CHAPTER I1I

METHOD OF THE EXPERIMENT

2.1 The Method for Measuring the Susceptibility

The magnetic susceptibility ef.many materials can be measured
indirectly through the change in fréquency of an oscillator, operating
as‘a_marginal vacuum tubé oscillator with self-resonant parallel LC
tank circuit. | When speciman 15 remoied from the coil of the oscillator
a change, Aw , to the wvacuum resonant frequency, 0, will occur. A

good approximation t0 the freguencies are(lo)

v 1K and
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where L , L are the inductance of the empty coil and the inductance

(2.1)

w

when the sample is.placed in the coil, respectively. The change Aw is
- caused by the charge (i.e. small increase) in-coll inductance AL,
which is proportional to the real part x' of the complex magnetic

susceptibiIity(lo)

x|t Gyt (2.2)
of the material) being studied.

Since Leo Esaki (11) invented the tunnel diode, it has been
used-extensively as pari 6f an oscillator. The use of tunnel diode
~oscillator to measure the suéceptibi1ity at low temperature was first

described by R.B. Clover and w.P.,Holf(lo). The exiétence of
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. negative resistance in the characteristic curve of the tunnel diode made
it useful for heasufing paramagnetic susceptibility at r.f. frequency
at low femperature.. This negative resistance allows for self-sustain-
ing nearly sinusoidal osc11lation.‘ Since in the steady state condition,
the power provided by the diode is egual the average value per cycle of
the power dissipation in the rest of the'circuit. To acheive the
. balance, the average value per tycle of'thg diode negative conductance,
‘gd. must be equal to the.parallel conductancelbf the tank circuit.
Experimentally, the tumnel/digde oscillator (T.D.O) oscillateé stably
‘over the entire temperéturelrange from 1 to 300 x(‘O! It is found
empirically that a good approximation to the T.D.0. frequency is the sim-
ple’ tank circuit frequency inspite of the non-linear behavior of T.D.0.
Arother interesting characteristic of the T.D.0. is that the frequency w
goes. through a maximum as a function df biés.QDItage. This dependence
‘df the frequency on bias voltage may be caused by a variation of t?e
_'diode capacitaﬁce Cd as the bias vbltage 1s varied. Experimentally, one
does the measurements’ for a range of the bias voltage and then selects
the'vaiue at thch the, frequency peaks ., The average susceptibility are
then more independent of the bias voltage. However, operating the
T.D.0. clesersto its frequency péak minimizes the frequency fluctuations
that occur during fhe‘measurements. The accuracy of susceptibility
estimated is thus maximized. Moreover, for this condition the frequency
of the oscillator is least sensitive to losses introduced by'any out of
phase component X" of the susceptibility. Therefore the method can

be used to measure x' even when relaxation effects are significant.
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Now, the relationship between AL and Aw. is given by

Auw Weegy z L
m o 0

o ® = T‘ -1 (2.3)
o o

and where L is given by

L o= L = Lol ) (2.4)

with u being. the permeability of the sample,Eq. (2.4) becomes

Aw 1
— = e - ] (2.5)

X E:?[(*“J‘—)z"] (2.6)

'I+Am/m

Thus, the susceptibility (&, H, T) of @ magnetic compound may be
, *m

found from measurements of Bu for a suitable range of values of w,
Aw

Hand T. 1If —a@-<< }—or %L-<< 1, the relation can be rewritten as
. o 0
A
4 1 Y%
X = =T o (2.7)

0

Aw
In direct measurement of —;m-at different temperature provides the
* (o]
temperature) dependetice ‘of the susceptibility. ©/1n general, the self

inductance af a coil is related to the total stored emergy in it via

_ 1
U = ,§-LI

2 (2.8)

‘when T is a current flow in it. This energy iS also equal to the total

field energy
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U= 5 |BHEr - (2.9)

‘Since the change in inductance is associated with the change in energy,

P

we have
- = -..-!. —‘- el L] 3
A = 8"Jr(B H BO Ho)d r (2.10)

where H_ and B, are the initial fields without any sample. If M is the

magnetization in the sample, eduétion (2.10) can be written as

POV
Ay = 5 M +B d \ : (2.'”)
. : V. )
The change in inductante is given by
(L-L )% . [ M.B_d% - (202)

Thelvalue of-integra1 on the RHS depends on the shape, volume and size of
the sample inserted in_the tank coil, For example, if the sample is
e]lipsoid(lz)of‘revo]ution and is small enough_to be in the uniform |
pért of the coil field, then the magnetization is uhifonn and equ;l

to : ‘
. dn | » '

M, = T‘l‘nx By (2.13)

vhere € is the demagnetizat1on factor and X is the volume susceptibility,

and so we get
L--L0

s .._4_1_\'
Lo xV | | (2.18)

o
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- where ¥ is the sample volume, V0 the volume of the coil. Thus, by
méasur*ing the change in inductance, one does not measure directly x
but rather the factor TTKEE' as xﬂ. Depending on the shape of tbe
sample {for instance cylindrical shape and nonferromagnetic samples
where x << 1) we can ignore the term ex(I?! Then equation (2.14)

depends oniy on'the'geometrical shape of the sample and coil, i.e.

E_{._LP, = | 4nyF L (2.5)
o ‘ '
‘ J];g(r)dar |
where i /I%Ezgszg;- _ (2-?5)
P

is the geometrical filling factor for the sample. The basic equation

then becomes
EX = - - (2.17)

We now.consider the difference which is due to the magnetization between
the Jocal and the applied Field. The Tocal field is the sum of the
applied field Hys 2 demagnetizing field Hy ‘and an finternal field Hint

that arises from the magnetic interact1on of-the dipoles, i.e.

D

The interacticn field can be due to a dipole-dipole field (Lorentz
field) HL of an exchange interaction field He’ each of which is

proportional to the magnetization: ' : HL = gl.n(]4),



-28-

Ho = M. .Since the order of magnitude of the molecular field

constant y is 103,(12) the effect from the other two fields

are small by comparison and so the local field simply bécomes
H = Ho +, M : ' ‘ (2.19)

The relation between the local and measured.susceptibility is

¢ |t
}

x F

S N : ‘ (2.20)
m . .

Since X varies with T as' X

(2.20) and (2.17)

%~, we get by combining the equation

£ |
-27F (5 JC #+ | YC (2.21)
m .

T

In the case of powder samples, we should include an additional filling
factor to account for the difference in the density between that of

powder samples and samples. Thus an single crystal,(]z)(2.21) should

be :
’ w "
T = 2" (ggCF + YCF (2.22)
, ' _
. o, . .
‘A plot of « — versus T should be a straight line with siope S = TECT
N . ,

~and intercept .4 = ¥Cf) [Once A and.5 are obtained, the constant C and

@ = yC can be determined.

In this experiment, an alternating field of frequency of about
hundred kilohertz is present during the measurement. This alternating

field affects the suscebtibility measurements since the susceptibility
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being measured is the r.f. susceptibility. when an applied field of
high frequency acts on the material, the responce of the material (the
induced magnetization) can not keep up-with the changes of the field.
Instead, the magnetization lags in phase with it. Suppose that the

alternating field is

Hao=  Hy coswt (2.23)

the magnetization would besgiven by

M, cos (wt -¢) (2.28)

A i

£
L]

"

M1 coswt cos¢ + Mlsinmtsin¢ (2.25)

vhere ¢ is the phase angle by which the magnatization lags the field H.
Comparingly to the static susceptibility, or d.c. susceptjbilityf, we

can given with analogy to X = g-as the form;

Ml cos ¢
X —
Hy
M] sinté
x® ' = Hl (2.27)

where x' is| the reailpart jand | x" is the imaginary part. (Both x' and
x" depend on the frequency w and the magnitude of the applied field.

At low frequency, M and H are in phase, so x" = 0 and x' = x will be

the static susceptibility. The two quantities, x' and x" can be given

in terms of the isothermal and adiabatic susceptibi]itiesi(js)defined

as
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Xp = (%%)T (2.28)
_ (M
and X, = (g-H—)S (2.29)
So we have
Xy =%
x' = ot -l—--&§ {2.30)
1+(wT1)
. - (XI ~ XA) (
and X" = s 0y (2.31)
1 +(m11)

where T, is the spin-lattice relaxation time. For low frequencies
X = X1 and x" = 0, where as for high frequencies x' = Xp and x" = 0,

or are equal to combinations of iwo.

2.2 An Experiment fo¥ Measuring r.f. Susceptibility from 77

to 300 K

An experiment for measuring the susceptibility of
antiferromagnetic material in the temperature range 77 to 300 K has
been designed. (It consists, of)a simple enyostat combinding with a set

of a tunnel diodelpscillator circuit.

2.2.1 'The Simple Cryostat

!
The cryostat was similar to one constructed by

F. Habbal, G.E. batson and P.R. E]]iston.(]z) They were able to measure
the paramagnetic susceptibility of various compounds in temperature
rrange between 77 to 300 K. The cryostat was constructed mainly with

glass tubes of three sizes both in diameters and lengths. The largest
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glass fubg, G], was of725.4 m.m. outer diameter(od) and 65 cm. long.
This tube was connected.to a vacuum line, and which therefore provided
a way for use to isolated the samplé from-the surroundings. A second
" tube, 62, of 8 m.m. od and 63 cm. long, was placed inside the G; the
tank co%] of the oscillator was tightly wound around GZ' The smallest
‘glass tube, G, of_6 m.m.-od and 15.5 cm.-long was used to contain the
sample. The powder samples were placed into 63 and therefore were of |
a cylindrical shapes of#28 m.m. long. The sample tube, 63,'was ldweréd
_into}the Gz by a steel wire. This allowed the sample to be slid up and
down inside the-G2 without disturbing the vacuum. A1l of these tubes
were sealed by vacuum grease. - The transparency of the glass tube

" ailowed the pogition of the sample folbe c]eaf]y visible. The sample
was:appliciab1y smaller in cémpariéon to. the coil, and so could
approximately beé considered to be an uﬁiform field of the coil. The
cryo$tat js finally placed into a dewar which surrounds the cryostat in
coﬁstant temperature -bath. The set up of the experiment is shown in

Figure 10.

2.2.2 Tunnel Diode Oscillator

C.T. Yan Degrift(]s) has studied and designed a- ‘
Tow-temperature tunnel diode oscillator in the past several years,
The tﬁnnel diode oscillétor.has been fecdgnizéd as. being a very useful
measuring device.' Several of its useful propefties are its very
small sfze,its simple constfuction, its sensitfvit& to extremely small

changes in thermal expansion, surface impedence and electric and
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Figure 11 The-1.V characteristic curve of tunnel diode #IN3712
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magnetic susceptibilities. Furthermore, the tunnel diode is temperature
independent at low temperature and has very low frequency noise.
Finally, the escillator uses very little power and needs only very low

voltages.

The tunnel diode oscillator used_in our experiment designed
is very similar to the one designed by R.B. Clover ahd W.P. No]f(lo) and
Coraig T. Van Degrift.(ls) Thé diode used in our cifcuit is a germanium
IN 3712 which has_the 1=V cﬁaracteristic curve at room temperature as
shown in Fig, 11, The genéra1 oscillator circuit diagram is shown in
Fig. 12. The coil consists of abodt 300 turns of 2 m.m. copper wire;
which is wound around the glass tube.G2 of 10 cm. long, and is covered

'with a layer of epoxy. Two cabacitor of 0.01 uF each is attached in
parallel to the glass tube. A small 2-core shield cable runs from the
tank circuit to room temperature. This carries the r.f. output signal
to room temperature and bring down the d-c bias voltage for oscillator
from room temperature through the same cable. The tunnel diode acts
as a negative ac resistance, which cancels’the)losses of the tuned
circuit. Since this negative resistance is temperature dependent, it is
best to keep some+it at room teﬁperature for ‘'good frequency stability
and for easy‘the d.c. bias adjustment. The tank circuit must be placed
at low temperature throughout the experiment. The experimental set up
is shown in fig. 13. The r.f. ac. signal is amplified by the buffer and
main amplifie;; before it enters the frequency counter and oscilloscope.

The buffer amplifier is of the non-inverting, unity gain and high 1nbut
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impedance type. The main amplifier is non-inverting amplifier type.

The general tunnel-diode oscillator circuit diagram is shown

in Figure 15. For a simple oscillator, where R is the diode resistance

C is the total capacitance, and L, r arg the inductance and internal

resistance of the inductors circuit equations are
-d_
dt

d
dt

q

=i Ly 1+ i

S
1
-
o)
i

Taking the time derivativelof (2.33), we get

d . A = d;q
L iR + ri) )

[«
%o

I}
]
Az
e
+
==
-
A"

2
L 9——-1 + (r.t+ ) d {4+ = c (1 + -01

atl

|
(=]

2
d- . r 1 1 r -
;t'z‘*(f"ﬁf’dt‘*rd‘ ) lataX

The solution to(2. 36)15 ;

Ly
BT
TN A

Z -
Sian{ff{] + = -E(L + é)z} + QJ

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)

(2.37)

For growing oscillation and steady state oscillation, we must choose

i,r 1y
2ttt 20
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1,r 1 s r i
For E{E'+'ﬁf < 0 we have < - g&
, 1r 1 - = -k
and for §(f'+ ﬁﬁé = 0 s we have R ~
Thus wE must take |R]| £_+ ;%- d where R = negative resistance
= = ‘
For IR| = — 4 we get
i = _Asinf-t-+B] = A sinfut +B] (2.38)
LC ‘
2
where wi L4 and |R | = fba) (2.39)
r
LC \
This last equation may bé rewritten as
IR] = (Lﬁ) @ = Qe (2.40)
where Q = L%- is "Q-value of coil" (2.41)
Thus we need ¢/> L = rpg  (2.42)

To achieve this condition, the inductance sﬁou1d be large and C be
small, in order that ' [R]< f% . For the tunnel diode #IN3712,

[RIn 5002 or g, = 0.002a™'. Thus the inductor shouldsbe composed

of 300 loops and C should be 0.02uF.. To initiate the oscillation, the
d.c. biasing circuit is adjusted until the d.c. Toad line norlonger
intersects the low voltage resistance region of the diodg but intersects
the negativé region, For the experimental runs, the operation point

is at 0.125 volts on the I-V curve at the negative region, the self

sustained oscitlation then begins. The r.f. resonant frequency of
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about 112 kHz at room temperature occurs when the coil is empty.

| In Figure 16, the design of the buffer amplifier is shown.
When we used # pA741 and other components in this amplifier, the
non-inverting mode unity gain and high input impedance is obtained.

To show that the gain is unity, we firstwrite

&= | A (2.43)
sf* NS, (2.44)
W/, = -{p B | (2.45)
From (2.43) and (2.@4) we have
e,
e~ - e (2.46)
ol e - e (2.47)
4 ,
Zf_ - E%T 2:%3;:7 1 (2.48)
From (2.43) and (2.45)we gét |
e; = | ~A[4i0] 13 #ieA 1) (2.49)
From {2.46) and (2.47) wé have
A5 ., (2.50)

ey
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'Impedance is calculated from

= Pp o (2.51)

For # uA741 , p is 1 MR, so the high inbut impedance of the buffer

amplifier is

7. % 10" Ma (2.52)

)

The main amptifier which we uéed in our measurement is shown
in Figure 17. The gain of this amplifier is high enough so that the

frequency counter can be/recorded.

The governing characteristics of this amplifier are defined

by'the following equations

e. - Ryt + vy = RD(i + io) - (2.55)
- - =
v, = _-ei | (2.56)

From (2.53) and (2756),  weget
e = Roi (2.57)
and (2.54) becomes

ei; Ryi = pi + Ryi -Aoi = 0 | (2.58)
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(hp +p + RA)i - Ry io = e, (2.59)
(2.55), can be rewritten as
(RD +p + RA)i + RD i = e, (2.60)
and (2.58) - (2.59) combine to give
(Ro - RD)i - (RB + RD io) E—l . {2.61)
(2.58) now becomes
(Ap + po* RA)i = Ry 10 = e, (2.62)
* Therefore 4 0 _(RB.+ RD)‘
i = ‘ = :
(Aptp+ Ry} (Rp+Rn ) ={Ap=Rp)
1 (ho - R) (R4 R ATTBTD o'
: D B D
(Rp +.p + RA)' - RB (2.63)
&4
and the input impedance is given by Zi = 3=
Z' - -(AP tot RA)(RB + RD) - (A = RD)RB (2.64)
i (RB + RD)
ZI 1 AP(RB + RD) - AORB | o __R__-_
i RB + RD RB + RD
for #ul781 ., oA = 10% Mo
Yo 4 10 N 3
Zi 10 ™M . m " 10" Mo
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_c___ﬂp'i__ fp
ey Q. (ei/i)

The gain is given by

|
Nip

Qith the components used, we find the gain to be

Ry I RD
gain SRl for pA very large
- D :
n 91 ;010 10

Therefore, the main amplifiar i5/given the non-inverting and a gain

of about ten was obtained.

A variable d.c. power supply of about 9 volts was placed in

series with 1K@ notentiometer and Rl = 2009,R2 = 159 .

2.2,3 Temperature Measurement

Al

For the temperature measurement, we used a chromel-alumel
thermocouple yith a sensitive millivoltmeter as a detector for the
temperature. One end of ‘the. thermocouple is placed closed to the tank
cle which is enclosed the sample.. Thetother.end, it ds connected to
a sensitive millivoltmeter. The referent point is taken ‘o be the
triple point of water at 0°C.¢ We'were able to measure the ‘temperature

of the sample from about 90K to room temperature.
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2.2.4 The Experimental Procedure

The apparatus was first tested to make sure that every
part of the apparatus work are available without the samplé present.

The stability cf the oscillation was constantly checked.

Powder samples-of cupric acetate monohydrate,
Cu(CH3 . C(IID)2 . Hy0, which s transparent green or blue diamond-shaped
p]ates,(ly) were placed ingide the G3 tube. This tube was inserted into
the tube, 62 . Both of'tubes were then put into the Gl' -The glass
tubes were evacuated to.a pressure of 10'5 m.m. Hg. Then they were
placed into the dewar containing liquid nitrogen. The tank of the
oscillator and the sample would eventually Se in thermal equilibrium
with liquid nitrogen. The whcle apparatus was kept inside the dewar
for two hours to be sure that all of them are constant temperature.
Once we were sure that every thing was at 77K, wé measured the frequen-
cies when the sample was_in placed and was out of the coil. The
frequencies were recorded vﬁth a frequency counter. The temperature of
the bath and of the coil was measured at the same time. . The data are
re]iable only when the ‘tunnel diode oscillator is at a fixed temperature.
Similar procedure were rebeated at 83K (vapour nitrogen temperature),
165K {dry ice and acetone temperature), 212K (dry ice temperature)
273K (the ice temperature) and 300K {at room temperature). At each

temperature, the measurement were repeated several times.
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