistor in the later
section. The thermocouple 1s soldered tc 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 1s read using & Leeds and Northrup
K~5 potentiometer, and its associated D-C null detector,

The null detector has & voltage output representing an error
signal. This error voltage is fed into the differential
power amplifier shown in Fig. 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
1s set manually by ad justing a variac 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 ralsed or lowered in response to

the error voltage from the D-C null detector. This device



20

K-5

Potentiometer | Detector

1 Null

Low Voltage

Power Supply
Diff Power
Amp.
~1I° TRANSFER TUBE
: N
-l
4 Bl /
\Ng / LIQUID
HELIUM
REFERENCE CONTAINER
JUNC TION
THERMOCOUPLE
L HEATER
COPPER _
BOILOFF
RESISTOR
Figure 6. Temperature control for 80°K to 5.5°%.



180K 47K 47K 180K
oN3565 § 47K
2N3565 rv’w‘ 2N3053 OuTPUT
2N3053
- A
) [ k,
SOK
1K §33K 33K (e}
33K ALTO 2 N3055
1M ] ¢ 100 L
?V\ VAV V¥
( MAN 4
VINPUT -
1K
_aAAN
N \
1M ( J
MDA -942-2
P-8390 47 100
Sy YV, V—
5o J_‘OO 1N1525
do o pay
Tos -[25
| p
1IN4719
RT-202 g } W] 1 L 1K
1ASB L - Z
=~ e T30 Tac
9 H 1
eV V) AN
AC from NE 51N 10 1 1
VARIAC ‘ Ve VW
1IN4719
e 1
. N
1

Plgure 7. Differential pover amplifier schematic.

1¢



22
is quite useful when it 13 desired to hold a steady tempera-

ture for long perlods of time,

Cold helium gas 18 supplied by & helium dewar con-
taining liquid helium which cen 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 varles from 0.25 watts to 5 watts, The gas is
kept at 4.2° by a long copper rod which is always immersed
in the 1iquid helium and keeps the lowsr end of the trans-
fer tube in the helium dewar at 4.2 K (Fig. 6). Thls sys-
tem works gqtulte well down to 10°K and hag been used to as
low as 5.5°K; although it consumes more helium in the 10%
to 5.5°K range, because we are only uslng a single dewar
gsystem. Even down to 5.5°K the system can be consildered
ugeful in that it is easy to use, allows good control of
sample temperature, and can be quickly adjusted to different
temperatures. Liquid helium 18 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 1t 18 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

susceptibllities at temperatures lower than 4.2°K will be
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discussed in the rext section,

One problem which causes considerable trouble at less
than 20°K 1s a jumping around of the sample which 1s 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 ef‘rect12 which occurs
when a small tube 18 cold at the open end and warm at the
closed end. This effect 1s often used to measure the liquid
level in liquid helium dewars. A thin plece of rubber is
placed over the warm end, and then the change in the pres-
sure osclllations is monitored as the open end moves in and
out of the liquid helium. It is found that thls 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°%

The technique of pumping on a liquid helium bath to
lower the temperature of the sgstem 1s well known, and the
vapor pressure of Heu (1958 scale)13 is given for tempera-
ture from 1°K to 5.2°K. The problem i1s 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 &4 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 presgsure 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 hellum fill and vent holes
may be plugged and the cap fitted to the sample tube so
that it 18 air tight. The cap 1s shown in Fig. 8. Note that
the cap 18 fitted to the sample tube by a swagelok with tefl-
lon ferrels soldersed to a metal bellows which 1is between the
swagelok and the vacuum cap to allow some 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-ring groove identical to that of the glass o-ring
joint of the helium dewar., This 18 the airtight seal be-
tween the dewar and the cap. Extreme care must be taken in
allgnment 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 liquld helium. This system is shown in Fig.
9 and consists of a group of valves in parallel between the
vacuum pump and the liquid helium, Valve A is a militurn
needle valve, and B and C are successgively larger valves,
These valves are ad justed as desired to control the punmping

speed and therefore the vapor pressure of the liquid helium,
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Part D 1s merely a plece of vacuum hose which has a clamp
to close 1t off. This is only open for temperatures below
2% 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%.

Temperature monitoring is accomplished by using a car-
bon resistor callbrated by F. L. Scarpace at the University
of Wisconsin physics department. This 13 a 1/8 watt carbon
resistor which was cycled between 300°K and 4.2°K several
times before calibrating. Thls procedure seems to reduce
the change in calibration due to temperature cycling as it
is used. Tne temperature was controlled for calibration by
basically the same method as described above, After approxi-
mately a dozen célibration points were taken, the data was
fed into a standard program which found the best fit for
the formula In R = A + B/T+ C In T. The curve R vs, T for
the resistor used in these experiments is plotted in Fig. 10,
This particular curve was not used to find the temperature
assoclated with a measured resistance, but rather a table
was used which gave the resistance for each mlllidegree
between 1.7?K and 5°K. The resistor could, of course, be
used up to higher temperatures, and although calibration
data polnts were taken up to 27°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 glven in Fig. 9. The temperature sensing carbon resistor
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in Fig. 9 i8 connected to a current control circuit which
allows us to read elther the potentlal across a 10K standard
resistor or the potential across the temperature sensing re-
gistor. Current in the circult was maintained at 1 micro-
amp by monitoring the standard resistor potential. Heating
due to the temperature measuring resistor 1s negligable since
even at 1.8°K where R = 900K ohms, the power dispersed by

the resistor is only around 1 microwatt. Tﬁe schematic for

the current control circult is also glven in Fig. 9.



CHAPTER III

DOPING DIAMAGNETIC CRYSTALS WITH PARAMAGNETIC
IONS OF IRON, CHROMIUM, AND NICKEL

Introduction

Early in the course of this research we became in-
terested in studying a series of II-VI compounds doped with
particular transition metal iona. 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 galin some information about the positions
of the lower lying electronic energy lesvels,

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

14,15 However, as interest in the effects

or even understood.
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 speclal interest as a reference text is
the rather lengthy book by Krogerls and the more‘introduc-
tory volume to defect chemistry by Van Gool.15 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 FPe, Cr and Ni. Previous investigators have
doped transition metals in II-VI compounds in order to study

17,18,19 20

optical absorption, electron spin resonance, and

1um1nescence.21 Generally our first attempt followed pre-
viously described procedures, and then certaln procedures
were modified on a trial and error basis until the desired
transition metal concentration and distribution was achieved,

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

This places some requirements on concentration and

distribution of the impurity ilon in the crystal, We want

18 iens/c.c. in order to see the magne-

at least 1017 to 10
tic effects due to the impurity ion; a uniform distribution
éo that each impurity ion is influenced only by the slectro-
static field of the lLost crystal; and the impurity ion to
replace a an+ ion at its lattice site in the crystal,

These requirements are rather demanding because the measured

magnetic susceptibllity 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 cathedoluminescence, for
instance, where the electron beam excited luminescence cen-
ters to a depth of only 4 to 5 microns, In this case one
need only worry about the surface concentration of impurity

ionsg.

Procedure for Doping

If we want to study the magnetic properties of a par-
ticular impurity lon in the electrostatic environment of
the host crystal, then we must require that the host be free
of any other maegnetic impurities. To check 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 untll we discovered
that the crystals could be contaminated when cut or clsaved
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 18 ready to be plated with the dopant.
Thie i8 accomplished by a vacuum evaporation epparatus shown
in Pig. 11, The charts and desoriptions in the books by L.
Holland22 and J, D. Str’ongz3 aild in the cholce of filiments
and techniques to use with a glven 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 18 recommended, However, the iron alloys
with tungsten, and care must be taken gso that the evaporant
does not exceed 35% of the weight of the tungsten filament,
The evaporant 1s heated by passing a currant through the
filament, Current control is obtained by adjusting the po-
tential with a variac on a step-down transiormer 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 evaporant. For example, iron
and nickel both melt around 1500°C, and their evaporation
temperature is about the same value., (Evaporation tempera-
ture22 1s defined as the temperature at which the vapor pres-
sure of the evaporant reaches 10 microns Hg.) However,
chromium melts at around 1900°C, but its evaporation tem-
perature is 1200%. During evaporatiocn the iron and nickel
boll 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 1n the filament is in-
creased slowly until the fllament 138 red ., and then the

increase 18 even slowsr until the iron or nickel melts,
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The chromium pellet 18 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-
creaslng 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 thae 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 micron.?> Both
sldes of the crystal are plated with‘a uniform thickness
of ‘metal,

After plating, the ocrystal 1s placed in a quartz tube
which 1s closed at one end and hag been "necked-down" by
heating around the tube and then pulling it slowly apart,
as shown in Filg. 11. The constriction alds in sealling the
quartz tube after evacuation. As the crystal 1s put into
the quartz tube, any additional elements are added, The
quartz tube 18 now evacuated to less than 5 X 10"6 torr
and then sealed off by carefully heating the constriction
with a torch. The metal plated orystal is now ready for
the oven.

The crystal is heated at temperatures from 800°C to
1200°C for a period of approximately 100 hours. The tem-
perature depends upon the host crystal, and we seem to get
more oonsistent results by heating for several days. The

oven and block diagram of its temperature controller are
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shown in Fig. 12. The heating element 1s a cylinder 1 1/8n
ID x 1 3/4» 0D x 15" long, 7" of whidh 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 elament is8 placed in & 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 18 maintaining a temperature of 1000°C. the bower
input 1s less than 500 watts. Temperature 13 maintained at
a given setting by an API Model 603K SCR Driver, Compact I
Controller asgociated with an API Model 603 pyrometer, type
R with 14 accuracy calibration and a Platinum/Platinum 13%
Rhodium thermocouple.

Once the crystal has been heated the prescribgd length
of time, we quench it rapidly in a large beaker of water to‘
"freeze in" the solubllity and distribution properties of
the impurity ion characteristic of the higher temperature.
A Tapid 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 precipliltation or clus-
tering of the impurlty 1ons.1u In the cases of Fe, Cr and
N1 this clusteriﬁg 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 gquenched, they must be
etched again in an appropriate acid such as HC1l or HN03 to
remove the residual metal on the surface.

It 18 observed that one must also remove those surface
layers in which the lmpurlty ion ls so concentrated that the
onset of the exchange phencmena between the impurlty ions
18 seen as the temperature is decreased. Thls phenomena
is very easy to observe when the impurity ions have non-mag-
netic ground states as in Fe2+ and N12+. In chapter IV it
will be shown that 1f a paramagnetic ion has a nonmagnetic
ground state, its magnetic susceptibility will become con-
gtant at sufficiently low temperatures. For an example. let
us choose N12+ because the magnetic susceptibility becomes
constant at higher temperatures for it than for Fe2+.

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 wlth a decrease in temperature. Further
etching results in curve B, and careful etching 18 continued
after each magnetic susceptibility measurement until curve D
is obtained.

Now we have assumed that N12+ is the ion which gives

rise to the paramagnetic susceptibllity. Since the host

crystal was checked and found to be dlamegnetic and inde-
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pendent of temperature; and if care is taken to introduce
no other impurilties in the doping procedure, any paramag-
netic susceptibility should be due to the nickel. However,
the N1 could be either monovalent or trivalent and con-
tribute to the paramagnetic susceptliblility. If these con-

2+. & curve such as C

tributions were added to that of Nl
could result in.which the magnetic susceptibility increases
slowly with a decréase in temperature. If Nit or N13+ were
known_to be present, their contribution could be, in prin-

ciple; subtracted out in the same manner as the contribu-

tion of Gd3+ was subtracted from the measured magnetic sus-
3+

!
ceptibilities of Eu’*:YcaG.°' However, If we can obtaln

crystals which glve measured magnetic susceptibility curves
like curve D in Pig. 13, then we can strongly argue that the
measured magnetic susceptibility 1s due to N12+. Similar
arguments hold for Fezf although we shall see that 1ln the
case of Crzf. Jahn-Teller effects reduce the usefulness of
the above arguments. In this study, both Pelt and N12+ doped
crystals had a constant magnétic susceptibility at appro-
priate low_temperatures and then remained constant as the

o
temperature was decreased to as low as 1.8 K in the case of

Fe2+:ZnO.

Procedure Variations with Different Host Crystals

Although in principle the process for doping crystals
is very stralghtforward, 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 lon 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 confllcting. The possibllity of the crystal subliming
from in between the metal plating when heated in a vacuum
at too high a temperature has been unintentlionally verified
through experiment. A summary of the conditlions under which
crystals with tﬁe desired properties were obtaeined is given
in Tables 4, 5, and 6. In the cases where solld elements
were added (all of around 99.999% purity), an amount approxi-
mately equal to the mass of the host crystal was added., 1In
the case of Zn0O the quartz capsule was evacuated, and the
pure oxygen was added at an approximate pressure of 1 atmos-
phere. This additional element has a signiflicant effect
upon the impurity concentration in the host crysta13'14°15'16,
but this effect was not ilnvestigated after an acceptable cry-
stal doping was achleved. The cholce of the element to be
added was aided by the vapor pressure tables in the book by

2
A. N. Nesmeyanov 5.

Summarx

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 impurlity
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TABLE 4
Fe?* DOPED IN II-VI COMPOUNDS

Host }(!:;t)s | !(1‘8g§:. '(r;::.) Atm. - Co?;iea/tofg'ja

Zn0 65.5 1200 200 O 2.5

cds 21.1 950 120 S 11.8

Zns 51.4 950 i32 s 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

TABLE 5
cr?* DOPED IN II-VI COMPOUNDS

Host P(%gg %‘ggy. ’ffi?:,) Atn, CO?;ér%?:.g':;'a

Zns 60.8 900 26 S 0.8
cds 324.3 900 131 s 1.9

ZnSe 100.0 900 96 Se i.2

CdSe 189.4 900 96  Se 0.3

ZnTe i13.8 900 96 Zn 0.3

CdTe 98,7 900 96 cd 1.2
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TABLE 6
N12* DOPED IN II-VI COMPOUNDS

Host HMasa Temg. Time .Atm. Conc. x 1.0"18
(mg) (% (hrs.) (#N1/c.c.)
ZnS 53.5 900 ol 3 27.0
ZnSe 56.4 900 ol Se 15.4
CdSe 52.4 900 oL Se 5.0

ZnTe 68.8 900 ol Zn 18.0
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ions in a dlamagnetic host crystal was chosen for its sim-
plicity and its abillity to produce the desired crystals
(other methods are discussed in ref. 2, p. 32). With this
method Felt has been doped into the seven host crystals of

2+ ynto the

Zn0, CdS, ZnS, CdSe, ZnSe, CeTe, and ZnTe; Cr
31x host crystals of C4S, ZnS, CdSe, ZnSe, CdTe, and ZnTe;
and finally N12+ into CdSe, ZnSe, ZnTe, CdS, and ZnS. These
doped crystals were satlsfactory for the méasurement of mag-
netlc 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+ and Niz will be found to be pril-

each impurity ion. Fe
marily in the divalent state due to the constant magnetic
susceptibllity at low temperatures; however, we shall see
that this argument 1s inappropriate for Cr2+. All that can
be said about the distributlon of the impurity ions in the
host crystals 1a 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

2+

Fe IN TETRAHEDRAL SITES-—THEORY

Introduction

Our intention in this investigation is to further
studles of iron group transition metals in II-VI compounds.
Here, we are interested in Fe°" in the cubic tetrahedral
crystal fields of ZnS, CdsSe, Zn3e, 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 firet look at an ilsolated iron atom in the di-
valent state., The electronic configuration of iron is (13)2
(28)2 (2p)8 (38)2 (3p)° (30)® (45)2 or (ar) (30)6 (4s)?
where (Ar) represents the filled inner core which is 1den~
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 propertles 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 magnetlic properties,

The electrostatic repulsion of the six electrons of
b5
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the 3d shell will 1ift the degeneracy of the electronic en-
erglies and form energy levels labeled by the terms S, P, D,
F, G, etc.26 In the case of iron we need only concern our-
selves with the ground state of 5D since the next term 1is
far enough away from the ground state that it does not ef-
fect the magnetic susceptibility (approximately 20,000 cm"1
in free lon for next highest term of 3H).

Now, for our gtudies, we want the impurity ion to re-
place a positive lon of the host crystal for about every
thousand positive ions, although the =olubllity of the im-
purity ion in the host crystal 1is often much less than this.
e do not want the impurity ion in an interstitual site or
any other non-substitutional site since this would compli-
cate onr pfoblem. When the impurity ion is so placed in the
host crystal, there will be an effect upon 1ts 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
potent1a1.27'28'29 The crystal field is developed in terms
of a power serles of tesseral harmonles in explicit terms
of the charge and Ehe 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<1mpur1ty ion. Two important properties of
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thls 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,

1s better determined experimentally for each particular case,

Crystal Structure

The crystals investigated in this study have eilther the
zlncblende or wurtzite crystal structure.30 The zinchblende
structure31 may be considered as two lnterpenetrating cublc
face centered structures translated with respect to each
other by 1/4 of the body diegonal or c-axis (Fig. 14). The
wurtzite structure31 may be considered as two interpenetra-
ting hexagonal close~packed structures displayed with re-
spect to each other by 3¢/8 along the ¢ axis. These two
structures are identical out to the third nearest neighbor.
In both structures the nearest neighbors form identical tét-
rahedral units as shown in Fig. 14. Nine of the twelve next
nearest neighbors also have ldentlical locatlons, and the
other three are rotated by an angle of 60° 1n the zincblende
structure with respect to the wurtzite structure, Therefore,
slgnificant differences betwesn the two structures arise
only in the third nearest nelghbors, and this is one of the
reasons some compounds exist in both structures., 2ZnS, CdSe,
ZnSe, CdTe, and ZnTe all have the cubic tetrahedral symmetry
either in zincblende or wurtzlte structures. The tetrahed-

ral gymmetry of the negative ions surrounding the impurity
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C-axis

Figure 14, Impurity ion in zincblende structure.
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ions 18 shown 1n Fig. 14, The cases of CdS and ZnO are
basically the same with the addition of a trigonal dlstor-
tion which amounts tova stretching of the c¢crystal along thg
body diagonal or c-axis of the orystal. This 1s illustrated
in Fig. 15 where the bond length of one of the negative lons

1s 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 Bethe.29 to 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 fleld.

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-—-fleld approximation
in which the crystal fleld strength is less than the electro-
static repulsion of the electrons of the free ion. This
electrostatic interaction 1s included in the unperturbed
Hamiltonian (Ho) of the free ion. The complete Hamiltonian
can be written as

H=H,+ V, + Hg_o + V¢ + Hp, (4-1)
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n . ”
7 2 4 R 7 2 ‘
where HO = Z_)j [(/)A/Zm) {/ZI/ //)Jx)]f‘z(,a(z /)aa)
A .
(4-2)
and corresponds to the Hamlltonlan of the free lon;
.
= ¢ g° Y70 3, .3 -
Vo = X AiallY 08 f2 ]y ol v, Toi #0]
(4-3)
represents the crystal fleld term where the z-axis is along

the trigonal axis (c-axis of the orystal),

—

Hs_o = 2 L-S (4-4)
represents the spin-orbilt interaction for the case of
Russell-Saunders coupling with the radial integration in-
cluded in A ; ( A is defined as the spin-orbit coupling
parameter and 1s determined from the experimental measure-
ments);

PR O RTIACRD,
Vt = k)l £ /2‘4' ﬂ, a,¢1) 6/ 73 o 94/ rd
(L-5)
represents the trigonal distortion of the tetrahedron along
the body diagonal with the z-axis along the crystalline
c-axis; and
s} -y g d —P

Hp = =-H - =pn, (L+gS) - H# (4-6)
represents the term arising from the presence of the
magnetlic fleld. We can then with the above Hamiltonlian,
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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tions are stlll laborious, and the results generally do not
fit the experiment well. This 1s due to a variety of rea-
sons, among which are that the crystal field theory calcula-
tions have aséumed 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 susceptiblilities can be calculated by the standard
methods of Van Vleck. > Van Vleck finds that the paramag-

netioc eusceptibilit& is given quantum mechanically by

Y b K, (([W(/"n,p)] e ,/u/?’»;,'m].aﬁy (Wn»)/&7)
K w, W (— ZU?W/M)//,/& 7']

(4-7)

where a)n z degeneracy of the state,

L = molecules / mole,
and the coefficients (W's) used above are defined by expan-
silon of the perturbed energy as a power series in the mag-
netic field %22‘

E (perturbed) = wég& + wﬁ3%1?+-wg§g ?7’2 (4-8)
where wéo) = golution of unperturbed problem, (8-9)

Jm

and "’;113; = (njm] g (L+2S)y | fm) (4=10)

which is independent of fleld strength#and 1s the first
order correction to the small perturbation /B(L&ZS).

(2) _ v j 2 50" 2 -
and W'¢) = (njm |4 (L+2S)g/n' j'm) ] (4-11)
njm - njm hy(njm) - h¥(n'j'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 1895, and the subsequent theoretical
justification of lLangevin in 1905 with that of the more re-
cent.quantUm mechanics. Curle's work was orlented towards
the determination of the magnetic moment associated with a
particular sample., In quantum mechanics the magnetic moment
1s not associated wlth the entire volume but ls assoclated
with each electronic energy level. This makes the calcula-
tion of magnetic susceptibilities more cumbefsome; however,
with the application of the quantum mechanical approach,
many apparent deviations from Curie's law could be explained.
This property also makes magnetic susceptibllity 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 13 constant with the temperature change due to
its diamagnetism, the temperature dependent paramagnetism
of the impurity lon can be studied. 1In féct. 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 slmple case of Jjust two electronic
energy levels and examine the change in magnetic suscepti-
bllity as the temperature is varied. 1In Fig. 16 we see
electronic energy levels 1 and 2 which are sebarated by an

energy 4 . Iniltlally the thermal energy of the system (kT)
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Figure 16, Magnetic susceptibility from two energy levels.
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1s much greater than the energy 4 . (Assume energy of level
1 is zero.) In this case, the effect of the two levels on
the magnetic susceptibllity is to contribute a constant
magnetic moment‘ﬁ, Then in the reglon where kT 1s much
greater than A , the magnetic susceptibility % is propor-
tioned to‘ﬁz/kT; and therefore, it exhiblits Curie-like be-
havior. Next, 1f we look at the regilon where the energy
separation 4 1s much greater than the thermal energy kT, we.
wlll agaln see a Curle-like dependence of the magnetic sus-
ceptibility on the temperature. The magnetic susceptibility

18 now

Y [l [® + 2 (11pi2)/? (4-12)
“KT A

where (1%»11) 18 the diagonal matrix element of the magne-
tic moment operator, and 2;(1{P12)l /A is the temperature
independent contribution to the ground state magnetic mo-
ment which arises since there is a matflx 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 kT4 ),
the slope of the curve 1s different for the two regions when
the magnetic susceptibllity is plotted vs. the reciprocal of
the temperature. This 1s shown in Pig. 16, This property
can be very useful in determination of the position of elec-
tronic energy levels lLying near the ground state. If it

happens that the dlagonal matrix element of the magnetic
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moment operator 1s zero for the ground state, then the mag-
netic moment depends only on the factor 2[(ltp12)l%/a
which is temperature independent.

Therefore, in those cases where there ls an electronic
energy level or levels which lie close to the ground state,
and thelr separation from the ground state is greater than
the energy assoclated 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 applicatlion of this technique
will be illustrated later for the cases of Fe2+. Cr2+ and
N12+. In this work with our present magnetic susceptibillity
apparatus, we can determine the magnetic susceptibility to
such an extent that the error in determining the A value is
fO.Scm’l. and the sensitivity compares quite favorably with
the as yet sparse data3'33 available from work done in the

far infrared range (10 to 120 om~! or 1000 to SB,P) 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 fleld, and the
applied magnetic field are considered. As we have mentioned,

the 81x 34 electrons of Fez+ free ion split into a series of
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terms, the lowest of which 1s 5p as predicted from Hunds
rules.3u Since the other terms are much higher in energy,
we need only concern ourselves with the 5D ternm.

2+ 18 placed substitutionally for the posi-

When the Fe
tive ion in the host lattice (Fig. 14), it is influenced by
the crystal fleld 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 (Fig. 15). Now, as the SD term 1s subjected to the cry-
stal fleld of tetrahedral symmetry, 1t splits into tﬁo
levels '

| 5p — 5B + Or, (4-13)
as shown in Pig. 17. The energy level separation here is
commonly dernioted by 10Dq or A (not the same A as in Fig,
16). This spacing l1s usually determined from optical spec-
troscoby alone, but in this case, magnetic susceptibility
data or far infrared data 1s needed as well. In the cases
discussed here, 10Dq ranges from 2000 en~! to 3000 cm™ L,

Next, we must consider the spin-orbit interaction and
its effect on the 5E and 5T2 levels, Group theory tells
ugs that we can expect the levels to decompose under spin-

orbit 1ntera.otion37 a

szFJ=kak[’k (4-14)

where Dg is the appropriate rotation group for spin S, and

S

fg is the representation of the level under consideration.

In thia case we havse



58

A
‘T
/T
ATy Tl ”
/
/ E
5Ta_/ /
Y \ / T1
/ V' T /e
l \ \ i P
/ \\ Tz
, vT2 ”~ - I
|
39— 30!/ A €
\
\
\
O} SE Al As
L KN A]
\\\\ T2 -
W ~C E
\\\ E E
\\\ =
\\\T1 P g
\ S A2
\.A1l __ A
FREE ION  Vc(Ta) AT NG Vi
1st order 2nd order
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XE=A, + Az + E + T1 + T2 (h-15)

1
and

D2 x T2 = Al + E + 2T1 + 2T2 (4-16)

2, and we are interested in T2 and E levels.

since spin
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-

38 to de-

tual calculation, such as that of Low and Weger,
termine the precise ordering of the electronic energy levels,
It turns out that the 5T2 level is split by the first order
Bpin-orbit interaction, but the 5 level is untouched.

Here we must go to the second order spin-orbit coupling to
obtain any splitting of the JE level. Then from the actual

17,38.39 we can 1list the energy levels in their

caloulations
proper order, as shown in Fig. 17.

Next, we consider the effects of a trigonal distortion
to the cubic field. Here one can use a correlation table™?
or perfornm a multiplication similar to the one above. This
splitting is also shown in Fig., 17.

Group theory can also be used to reduce the number of
matrix elements to be'oalculated for the magnetic suscepti-
bility by indicating the matrix elements that must be zero
by symmetry considerations alone under the magnetic moment
operator;ﬁkul This is done by considering the tranaforma-
tlon properties of the magnetic moment operator which acts

as an axial vector,



60
In a tetrahedral field the magnetic moment operator}ﬁ'can
be represented in group theoretical notation by T;. By
taking the product of appropriate rotation groups repre-
sentlng;ﬁ and the electronic energy levels in question

(described by Bethe;27 Low.35 and Tinkham41

), we find that
:ﬁ is isotroplc, all the electronic energy levels are con-
nected, and the magnetic susceptibility (%) 1s also iso-
troplc.

When a frlgonal distortion 18 consildered, the symmetry
changes from Td to CB' and the crystal 1s no longer isotropic.
A z-axls is defined along the body dlagonal (Flg. 15) or the
crystalline oc-axis. The bond length b 18 no longer the
same as the other three. The ilons numbered 1, 2, and 3 form
the x-y plane which 1s isotropic.

If we apply 2 magnetic field along the z-axis, the mag-
netic susceptlblllty parallel to this z-axis can be measured
(754). A, now represents the magnetlc moment operator/uz.
and we find that the ground state is only connected through
Py to the A4 levels (Pig. 18), If the magnetic field is ap-
plied perpendicular to the z-axis (in the x-y plane). the
magnetic susceptibllity perpendicular to the z-axis can be
measured (Z,_). The magnetic moment operator )‘x,y is re~
presented by E, and we find that the ground state is only
connected to the E levels through the Operator’PI'y. There-
fore, the distortion which removes the 1sotropic nature of

the crystalline symmetry leads to an anisotroplc magnetic
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susceptibility. This anisotropic magnetic susceptibility
is labeled 'Z,, or% depending upon the axis cf measurement,
We see in the case ofjﬁvthat only the ground state Aq
{(nonmagnetic) and the upper AZ levels contribute to the
magnetic susceptibility. In the case of jélthe ground
state_A1 level and the upper E levels contribute to the
magnetic susceptibility. Therefore, since along either
axls we hHave 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
81 and 32. as shown in Pig. 18, we can obtaln some infor-

mation concerning the strength of the trigonal crystal field

as seen by 1ts effect onthe impurity ion.

Summary of Paramagnetic Susceptibility Calculations

+
for Fez in Tetrahedral Field

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.35
and these have been extended recently by Slack, et al.3
The calculations of the electronic energy levels and the
subsequent paramagnetic susceptibility calculation (for the

case of cublc tetrahedral symmetry which is reported here)

were done by William H. Brumage of Loulsliana Polytechnic
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Institute, and they follow the methods feported in previous
.publications.u'39'b° The calculations all show that the
second order spin-orbit splitting causee a uniform separa-
tion of the 5E level into five componsnts a parameter K
apart (Fig. 5) where X = 67?[0. This parameter K is to be
determined- from the paramagnetic susceptibility measurements,
The résults of the Brumage calculations are shown in Table 7,
These results are 118ted 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~l,

Once the paramagnetic susceptlbillties have been calcu-
lated, we will want to plot a graph showing the results at
a glance, and the most direct way 1s to plot the paramag-
netic susceptibility sz. the temperature T in %K, This
has been done, and the results are shown in Flg. 19, Note
that it is only ét 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 whére the susceptibllity mea-
surements are most difficult. At temperatures higher than
20°%K the paramagnetic susceptlbiilty 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 Zsz. 1/T where T is again in degrees
Kelvin. This particular method is shown in Flg. 20 and is

quite useful because here we see the Curie behavior at high
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TABLE 7
CALCULATED MAGNETIC SUSCEPTIBILITY POR
Pe2* IN CUBIC CRYSTAL FIELD

% x 100 cgs=-amu/mole

(gx) xifg3 =11, =13. =
1 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
b. 2500 40,73 36.90 3364
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
ko 25.0 8.40 8.37 8.45
50 20.0 6.74 6.73 6.72
100 i0.0 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 i.12 1.12
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Table 7 (continued)

% x 100 cgs-emu/mole

(%x) 103 A G i
1 1000.0 31.05 28. 57 26,145
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 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 18,33 8.29 8i25
50 20.0 6.71 6.69 6.67
100 10.0 3.37 3.37 3.37
200 5.0 1,68 1.68 1.68
250 k.o 1.34 1.34 1.34

300 3.3 1.12 1.12 1.12
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Figure 19, Calculated }:M vs. T (Fe*),
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temperaturss {(above 299K) and then the gradual turn to a new
slope at lower temperatures. In the case of Fe?t with its
81x 34 electrons in a tetrahedral crystal field, the ground
gtate 1s non-degenefate resulting in a zero magnetic moment,
and there 18 only the constant paramagnetism due to pertur-
bations of the upper levels. Therefore, the low tempera-
ture component of the magnetic susceptibility becdmes con-
stant with 1ower temperatures as expected, and the curve
- becomes flat earlier (at higher temperatures) as the value
of X 1s increased. This method 1a used for the prelimi-
nary analysis of the experimental data, Also ﬁhe approxi-
mate concentration of the impurity ions in fhe host corystal
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 (R) of 2{ ﬁxperimentaa/ .
:25 ﬁalculated glves the fraction of the sxpected paramag-
netlc susceptibility from one mole of Fez+ iohs ln“a tetra-
hedral crystal field that was sctually measured, The con-
version of this ratio (R) to the number of Fez+ ions per cu-
bic centimeter, the molar fraction, and the mole fraction is
illustrated in the next chapter. Due to the Curie~like
linearity of the mégnetic susceptibility ét high tempera-
tures, the soale in Fig. 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 1mpurity,concentration.

There 18 yet a third useful way to present the tempera-
ture depéndent paramagnetic susceptibility. As demonstrated
in Pig. 21, the wvalues of QZ-T can be plotted against T,

In this presentation the curves for all values of K will go
through the'orlgin (T = OOK), and near the origin the curves
will be linear. This method will prove most useful for the
case of Fe2+:Zn0 where data was taken to temperatures as

low as 1.8%K. At high temperatures (greater than 30° to
v40°K) the Qﬁ-T values become constant with increasing T and
are the same fof all values of the parameter K. This allows
us to scale the experimental curve to the theoretical curves
at high temperatures. After this 1s completed, the experi-
mental values can be plotted in the low temperature region
and matched to one of the theoretlcal curves associated with
a particular K value. The experimental data i1s plotted by
all three methods and compared to the theoretical curves to
check the conslstency of the experimental values.

It should be pointed out that the measured magnétlc
susceptibility is the sum of the paramagnetic susceptibility
of the impurity ion, the diamagnetic susceptibility of the
host orystal, and the dlamagnetic susceptibility of the
small quartz holder containing the sample., Remember that
1t is the magnetic susceptibility curve shape which allows
us to determine thé position of the electronic energy levels,

Noting also that the value of the paramagnetlic susceptibility
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is the same for all cholces of K at room temperatures, and
that we can use the spring calibration to determine the
change 1in paramagnetic susceptibility from the room tempera-
ture value, we are not required to determine the absolute
diamagnetic contribution to the magnetic susceptibility
reading. The dlamagnetic contributions are constant with
temperature changes; and therefore, they can be lgnored.
This situation allows us to be concerned with only the
’chénges in paramagnetic susceptibility which is the physi-

cal_pheﬁoména of interest here.

Summary of Faramagnetic Susceptibility Calculations

for Fez+ in Tetrahedral Fleld

with a Trigonal Distortion

The paramagnetic susceptibility calculations for Fe2+
in a cublc crystal field have been extended by W. H. Brumage
and C, F, Dorman to include the effects of a trigonal dis-
tortion, The effects of the trigonal distortion are shown
in Flg. 17 and Fig, 18. By measuring the magnetic suscep-
tibllity as a function of temperature with the z-axis para-
llel to the magnetic field ()@) and then wlth the z-axis per-
pendicular to the magnetic field ():J; we expect to determine
the parameters 84 and 8, of Fig. 18.

If we can determine the values of 84 and &,, we can
also expect to determine the value of K. The parameters )L
and 4 can also be determined if the value of E is avallable

from optical spectroscopy. The trigonal case is more



72
complicated than the cubic case, and a larger portion of
the work is done by the computor. The best fit for our
measured magnetic susceptibiiity curves 18 given in Table 8,

T'ne measured values will be discussed in the next chapter.
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TABLE 8
CALCULATED MAGNETIC SUSCEPTIBILITY OF Fect IN
CUBIC CRYSTAL PIELD WITH TRIGONAL DTSTORTION

Go M Kma S
1 1000.0 94,83 22,37
2 500.0 94,25 22.37
3 333.3 90.89 22,39
4 250.0 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
S 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
4o 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
Fe%* IN 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 c¢crystal, and then the
calculation of the paramagnetic susceptibility arising from
the electronic energy levels. Let us now consider how this
model 1is verified Sy experiment,

In the energy level dlagram of Fig.‘17, the energy
levels are calculated in terms of two major parameters.

The first 1s A or 10Dg which gives somebindicatlon of the
strength of the electrostatic field of the host orystal and
is usually determined from optical absorption experiments.
The second parameter 18 K which denotes the splitting of 5E
into five‘equally spaced levels, Now, when these parameters
are to be measurgd experimentally, problems immediately
arise.

The first problem is that A or 10Dq 1s not directly
determined from the optical absorption experiments., What
can be found are the optically allowed transitions from the

74
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ground state A, (°E) to the various levels of the 5T2 mul-

tiplit. The strongest line which is observed is the ab-
sorption labeled E in Flg. 17. From the theoretical cal-

culations, it is found that

E=A+ 3)+ 3K/5+ bK (5-1)
or  E=4+ 33+ 138)/sa (5-2)
since K = 6 N2/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 determlined
from magnetic susceptibillty data, but the value of the
spin-orbit coupling parameter cannot be determined without
the value of A . This 18 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 compleament the mag-
netic susceptibility data. The value of E is available
from the pﬁblications of Slack, Ham, and Chrenkouu ahd of
Baranowski, Allen, and Pearson18 for CdS, ZnS, ZnSe, CdTe,
and ZnTe. The value of CdSe can be estimated by comparing
the lattice pérameter of CdSe to a graph on page 630 of ref,
13, No value of E has been measured, to our knowledge, for
the case of Fez+:ZnO,

Once the values of E and K have been experimentally

determined, values of A and A can be calculated from the

following:
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Y

A '=f1g2 (-3 -f_z_%g -101.4 7 (5-4)
and then

A = 6A%K. (5-5)
Equatioh (5-4) was found by combining equations (5-2) and
(5-3).

As mentloned before, the value of K can also be deter-
mined from optical absorption and luminescence in the far
anf‘raLrecl.3'33'““""5 These results are avallable for ZnS
and CdTe and compare favorably with the value of K as de-
termined from magnetic susceptibllity. PFar infrared data
for the other five iron-doped crystals is not, to our know-

ledge, avallable at this writing.

2+

Fe  in Tetrahedral Crystal Fleld

Again the magnetic susceptibility 1s measured as a
function of temperature, and then the results are compared
to the theoretical curves of Fig. 20, This procedure is
followed for the case of F92+:ZnS and the results are shown
in Table 9 and Filg. 22. The parameter'K 18 determined to be

15.0 ¥ 0.5 cm'1

» and the concentration is found to be 23.7
X 1018 Fe2+ per cubic centimeter by comparing the Curie part
of the experimental magnetic susceptibility curve to the
theoretical value. The;Z’M reported in the tables is the
paramagnetic susceptibility per mole of impurit& ioh.

The measured magnetic susceptibility for Pe<t;znSe

is given in Table 10 and Fig. 23; for Fez*:CdSe in Table 11
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TABLE 9
MEASURED MAGNETIC SUSCEPTIBILITY OF Fe?*.7ns

m = 51,4 mg (our crystal) m = 37.5 mg (Schneider)
c = 24 x 1018 Pe/e.o. c = 254 x 1018 pesa.o0.
. e X ox 10° T 17, X x 10°
(%K) x 107 (emu/gram) (°K) x 107 (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 b.53
31.6 31.6 29.80 25.6 39.1 6.71
26.7 36.5 33.81 22,5 i 4 7.52
23.7 k2,2 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 corystals from different sources 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.



78

s 4 146
| 8
16.0
30
..
O
- Q
X
20
S
i Fe2* - Zn s
10'-"
T—
i 17T x 103
o 1] { 1 L 1 ] 1 1 1 _ 1 i
(0] i00 200

Pigure 22, Measured magnetic susceptibility curve for
Fe2%:7nS.



79
TABLE 10
MEASURED MAGNETIC SUSCEPTIBILITY OF Fel*:2nSe

m = 69,7 ng
C=2,5x 1018 Fe/c.c.
T /7. Xx 109 T /v, Xx 10°
(9K) x 103 (emu/gram) (°K) x 103 (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 11 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 L 106.4 154.2
25.6 39.1  66.61 .2 238.1 217.5
24,1 41.5 68,22
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and Fig. 24; for Fe°':znTe in Table 12 and Fig. 25; for
Fe2+:CdTe in Table 13 and Pig, 26, The determined values
of X and the concentrations are 11.8 1 0.5 cn~! and 2,5 x
1018 Fe/c.c. for Fe2*:znse; 11.5 ¥ 0.5 cm™t and 2.5 x 10°
Fe/c.c. for Fet.cdse; 15.6 1 0.5 em~! and 7.6 x 1018 Fe/c.c,
for Fe?*.znTe; and 18.0 ¥ 0.5 en~! and 6.8 x 10!8 pe/c.c,
for Fet.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 were made at this tem-
perature over a perlod'of time., The value reported was re-
producable bver many measurements; howevel, in cases where
there was.doubt. two values were reported. The overall
1

accuracy ln determining the value of K is less than : 0.5 em™

in most cases.

Fe?* in a Tetranedral 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 }f”and:X;dirfer only at
very low temperatures. Therefore, the magnetic susceptibi-
lity curves for the tetrahedral case can be used to determine
the values of 54 and 82. The measured magnetic susceptibi-

| 1ity curves are givén for Fe2+:CdS in Fig. 27 and Tables
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TABLE 11
MEASURED MAGNETIC SUSCEPTIBILITY OF Fel+:CdSe

m= 74.3 ng
. C=2,5x 1018 Fe/c.c.

T i/r. Xz 10 7 v, X x 107
(OK) x 107 (emu/gram) (°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 i7.7 32,23 12,7 78.8 125,2
h2.1 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 b42.9 75.74 b,2 238.1  222.9
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Flgure 24, Measured magnetlc susceptibility curve for
Pe2*;CdSe,
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TABLE 12
MEASURED MAGNETIC SUSCEPTIBILITY OF Pe2*:7nTe

m= 69,8 ng
¢ =7.6 x 1018 Fe/c.c.
B /T, X x 108 T 1/, X x 108
x 10 (emu/gram) (°K) x 10 (emu/gram)
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 b5,12
27.1 36.9 19,18 b,2 238.1 50.28
23.8 42,0 22.08 4,2 238.1 51.25%

21.8 4s,9 23.04
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TABLE 13
MEASURED MAGNETIC SUSCEPTIBILITY OF Pel+:CdTe

m= 40,7 mg
¢ =6.8 x 1018 resc.c.
T 17, Xx 108 T 177, X x 10°
(%K) x 107 (emu/gram) (9K) x 10° (emu/gram)
295.0 3.4 1.63 26.3 38.0 '17.18
?77.0 13.0 6.19 20.5 L8.8 21.19
72.0 i3.9 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 L,2 238.1 39.24

26.7 37.5 17.18
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14 and 15.

For both Pe2*:CdS and Fe2*:ZnS we were fortunate to
have orystals from Dr. Jurgen Schneider of the Physical
Institute, Unlversity of Frelburg, Germany. These orystals
gave the same magnetic susceptibility curves as those orys-
tals doped in our laboratory. The results for the Sohneider’
orystals are recorded in Tables 9 amd 15. |

Zn0 has a very large trigonal distortion, and its effect
on the electronic energy levels is such that a different mag-
netic suéceptibllity caloulation must be made. The theore-
tical parameters are then varied to fit the measured ﬁag-
netic susceptibility which is shown in Pig. 28 and Fig. 29.
These measurements are recorded in Tables 16 and 17. From
the magnetic susceptibility measurements it is found that
8, = 7.8 co~! and 83 = 17.6 ow~! for Fe2*:zn0. The dif-
ference between 83 and 8, is much larger for Pe2*:Zn0 than
for Fe?*:cds where 8y = 14,3 on~! and 5, = 16.0 em~l, a
summary of these measursments in the cublic crystal field is
compiled in Table 19. The spin-orbit parameter )bis deter-
mined as desoribed on page 76. The ratio7\ZKﬁindioates
the reduction of \. (free lon value Ae= -103 om~l) when the
impurity ion is subjected to the crystal field. The para-
meter Dq is A /10 of Fig. 17, and 84 and 8, are shown in
Pig. 18,
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TABLE 14

MEASURED MAGNETIC SUSCEPTIBILITY OF Fe<t:Cds

m= 22,1 mg (our crystal)
C = 11,8 x 1018 resc.o.

T i1, Xz
(%K) x 107 (emu/gram)
296.0 3.4 1.11

86.3 11,6 5.54
69.6 14,4 6.13
45.7 21.9 10.04
b, 1 22.7 10.32
32.1 31.2 14,47
28,6 35.0 16.68
27.3 36,6 15.99
24,7 4o.5 17.37
22.4 44,6 19.02

T 1/1, X x 168
(%K) x 107 (emu/gram)
19.9 50.3 21,50
18.5 54,1 22,88
16.4 61.0 24,81
16.4 61.0 25.50
12,3 81.3 28.80
11.1 90.1 31,98
9.9 101.0 35.70
7.3 137.0 39.00
6.2  160.0  540.38
h,2 238.1 43,28

% All )( values reported are for )CL
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TABLE 15
MEASURED MAGNETIC SUSCEPTIBILITY OF Fe2*:cCds

m = 97.0 mg (Schneider)

C = 254 x 1018 Fe/c.c.

17, Xjx 106

T /7, Xx 10°
(°K) x 103 (emu/gram)
296.0 3.4 0.61
68.6 14,6 2.68
35.5 28.2 5.04
24,9 40,2 6.98
22,8 43.9 7.52
22.3 by, 7 7.57
20.9 47.9 7.95
16.1 62.1 9.88
15.0 66.7 10.31
14.5 69.0 10.58

T

(°K) x 103 (emu/gram)
1i2.8 78.1 11,44
12.1 82,6 ' 11.50
10.6 94,3 13.00
10.2 98.% 13,54
4,2 238.1 16.38

7 /v, Xjx 106
(%K) x 103 (emu/gram)
4,2 238.16 18,37

* All X values reported are for X_L except for the

last entry which is for X” . Higher Pe2* concentration

in the Schneider crystal allows one to measure X | end

X“ at 4,29 and find a measurabie difference.
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TABLE 16
MEASURED MAGNETIC SUSCEPTIBILITY OF Pe2':zno ()Qp

m= 655 ng
C = 2.5 x 1018 Fe/c.c.
(gK) xligB (2&&7312:) (gK) xl{gB (2E&§g;23)
298.0 3.4 0.64 11.90 8l 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 L.20 238 bs.66
19.8 50.5 11.76 b,12 243 bs5,66
18.8 53.2 12,41 3.42 292 48.88
17.5 57.1 13.16 3.40 294 48,88
16.6 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




95
TABLE 17

MEASURED MAGNETIC SUSCEPTIBILITY OF Pe?*:zn0 (X))

m = 65.5 mg
¢ =2.5x 108 rese.c.
(gx) xl{g3 (éggﬁgigi)
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 7.4 741
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




CONCENTRATIONE OF Pe
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TABLE 18

2+ 1N HOST CRYSTALS

Host l(laas B 5. # Feﬁeo. # Pe / wt, Fe/
ng) x 10 x 10 #xnggg “i gggt
Zno 65.5 3.0 2.5 63 2
cds 21,1 2.7 6.1 . 330 3
ZnS 51.4 16.0 14,0 530 9
cdse 7.3 3.0 2.5 140 9 |
ZnSe 69.7 3.0 2.5 110 1
cdTe 40,7 8.0 6.8 40 2
ZnTe 69.8 9.0 7.6 390 3
cas (s) 97.0 300.0 254,0 12,670 115
zns (S) 37.5  300.0 254.0 10,050 172

# Pe / # Bost = R-(Lo/H.W.)pg (LOZH.V.)gLe

R = a8 Yy

# Fe/@;ﬁe R'(LWH.HO)F@

wt. Pe / wt. Host = B-(H.W.)pe (M.W. ),
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TABLE 19 .
SUMMARY OF EXPERIMENTAL RESULTS FOR Pe?*

et KRR OREL @y MM Gy
Zns 2947 15.0 -88.6 0.86 314
CdTe 2282 18.0 -85.8  0.83 245
zZnTe 2486 15.6 -84,3 0.82 273
cdSe 2500% 11.5 <71.%  0.69 268
ZnSe 2738 11.8 -75.6 0,73 291

Host E(opt.)  K(X A A o 8 g
(ocm-1) (cm'l) (cm~1) (ch-1)  (ca=1)
cds 2550 15.0 -82.6 0.80 14,3 16.0
7n0 3000% 17.4 -95.0 0.92 7.8 17.6
#egtimated

##% (One can do a more refined analysis which changes the
crystal fleld parameters, but not the energy levels. This
18 an example of the magnetic susceptibility accurately de-
termining the energy levels while rather 1nseh81t1ve to ex-
act model, although crystal field parameters vary consider-
ably. Refined analyses give A = -99, -99, -96, -81, -85,
-93, and ~-100 for ZnS through ZnO, respectively.



CHAPTER VI
cr?t IN TETRAREDRAL SITES

Introduction

The electronic structure of chromium. another of the
iron~group tranéitlon metals, 1s given by (Ar)(3d)5(us)1.
In the divalent state the atom loses two outer electrons
leaving (ar)(3d)*. Like the case of Fe’® in Chapter 1V, 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.predlct
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

2+ is 5D as it was in Fez*. A tetrahedral crystal

state of Cr
fleld will split the 5D ground stete into E and °T, levels,
except now the_STz level lies lower than the 5E. The 5T2
level 18 split by first order spin~orbit perturbation, and
both 5E and 5T2 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 magnétio suB8=
ceptibllities, as used for Fez+. would yield the positions
of the electronic energy levels of the 5T2 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 magnetlic susceptibility
measurements on Cr2+ doped ZnS, CdS, ZnSe, CdSe, ZnTe, and
CdTe seem to agree with previous measurements using electron

spin resonance ¥+ 4748, 49

and optical spectroscopy; that
crystal field theory alone does not predict the electronic

energy levels found from experiment,

Jahn-Taller Effect

The phenomena‘ihich must be considered in order to ex-
plain the experimental results 18 known as the Jahn-Teller
effect, which may be derined51 as ths intrinsic 1nstability
of an electronically degenerate complex against nuclear dis-
tortions that remove the degeneracy. This does not apply to
degeneracles arising from an odd number of slectrons and des-
cribed by Kramers! theorem.52 Although the phenomena was
first predicted in 1937.53 Sturgesl points out that the first
unambiguous evidence for its exlstence was reported by Bleaney
and Bowers5u in 1952. A review of Jahn-Teller effects in so-
lids is given by Sturge51 in the "Solid State Physics" series
which includes results up to 1966-1967.

The Jahn-Teller effect was not considered in megnetic
susceptibility studies of Pe?* in tetrahedral II-VI compounds
because the optical spectral**¥+¥5 yndicated that the Jahn-
Teller effects are confined to the 5T2 level, and the effects
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on the 5E level are small if at all. The magnetic suscepti-

2+ confirm that the

bility measurements reported above for Fe
experimental déta can be explained without the inclusion of
Jahn-Teller effects in the theory of the 5E manifold, Elec-
tron spin resonance data are not avallable for Fez+ in tet-

2+

rahedral sites because the ground state of the Fe ion in

this case is nonmagnetioc. |

For the case of Cr2* in a tetrahedral site, the Jahn-
Teller effect plays a significant role, as we have mentlioned.
This system was first studied by Morigaki and by Estle , et
8l in 1963, Both performed electron spin resbnance experi-
mente on C:rz"':t’:ds.l"é'w'l"8 and Estle, et al also studied
cr2*.znse*® 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 cholces differed.
Morigaki attributed his results to a distortion of trigonal
C3v symmetry._.Egtle. et al interpreted their results in
terms of a tetragonal Déd distortion. Sturge in his review51
points out arguments which favor a distortion of tetragonal
symmetry to 11ft the degemeracy of the °T, state. This sit-
uation 1s lllustrated in Pig. 3i. Note that after the tetra-
hedral crystal fleld is considered, the next perturbation 1is
the reduction of symmetry at the impurity site to the tetra-
gonal Dog. fhen spin-orbit interactlion is considered, énd

one muat go to the secend order to split the 5E and 552

states, Under second order spin-orbit splitting the 5B2
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state goes to Ay, Ay, E, and By states. The Ay and A,

48 are degenerate within this approcximation;

ground states
therefore, we cannot expect the magnetic susceptibility to
become constant at rather low temperatures if this model 1is
correct.

A recent paper by Vallin, Slack, and Robertsso also
supports the cholce of a tetragonal distortion éince their
data of the optlcal absorption in the far infrared (2 em~}
to 120 cm‘l) does not detect the optical transitions predic-
ted by Morigaki's cholce of the trigonal ch distortion.
Theirvmeasurements included only Cr2+:ZnSe in the paper, but
a report at the March, 1970 Americgn Physical Society meet-
ing55 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 Fez*. the general features of the resulting pars-
magnetic sugdeptibility curves are similar for all of the
chromium doped host orystals. However, quantitative features
such as the 5E to 5B2 splitting and the Ay, Ap to E splitting
in Pig. 31 can be determined by careful measurements on each
doped crystal. Although the theoretical calculation of para-
magnetic susceptibility of Cr2+ in a tetrahedral site under-
going Jahn-Teller distortion has not yet been done, this pro-

blem is now being considered by Dr. C. F. Dorman at the
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Oklahoma College of Liberal Arts in Chickasha, Oklahoma.

If we assume the electronic energy level splittings
shown in Fig. 31 (with Jahn-Teller effect), we expect to
determine the SE - 5B2 and Aje Ap - E splittings mentioned
above, The 5 - 552 spllfting we expect to be approximately
100 em"! to 300 cm"l. No optical data 1s available here
because absorption data 1h this range would be masked by
thermal vibrations of the host crystal. The Ay Ay - E
splitting has been measured by Vallin, Slack, and Roberts>°
and found to be 7.43 cm™!. |

The measured paramagnetié susceptibility curves for
Cr2*.0ds and Cr2*:znS are given in Fig. 32 and Fig. 33,

respestively., We should expect to see both the 5E - 5B2.
splitting and the Ay, A, - E splitting. As we can see in

5

Plgs, 32 and 33, the “E -532 splitting does show up as the

bend in the susceptibility at approximately 40°K. Since the

1 » We expect

Ay, A, - E splitting has been found to be 7.4 em”
another bend or change in slope at 4°K or lesa. Experimenta-
tion is now beilng extended to lower temperatures as we have

2+eZnO. The paramagnetic susceptibl-

done in the case of Fe
11ty measurements then can qualltatively determine the JE -
532 splitting as well as the Ay, Ap - 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.1 This method is

remarkably accurate for this purposse, but it does not predict
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TABLE 20
MEASURED MAGNETIC SUSCEPTIBILITY OF

Ccr2+:zns and Cz'z'.':CdS

cr*zns
m = 60.8 ng
C=0,8x 10" Cr/ec.o.
(gx) x1{§3 (133‘3-1)
| 298;0 3.5 0.00
77.3  13.0 0.37
59.3  16.9 0.51
54.5 18.3 0.58
48,2 20,7 0.67
43.0  23.3 0.72
38.7 25.8 0.83
34,2 29.2 - 0.88
28.7 3.8 1.02
24,8  40.3 1.05
21,2 k7.2 1.25
17.1 58.5 1.52
12.3  81.3 1.90
b,2 238.1 3.67

cr?t.cds
m = 324,.3 mg
C=1,9x 1018 Cr/c.c.
(Ex) 21433 (iéfa-z)
298.0 3.4 10,00
99.0 10.1 0.32
77.3 13.0 0.64
59.7 16.8 0.80
40,1 2b.9 1.16
339 29.5 1.24
29.3 3.1 1.36
22.8 43.9 i.49
17.9 55.9 1.64
15.1 66.3 1.66
11.9 8.0 1,74
9.5  105.3 1.91
8.1  123.5 2.01
B2  238.1 2,82
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~ TABLE 21
MEASURED MAGNETIC SUSCEPTIBILITY OF
cr2*;2nSe and Cr2+:cdse

Cré*;znse cr2*;case
m = 100.0 mg m = 189.4 mg
C=1,2%x 41018 Cr/e.0. C=0,3x 1018 Cr/o.0,
1§§> 11433 (é%igzil (gx) x1£33 (Eg-g,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 bh,3 22,6 0,42
0.4 26,7 1.0 31,5 31,8 0.65
36.3 27.5 1.15 28,2 135.5 0.70
33.1 33.3  1.24 23,6  s2.b 0.80
27.6 36.2  1.87 20.2  49.5 1.05
25.7  38.9  1.66 14,7 68,0 1.50
23.3 b2.9  1.80 13.0  76.9 1.65
21.2 b7.2  2.18 11,6 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 14b,9 2,95

1&.2 238-1 3030
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TABLE 22

MEASURED MAGNETIC SUSCEPTIBILITY OP

Cr2+;ZnTe and Cr2+:CdTe

Crz*aZnTé | cre*cdre
ns 113.8 ng me= 98,7 mg
C=0.,3%x 1018 Gr/c.0. Cmi,22x 1018 Cr/c.0.
(gx) 11433 (mﬁg-n By xi{gi’ (mA-g-n'
1298.0 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 b, 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
b2  238.1 2,35 3.3 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
B,2 238.1 5.10
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TABLE 23

CONCENTRATIONS OF Cr2+ IN HOST CRYSTALS

Host Mass R 6 # Cr/e,c. #Cr / wt. Cr/
(mg) . x 10 x 10-18 # Hosg wt, Hogt
x 10 x 10
ZnS 60.8 9.6 0.8 32 5.1
Cds 324,.3 23.0 i.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 i.2 78 3.2
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or explain the changes in the paramagnetic susceptibility

curve at low temperatures.,



CHAPTER VII
Ni2* IN TETRAHEDRAL SITES

Introduction

Nickel 18 another of the iron.group transition metals,
and 1ts electronic structure is given by (Ar)(Bd)B(bs)z.
In the divalent state the outer two %8 electrons are host,
and we need consider only the magnetic phenomena arising
from the elght 3d electrons. As previously described,*2:56
crystal field theory predicts the gplittings of the elec-
tronic energy levels are shown in FPig. 3%. We note at this
‘point that the ground state is nonmagnetic 28 in the case of
Fe2+. but here the lower energy level separations are a
function of the spin orbit coupling parameter A rather than
K as in Fez+. Therefors, the determination of the spin-or-
bit coupling parameter | from the measursd magnetic suscep-
tibility is more direct than in the case of Fez+.

In the calculation of the positions of the eleotronic
energy levels using crystal fileld theory, the mizing of the
3

3P free~ion level with the lower “F level must be considered.
The 3F ievels are then split by crystal field theory, and
the energy level gaparation 18 given ag a function of the
crystal fleld parameter A or 10Dg. Next the levels are
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Energy levels of Ni2* in cubic crystal field.
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split by firat order spin-orbit interaction. In previous

studies of N12+ in Zno,b2 CdS.uz and ZnS56 it was found

1. and -150 em~! respectively,

that A was -175 cm™%, -170 cm”
The value of the parameters // pp and A as determined from op-
tical spectroscopy were approximately 3880 en~! and 4440 cm-l
respectively. Thease magnetic susceptibility measurements
have been extended to include N12+ in CdSe, ZnSe, and ZnTe,
The calculated magnetic susceptibility as a function

of the parameter T(°K) and A (cm‘l) is showm in Fig. 35.

The method of calculation has been reported previously42'56
and 1s similar to the approach described for Fe2+ in an
earlier chapter.
Magnetic Susceptibillity Measurements
The measured paramagnetic susceptibilities of N12+ in

CdSe, ZnSe, and ZnTe are given in Table 24. The procedure
was exactly as we have described for Pez+ in various host
crystals., In the preliminary measurements, data was taken
down to 10°K. When &1l 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 ™. Thig was unexpected because the

value of A = -175, =170, and -150 for ZnO, CdS, and ZnS
respectively.

Qur first thought was that the doping was somehow the

cause of our prodblem. Therefore, N12+ was doped into ZnS
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TABLE 24
MEASURED MAGNBTIC SUSCEPTIBILITY OF
N12*;case, N12*:2nSe, and N12*:znTe

o
¢ =35.0x 1018 G mishri0l® & aE3x 1018
Ni/o.c. : Ni/c.c. Ni/o.c.
T Ad T ad T ad
(°K) LS-H=-1 (°K) LS-H-1 (°K) LS-H-1
298.0 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 b6,7 0.80
47,9 1.55 68.2 3,60 39.9 0.95
Iy, 0 1.68 59.2 4,25 3.5 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 32,9 6.07 24,3 1.80
26.1 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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Figure 35. Calculated XH va., 1/T (N12+),
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and then the magnetic susceptibility measured as a check on
the doping procedurea. It was found that the magnetic suse
ceptiblility measurements gave )\z -150 cm‘l a8 before, Then
we doped Ni%* into a new set of host orystals. 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 susceptiblility curves again indicated a
spin-orbit coupling parameter of =60 em~1,

At this point our experiments seem to be self-consis-
tent, and the procedures of deing the cryatals and measur-
ing the magnetic susceptibility glve previous results when
N12* i1s doped into ZnS. Rowever, the spin-orbit coupling
parameter for ZnSe, CdSe and ZnTs seems to be approximately
one~half the value of )kin Zn0, CdS and ZnS wnich in turn is
approximately one-hal? the free-ion value of A= <340 om~1,

Dr. Jurgen Schneider of the University of Freiburg in
Germany is interested in doing infrared spectroscopy mea-
surements on these crystals. 4We hope that future measure-
ments will lend evidence to support or deny the unusually
low sSpin-orbit coupling parameter which our magnetic suscepe-
tibility memsurements indicate for Ni12* in the selenides
and tellurides., Conoentrations of the Ni2% ion in the host

crystals as determined from magnetic susceptibility measure-

ments are given in Table 25,
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TABLE 25
CONCENTRATIONS OF Ni2+ IN HOST CRYSTALS

Host Mass R # NY/c,0. # Ny / wt, N1 /
(mg) z 105 x 10-18" # Hos wt. Hgst
x 10 x 10
ZnS 53.5 29.6 272.0 1067 17.8
ZnSe 56.4 16.9 15.4 684 6.9
CdSe 52,4 5.5 5.0 267 1.7

ZnTe 59.5 4,7 4.3 231 1.4
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CONCLUSIONS

The sensitivity of a FParaday balance has been improved
by more than an order of magnitude, and 1ts range of magnetio
susceptibility measurements has been extended to temperatures
lower than 1,8°K. The Paraday balance was then applied to
the study of transition metal ions in II-VI compounds in 16
different cases.

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

Magnetlc susceptibllity measursments 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 15,0 om‘l, 18.0 om'l. 15.6 em~1,

- 2+
1. and 11.8 cm 1 for Fe :2nS, Fez+erTe, Fez+:ZnTe,

2+

11.5 cm
Fe2+:CdSe. and Fe” :ZnSe, respectively. CdS and Zn0O host
crystals possess a trigonal distortion, and 8%, 8, are found
to be 14,3, 16,0 oz-! end 7.8, 17.6 om~! for Fe?*:Cds and
Fe2+:ZnO. respectively.

The magnetic susceptibility data for the Cr2* doped
I1-VI compounda seems to support the eleoctronic energy level

acheme predicted by considering a Jahn-Teller distortion
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which reduces the symmetry of the lattice site to Dpy. Al-
though the calculated magnetic susceptibility 1s not avail-
able at this writing, the gqualitative features are very en-
couraging and experimentation 1s in progress to detect
lower levels by magnetic susceptibility measurements at
tempearatures less than b, 2%,

2+

The magnetic susceptibility measurements for Nt doped

crystals were expected'to be very straightforward. Indeed,

2+ ions, and the results were

the crystals were doped with N1
consistent for three complete series of doped crystals.
When the measured magnetic susseptibility was fit to the
theoretical ourves; however, it was found that the spin-
orbit parameter was approximately -60 cm~l, This was unex-

pected since the spin-orbit parameter for N12+:ZnS is -150

em™} which, in turn, ls approximately one-half the free ion
value of -340 cm‘l. Therefore, optical absorption experi-
ments are now being conducted by Dr. Jirgen Schneider to
confirm or deny these unusual values for A.

Magnetic susceptibllity studies of transitlion metal
ions in II-VI compounds hmve proven to be gqulte frultful

and have obtained information difficult to obtain from

elther electron spin resonance or far infrared spectroscopy.
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