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ABSTRACT

The de Haas van &Llphen effect has been measured using a
torque method at magnetic fields up to 8 kiloeoersteds and temperatures
between 1,2° K and 1,6° K for both pure zinc and a zinc manganese alloy
exhibiting a resistance minimm, Experimentally it is shown that there
is no change in the period of the oscillations although the field and
temperature dependence of the amplitude of the oseillations are found
to be anomalous, A consideration of the influence of the conduction
electron relaxation time on the de Haas van Alphen effect shows that
the cbserved behaviour may be explained if the relaxation time is allowed
to approach zero in a small energy interval, A , about the Fermi energy,
Using the phenomenclogical theory of the resistance minimm, due to
Korringa and Gerritsen, and the value of A obtained from the de Haas
van Alphen Effect experiments the resistance as a function of tempera-

ture was caleulated and found to agree within experimental error with
the measured values,
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STATEMENT OF ORIGINALITY

The author believes that, to the best of Hhis

knowledge, this is the first time the resistance, themmo

e.n,f,, and de Haas van Alphen Effect have been measured

on an alloy showing a resistance mimimm, It is also the
first time that the effect of an energy dependent relaxation

time on the de Haas van Alphen effect has been investigated,
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CHAPTER I
1,1 INTRODUCTION

In normal metals and alloys the electrical resistance de-
creases with decreasing temperature and eveﬁtua]ly becomes constant at
temperatures sufficiently low that the scattering of the conduction
electrons is chiefly due to crystal imperfections and impurities, In
1930 Keissner and Voigt observed that in certain metals the electrical
resistivity fell to a small value with decreasing temperature and then
rose by a few percent as the temperature was further lowered, This
effect was studied more closely by deHaas and van den Berg (193k) who
found that the temperatures at which the minimm occurred increased
with increasing residual resistance ratio, This established that the
mnimm in electrical resistance was due to the presence of crystal
imperfections and/or impurities, MacDonald and Pearson (1955) have
shown that along with the resistance minimum there also occurs an
anomalous thermo e,m,f, Large negative values of the thermo e.,m.f, are
observed at temperatures somewhat higher than the temperature at vhich
the resistance minimum occurs in these alloys, The experimental position
as of 196C is summarized by van den Berg (1960) who points out that the
anomalies in the transport properties are now believed to be due to the
presence of certain transition element impurities and in fact the abil-
ity to produce a resistive anomaly seems to depend on the existence of
a localized magnetic moment introduced by the impurity,

Recent, extensions of the Schmitt (1956) theory of the resis—
tance minimm by Kasuya (1959), Bailyn (1961), and de Vroomen (1999), to
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explain "giant'thermoelectric powers in dilute alloys at low tempera-
tures predict an effective relaxation time which is sharply energy
dependent near the Fermi energy,l Domenicali (1960), in an extension -
of some early work of Xorringa and Gerritsen (1953), has shown that
such a relaxation time will explain the resistance and thermoelectric
power of these alloys over a wide temperature range,

Since the amplitude of the de Haas van Alphen Effect is related ‘
to the relaxation time of the conduction electrons a study of this
effect in an alloy which exhibited a resistance mrimm was made in
order to obtain further information about the relaxation time in thege
alloys,

The experimental study was made on a zinc manganese alloy
since it was known to exhibit a resistance minimm, (Muto et. al. 1959),

and a large amplitude de Haas van Alphen Effect. (Verkin and Dmitrenko
1958)

ki
N
ek
N
B
+

1,2 Discussion of the Theory of the de Hass van Alphen Effect for Zine

The present experiments on the de Haas van Alphen effect
consist of measurements on the field dependence of the torque exerted
on a single crystal sample in a homogeneous magnetic field, The torque,

C, about an axis can be derived from the free energy, F, of the electron

system since

C:— bF/bq} 1.1

1 l.'“or a discussion of these effects and the present situation the reader
1s refereed to D,K,C, YacDonald's "Therroelectricity, and Introduction
to Principles", John ley and Sons, New York, 1962, and also to
~acDorzld, D.K,D, and Guenault, A1, Phil, Yag, 6, 1201, 1961,
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where |/ is an angle specifying rosation in a plane normal to the

prescribed axis, (See Figure la) The large amplitude long period de

Haas van Alphen oscillations observed in pure zinc arise from pieces of
Fermi surface which are ellipsoidal in shape (Verkin and Dmitrenko 1958,
Harrison, 1960) and are situated as shown in Figure Ib, Since the
surfaces are ellipsoidal it is possible to use the expressior for the

f ree energy of the conduction electrons derived by Dingle (1952),

He showed that the part of the free energy that depends periodically
on the magnetic field s given by:

E . amant P RTV(ERY™ f[@"m(ma/mm/ﬂa
PP aR F% g h (@ rKT/6Hh)

¢os rr(mymy & MR ”J

hl
where

Bt et/ MC is an effective double Bohr magneton

V is the volume of the crystal

T is the absolute temperatuee

E, is the Fermi energy measured from the bottom of the
ellipsoid

1 1is the electron relaxation time

n¥ is the cyclotron effective mass

This expression can be simplified for zine since it has been shown

experimentally (Dhillon and Shoenberg 1955), that harmemics are absent

Also the effective mass is of the order of 0,01 of the free electron

mass and hence cos T /M is wity, Combining equations 1.1 and 1,




FIGURE I

a) The orientation of the zine crystal in the magnetic field,

b) The Fermi surface of zine (after Fawcett 1961), The surfaces

marked K are associated with the long period de Haas van Alphen Effect,
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ad noting that B, /¥ S | the torque on the sample is
given by
c_, B H'/z-r SH’\(&TT Eo /#H - TV4> é‘z‘nlLkX/ﬁ*H 1
i anh(2mkT/s¥H) 3
where
B= EokV (E’ﬁ)vzé_m* 1.4
oM le /3y

ad X = h/ET

The quantity X has the dimensions of temperature and is called the

collision of Dingle temperature, From equation 1,3 it can be seen that
the period, P, of the oscillations can be written

P= B*/Es = g/E(mYm) L5

vhere 8 = €H/MC is a double Bohr magneton,
The effective mass of the electrons can be determined from
the ratio of the amplitude ]Cll of the oscillations at temperature
Ty to the amplitude (02[ at temperature Tp. Assuming that the
temperature is sufficiently low that the relaxation time IS constant then

the ratio of the amplitudes, from equation 1,3, is given by

Cl _ T sinh@TRT/B)0/mt) _
1G] Ta sinh(2TkT, Jg)mm H)

1.6

where ©/m is the only urknown quantity, Equation 1.6 can be solved by

graphical methods for m*/m. From the value of m /m and the corresponding
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period the value of the Ferm energy, E, 5 can be caleulated from
equation 1,5,

Once the effective mass has been determined the collision
temperature X can be evaluated from the field dependence of the ampli-
tude of the oscillations, Excluding the periodic term equation 1,3
may be weitten:

d=3-x W’ L7
vhere
4 -8l [ (lct/1"T) sink (2T RT /8 H)(m*/m) 1.8
) 21 R (m¥/m)

and

¥ =(pIn.B) 2 k@¥m)
whence if ¢l is plotted as a function of H-l a straight line should
result whose slope is =x,

Since the relaxation time is related to X, (equation 1.L)
then any anomalous behaviour in the relaxation time should be reflected
in the graph of o as a function of K, Figure 18 of CHAPTER IV shows
the results of plotting A as a function of ¥~ 1 for the zinc manganese
alloy which exhibits a resistance mnimm, From the figure it can be
seen that, contrary to the expected behaviour (equation 1,7) the inter-
cept of the lines at infinite field (F™x 0 ),is temerature dependent,
In CHAPTZR V it is shown that this behaviour is consistent with an
energy dependent relaxation time similar to that discussed in section

1.1 in connection with the resistance and thermoelectric power anomalies,
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CHAPTER II

Experimental Methods and Apparatus

2,1 Resistance lMeasurements

The relative resistance, as a function of temperature,
was obtained by the current and potential lead method, ie by measuring
the pobential difference between two points on the specimen as a function
of temperature, while passing a known current through it,

A galvanometer amplifier of the type described by Preston
(1946) with the modifications due to MacDonald (1947) was used to measure
the potential difference between the potential leads, The same galvano-
meter amplifier was uded to momiter the specimen curremt by including
a suitable (2,26 x 1072 ohm) standard resistor in series with the
current leads, The potential difference appearing across this resistor
vas periodically measured with the galvanometer amplifier throughout a
set of resistance measurements, The cireuit of the galvanometer ampli-

fier is given in Figure la, From Figure la and following YacDonald

(ILT7) we can see, if the amplification in the photo cells is high
encugh so that the imput current (i can be neglected compared to the
output current (, , that the imput voltage is given by:

€= o Re 2,1
where Rf is the value of the f eedback resistor being used, If the

sensitivity of the secondary galvanometer is Ko , then the deflection

D of the secondary galvanombter due to the output current is given by:

K')_D = [.O 2.2

R



FIGRE I

a) The schematic diagran of galvanometer amplifier,

b) The cirewit diagran of the resistance measuring

apparatus,
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whence, combiming 2,1 and 2,2:

€ =K R(_ D 2.3

Since the resistance of a sample is measured relative to its resistance

at 273° X then, using 2,3, it can be seen that if Ry is the resistance

of the specimen at any temperature T and (; is the corresponding current
flowing through the sample then:

€L = (T' R‘I’ = Kz Dr R[,T 2.4

But (T is determined using the same galvanometer amplifier and a
standard resistor RS and hence:

e Rs = Ko Dy Ry

where ]) { 1s the deflection obtained when measuring the potential

2,5

difference across the standard resistor, Rg , and Ry is the value

of feed-back resistor Rf used, Then the resistance at any given temp-

erature is RT where:

- RT: KQDTRH__‘DTRHRS

o Dir Re;

it

PR ERE I T0S
St

Now, during any series measurements [y is kept constant and Re;
is not changed, Then the relative resistance of the sample is:
. Rr - DrRer Diars

- Razs  Dang Rears DiT

wtich allows for any slight fluctuations in {r ., To make resis-

2,6

tivity measurerents an absolute value of the resistance of the sample
at 273% K must be obtained, The resistance of the cutrent sampling

resistor can easily be measured using one of the standard techniques,
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Thus, by comparing the resistance of the current sampling resistor to
the resistance of the specimen, the resistance of the specimen can be
found, Combiming equations 2,4 and 2,5, the resistance of the speci-
men in terms of that of the current sampling resistor is:

RT = Rs D+ Rfr/ Di Rf‘i 2.7
Using equation 2,7 for the resistance, Rnof the specimen the resistivity
s P canbe obtained if the distance, |, , between the potential leads

and the crogs-gectional area, A, are known, since:

P- RA/Le .

"A" can be determined by weighing the specimen, since:
A= W/ l.d

vhere W, L and d are the weight, length and density of the sample
respectively, The resistivity of the sample is then given by:

To eliminate any thermo e.m.f.'s which might be generatkd in the po-

tential leads from the specimen, rrovision was made for reversing the
i current through the sample, If €, is the observed voltage at the
galvanometer amplifier, €¢ the correct voltage due to current flowing
through the specimen and € s the spurious voltage due to thermo

e,m,f.'s then:
C)o = €c + €s

Upon reversing the current:

— €= =€, +E

S ubtracting we obtain:
/
eo t €o = \Q_e c
€c = Core)'V/2 “

or
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FIGIRE 2
The Resistance Cryostat

Cartesian manostat to control the vapour pressure above the heliup
bath,

Vacuam tight feeq through seal for the electrical leads,
Copper experimental chanber,

Carbon resistance thernometer consisting of' a 47 ohp 1/2 watt
Allen Eradley resistor,

Resistance specimens,

Fressure contact block,

Charcoal contained in a perforated copper can,

Boil-off heatep,

Connection for the vapour Pressure gange,

H elimm transfep hole,

Discharge tube tq indicate the Pressure of the exchange gas,
Comnection to Cryostat vacumm systen,

Comection to helimm pumping systen,

Copper resistance thermoneter Dounted on reverse side of the
PEessure contact block é.
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A complete circuit diagram of the resistance measuring apparatus is
given in FIGURE 1b,

The resistance measurements were made in a helium desorption
cryostat similar to that of RosexImes and Broom (1956), A diagram of
the cryostat is shown in FIGURE 2, After pumping out the experimental
chamber about 5 cm, of heliwm exchange gas was admitted to insure good
thermal comtact between the chamber, specimens and thermometers, The
cryostat was then filled with 1iquid helium and the temperature reduced
in steps to its lowest value of 1,8° k by pumping on the helium bath,
The vapor pressure over the helium bath was measured and the tempera-
ture detenﬁned from the tables of Clement Logan and Gaffney (1955).
The remaining helium was then boiled off and the cryostat temperature
would drift slowly towards the mitrogen point due to the large effective
thermal capacity of the helium vapor absorbed by the charcoal,

In the temperature range 4,2° K to 25° K the temperature was
measured with a carbon resistance thermometer wiich was calibrated using
the method of Clement and Quinell (1952), In the temperature range
25° X to 80° K the temperature was measured with a copper resistance
themoneter, fhe temperature was determined from the 2= (Ry/Ro73 -
Rh‘g/ 3273) /(1 - Rh.z/ R273)) function for copper which has been
tabulated as a function of temperature by White (1959). Calibration

curves for the thermometers are given in APPENDIX I.
2,2 Thermo E,M,F, Measurements

The apparatus used to measure the thermo e.m.f, of the zine
manganese alloys relative to pure zinc is similar to that used by
FacDonald and Pearson (1953) and is shown in FIGURE 3.
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FIGURE 3

The thermal e,p, f. cryostat

1, Hot junction heater,

2, Copper resistance thermometer woulng on the hot jmnetion contact,
block,

3. Carbon resistance thermoneter,

b The zine manganese lead of the thernocouple,
5. The zine leag of the thermocouple,

Supemonducting Teversing switch magnet assenbly,
7. Superconducting elements of the switeh,
6. Boil-off heater,

9. Helium transfer hole,

1o, Thermocouple mounting block,

1, Copper shield tube,
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FIGIRE ), —0
50 82
a) The circuit diagram of the themmo ZM.F, apparatus, W
b) The supercondueting reversing switch in the forward 7
‘ position, i
¢) The Superconducting reversing switch in the reverse
position,
™
+
Thermo-

couple
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1.5 Volt

Boil off heoter gl\o__‘

Copper thermometer Vanoc
> 82 N Carbon thermometer

v
5000
8 Hot junction \

Heater B

Pure
Thermocoupie
Golyqnometer
' Ampiifier Input
Cold
Junction
(a)
+ +
b 11 —Co
Thermo- a Galvanometer Thermo- | $3 Galvanometer
couple Ampiifier couple Amplifier
a o— ——0 b

(b) (c)
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In opefation the thermocouples are mounted on the specimen
holder which is then inserted in the copper shield and clamped in
position, The Dewars are attached and £illed to about two inches
below the hot junction. The boiloff heater is turned on and the
hot junction cooled to the lowest desired temperature, (about 5° ),
The thermo e,m,f, is measured for both directions of the super-
conducting reversing switch.l The temperature of the hot Junction
is .then raised by first reducing the current flowing through the
boiloff heater and then turning on and increasing the current flowing
through the hot junction heater, In fhis manner it is possible to
measure the thermo e.m.f, as a function of hot junction temperature
from 5° K to 10¢° X, 4 complete circuit diagram of the apparatus is
shomn in FIGURE I, The temperature of the hot Juiction is measured

using copper and carbon resistance thermometers vhose calibration is

given in APPENDIY X,

2.3 The Torsion Balance

The torsion balance used for this research is similar to that
of Croft, Domnahoe and Love (1955) and is shown in FIGURE 5, The
balance consists of a modified Leeds and Northrup wall type galva-
nometer having the crystal, which is to be investigated, attached to
the end of a long quartz rod which is fixed to the bottom of the

1. The superconducting reversing switch, (Templeton, 1955), allows
the polarity of the thermocouple to be reversed in the l’le]ium

bath, thus eliminating any stray thermo eim,f,'s which might
arise in the leads,
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FIGURE 5
The Torsion Balance

1, and 2, Coil and mirror assembly which is suspended from the
torsion head by a 0,002 inch diameter berylium copper wire, This
wire serves as one lead to the coil,

3. Magnet assembly,

L. Berylium copper spiral which serves as the other lead to the cqil,
5. Dash pot containing out gassed Dow Corming number 200 silicone oi]
into which dip the damping vanes attached to the suspension,

6, Brass bell jar,

lo Plexiglass window,

8., Crystal and erystal holder,

9. Lower suspension rod, 1/32 inch d&iameter quartz rod,

10, Ball and socket joint incorporated in the shielding tube to

facilitate alignment of the balance,
11, Magnet,

12, Comection to balance evacuating system,

13, Comnection to the helium pumping system,
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galvanometer coil, Counter torques sufficient to restore the crystal
to its original position, after the application of a magnetic field,
can be obtained by passing a current through the galvanometer coil,

In practice, the restoring torque is applied automatically
by including the galvanometer in a feed-back loop, A block diagram
of the system is shown in FIGURE 6, The signal developed by light
reflected from the galvanometer mirror, falling on the phototube, is
fed to a cathode-follower, then to the D,C, amplifier, stabilizing
network, output current recorder and finally to the galvanometer coil
in such a way as to oppose any change from the initial balanced
cordition, Referring to FIGURE 6, the sensitivity control is seem to
consist of three General Radio decade resistors of 10,100 azid 1,000
ohms, thus allowing a change in sensitivity by a factor of 1,000,

The shunt resistor Ry serves to set the overall sensitivity of the
balance and is adjusted so that the maximm desired semsitivity is
obtained with the sensitivity control at its maximum value, The
1,000 ohm resistor of the sensitivity conmtrol combined with Ry and

Cy form 2 stabilizing network which serves to damp any oscillations
arising due to phase shift in the feed-back loop, A detailed circuit
diagram of the D.C, amplifier is given in FIGURE 7,

The circuit used for measurins the feed=back current is also
shown in FIGURE 7, The voltage, generated across 2 of the 3 decade
resistors vhich are in series with the galvanometer coil, is fed to
2 10 millivolt Leeds and Northrup recording potentiometer, A zero
suppression device mokes it possible to increase the sensitivity and
back off to new zero while still keeping the recorder on scale, To

reduce any noise on the feed~back curreat, the signal is fed to the

e




FIGIRE 6

A block diagram of the complete torsion
balance,
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recorder through a low pass filter, A detailed description of the
amplifier, including the method used to determine the values of the

components of the stabilizing network, is given by Hedgcock and Muir
(1960),

2,i  Specimen Orientation and Method of Measurement

Rarrison (196u) has pointed out that the low field de Haas
van Alphen effect in zine is attributable to the needle-like portions
of Fermi surface containing electrons which lie along the zone edges
parallel to the C axis of the crystal, Accordingly the crystals used
in the present experiments were mounted with their ¢ axis in the plane
of the magnetic field, Verkin and Dmitrenko (1955) in their study of
the de Haas van Alphen effect in pﬁre zZinc made measurements with
the [100] direction of the crystal either in the direction of the

suspension or perpendiculat to it, To facilitate the comparison of
results, the present measurements were made with the [1u07] direction
in the direction of the suspension,

The direction of the ¢ axis was determined by cleaving the
crystal using the method described in CHAPTER ITI, The zinc crystals
cleave most easily along the basal plane vhich is prependicular to the
¢ ads of the crystal, 4n arrow of arbitrary direction was then
scratched in the basal plane of the crystal and the crystal mounted
in an X-ray spectrometer, The orientation of the crystal relative to
the arrow was then determined when Bragg reflection from the (llO)pla.nes
occurred, The angle between the arrow and the [100] direction could
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then easily be determined, The above oriemtation procedure was kindly
done for me by Dr, C, M, Mtchell of the Department of Mines and
Technical Surveys, Ottawa,

In order to attach the crystal to the suspension of the torsion
balance it was mounted on a nylon sample holder which is shaped like
a golf tee, To determine the correct position of the crystal on the
sample holder the apparatus shown in FIGURE 8 was made, One of the
cross hairs in the microscope was aligned parallel to the vee groove
wiich holds the shank of the sample holder, The crystal was then
mounted on the top of the gomiometer with the cleaved face up, By
placing a block of brass, extending over the g onmiometer on top of
the vee groove support the crystal could be oriented so that its basal
plane was parallel with the vee groove by raising the gomiometer until
the cleaved face of the crystal was in contact with the brass block,
After the rubber cemen‘l:2 holding the crystal to the top of the go-
mometer-had set it was a simple matter to align the arrow with the
cross hair in the microscope and hence with the vee groove, Knowing
the angle between the arrow and 100 direction the crystal could be
set so that the 100 direction lay alons the direction of the vee
groove and hence the axis of suspension, Once the sbove direction had
been set a drop of rubber cement was put in the cup of the sample
holder, its shank laid in the vee groove and the holder pressed gently
against the crystal, When the cement had set the crystal was lifted

2, Best Test White Rubber Cement made by Union Rubber and Aspestos
Company, Trenton, N,J,, was found to have very good sticking
properties at liquid helimm temperatures,
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off the goniometer, the excess rubber cement rubbed off, and the
crystal and crystal holder stuck on the end of the quartz suspension
of the torsion balance using rubber cement, The accuracy with which
the arrow could be located with respect to the pole of the 110 plane
was about 0,5° and the overall accuracy of the orientation of the
crystal should not have been worse than 10. |

After the crystal and crystal holder were mounted on the
quartz suspension of the( torsion balance the position of the ¢ axis
of the crystal reiative to the angle sc;'ale, (p s on the magnet base g
was found approximately by observation ang then two torque measure- ‘
ments at ten degree intervals on either side of the approximate €

axis position were made, The torque as a function of angle has been

plotted for a typical case in FIGURE 9 and according to equation il ‘
of APPENDIXTL the torque vamishes when the c axis is in the direction
of the figld. The torque in FIGURE 9 is seen to vanish for an angle
0, nd hence by kmoving this arele and the angle () at which
measurements are to be made the argle \{) betiveen the field and the

¢ axis can be determined from

Y= ¢'430~ 2,10

Shoenberg (1952) has pointed out that in some cases a more desirable

method of finding (), 1s to determine the angle for which the

amplitude of the de Haas van Alphen oscillations vanish since then

RREERRS ‘i""““‘ sibiit sl D it st e el L D LA RS e
e SR AN o RESPAC P L] B

rk;’,;; D T T e e gt

any changes which might occur in the suspensicn during the cooling

1938

process would be taken into account, Shoenberg 's method was used,

!
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|
|
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FICURE 10, as a check on the previously described method of finding d}o.
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FIGURE 9

The torque exerted on a crystal as a function
of magnet orientation at room temperature for
a typical case,

FIGURE 10

The amplitude of the de Haas van Alphen effect

as a function of magnet orientation for the

same case as FIGURE L,
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By comparing FIGURES 9 and 10 it is seen that no significant

difference between the two methods was o‘nsez'ved.3 Since measuring
the torque as a function of angle at room temperature is a simpler
experiment this method was adopted,

Tith the magnet set so that P= LS° the torque on each
crystal was measured as a function of field at room temperature,
A plot of C/H2 as a function of 1/H (Honda plot) was made to check
for ferromagnetic impurities, Any crystals showing ferromagnetic
impurities were rejected,

Once the orienfed crystal vas mounted, the balance aligned
and ¢° determined the balance was evacuated and about ome centi-
meter of helium heat exchange gas admitted, Helium was then trans-
ferred to the Dewar and the filled Dewar assembly lifted into position ‘
around the crystal, The magnet was rolled into position, rotated |
wtil the desired direction between the field and the ¢ axis of the

e

T T A e

crystal was obtained, and cyeled three or four times to insure that

it was in cyclic condition, After a trial run or two to determine
the correct setting of the sensitivity control, the field was increased
to its highest value of about 5,3 kilo-oersteds and reduced from that
value to a value of about 1,6 Idlo-oersteds in 130 steps of approx- ’
imately equal decrement in 1/H, The torque was recorded for each of
the above steps and in this way a detailed curve of torque as a
function of reciprocal field could be dram, To obtain the greatest

possible accuracy a given set of measurements was often broken up

3+ Donahoe and Mix (1954) also found this to be the case using a

balance which had an almost identi i
et almost identical method of suspending the
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into two or three parts as shomn typically in FIGURE S5, CHAPTER IV, ]
and the gsensitivity of the balance increased as the field became

smaller and the amplitude of the oscillations reduced, It should be

noted here that during the above operations the magnet was always

kert cyclic and the measurements were made for only one direction of

current flow through the magnet, After the dé Haas van Alphen effect

had been measured for all the desired angles between the field and

the ¢ axis at 1,2° K, the liquid heliwm in the immer Dewar was pumped

dovn to a temperature of about 1,7° X and measurements of torque as

a fmetion of reciprocal field were made for each of the angles between

the field and the ¢ axis of the crystal that were used in the measure- J
nents at ,2° K, The temperature of the helium bath was determined "
by measuring the vapour pressure of the helium using a bourdon guage,

vhich was connected to the top of the cryostat, The temperature was
determined from the table of Clement ard Logan and Gaffney (1955).

2,5 The Magnet and Magnet Current Regulator

The magnet used for the present experiments was a Newport
Instruments type A with L-inch diameter shimmed pole tips. With A
a gap of 6 cm, the maximum availsble field was 5,5 kilo-oersteds ab (
5 amperes, The field homogemieby was measured using a Rawson type

720 flux meter both along the line of centers of the pole tips and

perpendicular to the line of centers of the pole tips, The results -
of these measurements are shown in FIGURE 11,
Since the intervals of reciprocal field required for the

de Haas van Alphen effect measurements lead to intervals of current
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FIGIRE 11
Field Homogemety
a) The magnetic field measured along the line of centers
from the center of the gap to the pole tip face,

b) The magnetic field measured perpendicular to the line

of centers at the center of the gap away from the line
of centers,
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FIGIRE 12

Reciprocal magnetic field as a function
of podentiometer reading for a typical

case,
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which are too small to be accurately read on an ammeter a potentiometer
was connected across a section of the current sensing resistor in the
magnet current regulator, (FIGURE 13), The voltage appearing at the
potentiometer terminals was then used as a measure of the current
flowing through the magnet, The magnetic field corresponding to a
given potentiometer reading was measured and the magnet calibrated,
The magnet was calibrated in the above way after each series of
de Haas van Alphen effect experiments in order to eliminate any errors
which might arise due to a chamge in the pole tip spacing between rums,
Field readings were taken for every value of current used inthe '
experiment and a typical graph of reciprocal field as a function of
potentiometer reading is shom in FIGURE 12, |

In most magnetic work it is necessary to vary fhe magnetic
field cont‘i.nuously without back tracking and also to hold it comstant
for a reasonable period of time, For the present research it was also
desirable to have as little noise on the magnet current as possible
because small fluctuations in magnetic field cause large eddy currents
to be induced in the highly conducting zinc crystals which resulted
in spurious torques or noise on the output of the servo balance, To
meet the above requirements an electromic current regulator was designed
by Dr., F, R, Funt to control the current from a back of storage
batteries, The circuit diagram of the current regulator is shown
in FIGURE 13.

. gt .,g;;{,__,\;.::.;u
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CHAPTER III

Alloy and Specimen Preparation
3.1 Alloy Preparation

For the present research it was desired to measure both the
resistance and thermo e.m.f. of the zine mananese alloys not only as
a function of temperature but also as a function of manganese con-
centration, A series of alloys was accordingly prepared with manga-
nese concentrations ranging from about 0,01% manganese by weight up
to the solid splibility limit for manganese in zine, FIGURE 1 shows
the phase diagram of the zinc manganese system as given by Anderson
(1948), From the phase diagram the solid solubility limit of manganese
in zinc is seen to be 0,45 weight percent at 1;20o C. It was therefore
decided to prepare a series of zinc alloys with the concentrations
of manganese varying from 0,43 to 0,01 percent by weight, The alloys
were prepared using 99,999 percent pure zinc supplied by the New
Jersey Zinc Company with the specification shown in TABIE I,

TABIE I

New Jersey Zinc Company., Special Horsehead Zinc, Purity 95.999%

Yajor Impurities:

Pb  0,0002% Fe 0.0003%
cd 0,00005% As 0,000006%
Cu v,00005% Sn 0,00005%

PR
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The Manganese was supplied by A, D. Mackay Inc, and has the speci-
fication shom in TABLE II,

TABLE II
Manganese Specification . Purity 99,99 percent
Impurity Quantity parts per million
g 30
S 2
Fe 4
Cu less than 1

To prepare the alloy, a small ingot of zinc weighing about 20 grams
was cut from the stock and a hole bored out of its centre about

1/2 inch deep and 1/L inch in diameter, The zinc was then cleaned
using an etchant which consists of 50 percemt concentrated hydro-
chloric acid by volume in distilled water. The zinc was then
weighed carefully, An appropriate amount of manganese was cleaned
using dilute mitric acid in the following way: The bottom of a
small, 100 cc, beaker was covered by about 1/8 inch of distilled
water and concentrated nitric acid was added drop by drop, while
swirling the beaker, until the desired reaction rate was achieved.
Then the manganese appeared bright and shiny it was judged clean and
was then rinsed thoroughly with distilled water. The manganese was
dried by rinsing it in ethyl alcohol and then in ether, After
pouring off the ether, the sample air-dried almosf. instantly, The

manganese was then powdered in an agate morter and the manganese
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powder poured into the hole in the zinc ingot, The zinc ingot contain-
ing the manganese powder was weighed and the concenmtration of manganese
caleculated, The ingot was sealed into an evacuated quartz tube and
heated to a temperature of 700° C in an electric furnace, The melt

was maintained at 700° C for two hours and during that time was

shaken vigorously every 15 mimtes, It was removed from the furnace
and quenched in ice water to insure that all the manganese present
remained in golution, The quartz tube was broken open and the alloy
cleaned by etehing in the hydorchlorie acid solution, rinsed with
distilled water and dried with a c]_.ean paper towel, In an attempt to
increase the homogeniety of the alloy it was sealed in an evacuated
pyrex tube, amnealed for 48 hours at Lood C and quenched in ice water,
The ingot was then cleaned, rinsed and dried and two pieces cut from

it that could be rolled out into specimens suitable for resistance
measurements, The results obtained from the measurement of the
resistance ratio, & , / (Byp3 = Ry )5 2 2 function of manganese
concentration for four carefully prepared alloys is given in TABLE III
and is plotted in FIGURE 2, The concentration of manganese in the
other alloys used in the experiments was obtained from the gréph of
FIGURE 2 after measuring the resistance ratio of the specimen con-

cerned,
342 Resistance Specimen Preparation

Specimens suitable for resistance and resistivi.y measueements
were prepared from the alloys shown in TABLE III, The specimens were
prepared by cutting a slice about 1/16 of an inch thick from the
ingot, The slice was then cleaned using the hydrochloric acid etch,
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rinsed, dried, and rolled imto a thin strip, The strip was sliced to
make 2 specimen of umiform crossectional area using the punch desiged
by Wallingford (1961), After the specimen was eut, it was cleaned by
etehing in the hydrochloric acid solution, rinsed, dried and sealed

in an evacuated pyrex tube, The specimen was given a strain-relieving
aneal for about 2 hours at 400° C, It was then quenched in ice water
to assure that all the manganese stayed in solid solution, removed
from the pyrex tub, etched, rinsed, and dried, TABLE IIT gives the
resistance ratio, (Rh.Z /@R, - Bh.2) , the concentration of manganese

273
as deduced using FIGURE 2, and the resistivity of all the resistance

specimens,
3.3 The Thermo e,m.f, Specimens

A slice about 1/8 inch thick was cut from the ingot and rolled
into a strip about 16 inches long which was then trimmed to a width
of zbout 1/_8 of an inch using scissors, This narrow strip was treated
in the same way as the resistance specimens to obtain the final thermo
e.mf, specimen, A piece suitable for resistance ratio measurements
was cut from each end as a check on the homogeniety of the specimen,
The values obtained are tabulated in TABLE ITI along with the concen=

trations of manganese as read from FIGURE 2,
3.4 Zine and Zinc Manganese Single Crystals

Both pure and alloy spherical, single crystals were success-
fully grom by the method to be described, The spherical shape was
adopted so that the crystal could easily be positioned on the sample

Yy

s Al M AL R P 1
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holder, with the desired crystallographic orientation relative to i
the suspension of the balance, (CHAPTER II, Section 3), Since the
amplitude of the de Haas van Alphen effect oscillations decreases
rapidly with increasing impurity concentration, due to the scattering
of the conduction electrons by the impurity ions, single crystals
were grown using only alloys containing relatively low manganese
concentrations,

The 5/16 inch diameter crystals were grom in the graphite
mould shown in FIGURE 3 in the following way: Sufficient metal to
£i1] the mould and leave about 1/2 inch of metal in the sprue was put
in the chamber at the top of the mould, The mould was then heated
rapidly in a hot furnace and the molten metal jarred into the lower
section of the mould, The mould was removed from the furnace and
allowed to cool quickly in air, It was separated and the polyerystalline
ingot in the shape of the desired crystal was removed, cleaned by

etching in hydrochloric acid, rinsed and dried, The clean ingot was
then re-inserted in the mould, which had been wiped clean, and the
mould and ingot positioned in the furnace as shown in FIGURE L., The

temperature of the furnace was raised until the thermocouple in the

B ants?

mould indicated that the temperature at the bottom of the crystal was

SadTo

about 15° C above the melting point, The current flowing through the
furnace was then reduced sufficiently so that over a period of about
two hours the crystal would solidify slowly from the bobtom up due
to the thernal gradient at the end of the furnace, By adjusting the
position of the mould in the furnace, and the amount by which the

current was reduced, conditions could be found so that about 80% of

the growing operauions were successful, After cooling the crystal
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FIGURE 3

The graphite mould used to grow the
spherical single crystals,

- FIGURE b

The position in the furnace of the
graphite mould containing the
crystal is shown,

Vermicu-
lite —
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Thermocouple

Fig. 3
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to room témperature, 1t was etched using fifty-percent hydrochloric
acid, The grain structure, if any, was then clearly visible and
polycrystalline specimens or single crystals with strays could easily
be picked out and rejected,

The crystals were then cleaved to expose the basal plane and
to determine the direction of the ¢ axis which is perpendicular to
the basal plane, This was accomplished without unduly distorting the
crystal by cooling it in liquid ritrogen and then cleavirg on the
cylindrical portion of the crystal that was formed in the sprue of the
mould, in such a way that the cle;-wage extended into the main spherical
body of the crystal removing a small portion of it, The remainder of
the cylinder and the conical tail of the crystal were then cut off
using a jeweller's sar, The crystal was etched to remove any traces
0 f iron which might remain, The pieces cut from the crystal were
made into specimens suitable for resistance ratio measurements,

TABLE IIT shows the results of these measurements, From TABLE III
it is seen that the difference in resistance ratio and hence in
manganese concentration between each end of the crystal is reasonably

small,
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TABLE IIT

Resistance Ratio
Bu2 / (Bp = By p) x 10°

end 1

end 2

Cone, Mn
We
# indicates
alloys used
for
calibration

Resistivity

ohm - cm,
X 106

RESISTANCE

1.2

1,7
n
362
396
692
150

282
360
677
1200

Pure Zn
0,006
0,06
0,10%
0.1l
0,2l
0,Li3#

5.5
5.0
5.7
6.7
6.9
Bel
12,0

e. LB,

40,6
17
33k
676

1060

12,8
181
300
583
1060

0,015
0,063
0.1
.22
0.37

Crystals

23,5

8.3

2,1

857

0,008

0,025
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CHAPTER IV

RESULTS

L.l Resistance and Thermo e.nf,

The results of the resistance heasurements are shown in
FIGURE I, Inset "C" shows the resistance of the zinc manganese single
crystal used in the de Haas van Alphen effect experiments, Inset Man
shows the low temperature resistance of the most concentrated alloy
containming 0,42 wt, ¢ manganese, No evidence of a resistance maximm
was found, the resistance of the alloy being constant between 2,0° X
and 5,0° K, The temperature at which the minimm occurs and the
depth of the minimum, D defined by D & (Hz.o -Ry) /Rypn o are
plotted as a function of manganese concentration and shown in inset
Mo, These results are similar to those for other alloys showing a
1,2

resistance mindmum, The results of measuring the thermo e.m,f,

of a series of zine manganese alloys, relative to pure zine, as a
function of temperaturs are also shown in FIGURE I. They agree
qalitatively, at least, with other thermo e,m.f, measurements on

alloys showing a registance nfmimum.3
Li2 The de Haas van Alphen Effect

The de Haas van Alphen effect was investigated by measuring

the torque on a erystal of zine having its [1001 direction parallel

1) Hedgcock, Muir ard ¥allingford (1961).,
2) Gerritsen (1959),
3) ¥acDonald and Pearson (1953),

ruul,: 3y




-5 -

The resistance and the thermo e,m.f,, relative to

pure zinc, of a series of dilube zinc manganese alloys,
a) The resistance of the most concentrated alldy, showing no evidene
of a2 maximm dom to 2° K, ’

b) The depth and temoerature of the minimm as 2 function of marganes: |

concentration,

c¢) The resistance of the zinc manganese crystal used in the de Heas

van Alphen effect measurements,
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to the suspension of the torsion balance for various orientations of
the "e" axis of the crystal relative to the magnetic field, The
results for pure zinc are shown in FIGURES 2 to 5 and those for the
0,008 wt, ¢ zinc manganese alloy in FIGURES 6 to 12, It is seen
that a relatively large steady state torque was observed at 1L7°K
for the zinc manganese alioy, This effect is studied more closely
in a more concentrated alloy in APPENDIX III.

Li,3 Analysis of the de Haas van Alphen Effect Measurements

The period of the oscillations is given by the slope of the
line obtained by plotting the values of H"l, obbained at the extreme
values of the torque, against half integers as shown in FIGURE 13 for
pure zinc and in FIGURE 1k for the 0,008 wt, % xinc manganese alloy,
1S can be seen in FIGURE 15 the square of the period, P, is a linear
function of cosal.P which is to be expected for an ellipsoidal
Perm surface, Included in FIGURE 15 is the data obtained by Veridn
and Dmitrenko (1958) for pure zinc, 411 the results are seen to be
identical within the indicated 1,5% experimental error in the period,

The effective mass of the electrons is determined by plotting
¥ (see equation 1,6 of CHAPTER I) as a function of m*/mH for various
values of Ty as shown in FIGURE 16.S Using the experimental values
of | Cl\ /\ 02\ and T, corresyonding values of m*/mH are read from
the graph and m*/m calculated, The values obtained for the effective

rass of the electrons in pure zinc are plotted as a function of

L) Shoenberg (1959). :
) T, remains fixed at 1.2° K,

U VDT SV IR PR S

S L

ety it i
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FIGURES ¢ through §

The torque exerted on 2 single crystal of pure
zine for various orientations as a function of

magnetic field and temperature,
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FIGURES 6 through 12

The torque exerted on a U,008¢ zinc manganese
crystal, for varoius orientations, as a function
of magnetic field anc¢ tgx:perature. The vertical
assymmetry observed in the low temperature data is
due to the steady maznetic anisotropy of the
crystal which is ciseussed in more detail in

AFEENDIX IT,
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FIGURE 13

Values of 1/H at the peaks plotted
against half integers for pure zine
at 1,2° K and 1,8° K,

¢ 42°K

v [.8°K
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FIGURE 1l

Values of 1/H at the peaks plotted against
half integers for the 0.0u8% zine manganege
alloy at 1i,° ¥ ang 1.8 K,

4,2°K
Y (8°K
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FIGURE 15

F as a function of cosgtp

The dotted lines indicate an experimental error
in the periods of 1,54,

® Data obtained by Verkin and Daftrerke for

pure zins,
v DPresent data for pure zine,

X Data for a 0,008 Wi, ? zinc manganese
alloy,

ﬁ The inset shows m# /o as a funetion of orientation
for pure zine,

Indicates the valye obtained by Dhillon
and Shoenberg, (195 ),
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FIGURE 16

Calculated values of \W as a function

of (n* / mE)
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orientation in the inset of FIGURE 15, As indicated in the figure, our

i
!
]
4
]
.
3

value is slightly greater than that obtained by Dhillon and Shoenberg,
(1955}5.3 The value of the Fermi energy of pure zine, measured from the
bottom of the ellipsoid was calculated using equation 1,5 of CHAPTER I
and found to be 3,8+ 0.2 x lo-lhergs.

Since the zinc alloy exhibits a low temperature resistance anomaly
it was anticipated that the relaxstion time would not be constant in the
temperature range of the de Haas van Alphen effect measurements, This
means that the effective mass of the electrons in the alloy cannot be de-
termined by the above method, In order %o carry out the analysis for the
collision temperature for the alloy it was assumed that the effective

mass of the electrons in the alloy was identical to that of the electrons
in pure-zinc, This is probably a reasonable assumption considering the

g

extreme dilution (0,01 at, %)of the a.lloy.6 g
The collision temperature was determined from the slope of the line g
obtained by plotting as a function of 71 (see equation 1,7 of CHAPTER %

I), as showmn in FIGURE 17 for pure zinc and in FIGURE 18 for the zinc ’
manganese alloy, As has been noted previously, the curves are linear only ;
for lov fields, The collision bemperabure mas deduced from the linear E
portion of the curves and is found to be independent of orientation and
temperature for pure zinc and has a velue of 1.3°K? The collision para=
meter is arparently a function of both temperature and crientation for
the zinc manganese alloy, This dependence will be discussed further in
the next chapter, 411 the experimental results obtained from the de Haas

van Alphen effect measurements are summarized in TABIE I.

6.§ As is shorn in CHAPTER V, this assumption is consistent with the
~_experimental results,
7 ) Donnahoe and Mix (195hL).
8) These values compare favourably with the values of n¥/m found by
Joseph and Gordon (1962),
9) This value agrees with the values fround by Joseph anc Gordon (1962)
for the range of orientations cormon to both sets of measurements,




FIGIRE 17

The field dependence of the amplitude of the

oscillations for pure zine,

® indicate data obtaineq at ,2°x

¥ indicate data cbtaineq at 1,7° x
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FIGURE 18

Apparent field dependence of the ampli tude
of the oseillationg for the 0,008 wt, 3 zine
Tanganese alloy,

¢ indicate data obtained g 12° k
R indicate data obtained at 2,¢° K

Y indicate data obtained af 1,7°
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CHAPTER V¥

DISCUSSION OF RESULTS

5.1 Field and Temperature Dependence of the Amplitude

Allowing for a temperature dependent relaxation time, which
mght be expected in an alloy exhibiting a resistance mmimm, eqation
1.7 of CHAPTER I shows that the slope of the lines in FIGURE § of
CHAFTER IV may vary with temperature but their intercept at infinite
field should be independent of temperature, The experimental results
do not agree with theory and in fact a large variation of the intercept
with temperature is observed, In order to determine whether or not this
anomaly was another manifestation of an energy dependent relaxation time
the free energy, and hence the amplitude of the de Haas van Alphen effect,
s determined for the case of 2 simple energy dependent relaxation
time,

The part of the free energy of the conduction electrons which

varies Periodically with inverse magnetic field has been showm by Dirgle
(1952) to be:

S a2 1*'
__ 2r@amt)rg] V(M) m et g
Fpel”iOdic‘ - h3 l Zi 501
r;-o
: o4 ' *
_ — - Ea'E) T
There Q=@ lTr/4/e Amalr TR It’l[ H’é § ]JE
- 5.2
and
* * '
(3 = eh/mrc is an effective double Bohy magneton,

Q= ’VL//\\J(S*H




-gq-

and T is the conduction electron relaxation time,

The simplest energy dependent relaxation time is that assumed
by Korringa and Gerritsen (1953) inwhich 7= ), | a constart, ex-
cept for (Eo —A)SE{ (E,+A) vwhen T-0 . Under this
condition the integral Q, (equation 5,2) becomes:

Q= e—(zrrao]rp{m) [ f*‘e;zrrrg/g*ﬁ In f’l+€(E°_E)/kTS i
2

E,+d

- [ glamrER lafm éa—EYszdE] 5.3
Eo"A ?
= Ql +Q‘L

since the integral Q is zero when Vv

= 0 Avalueof ¥ /1=0,2
is sufficiently small to make @ —> 0, Combining ¢ with equation

5.1 gives an expression for the free energy identical to that obtained

by Dingle (1952) which is:

e 2P RTVE Y o] aosamrEneth )
periodic W2 Tl th gnhamrkT/H) o),

e he /2 6°H

It is thus seen that the effect of an energy dependent relaxation time

is %o add a term to the free energy which is determined by combining
U vith equation 5,1,

To evaluate Q, consider the two cases: i) Eo>>A , ii) Eo?uA
Case 1) ' 3
, If ES>A then e'<M" E/8™H can be put equal to
(e E, /6% i
e oh and putting ( - E) /¥T = x with




-gg..

A=k, Q, may be written:

. e-[zvaclrl-ilanrsolp*ﬁ—f/li)_] I

(TAI‘T) 5.5
where
L/T X
I(B/T):] In (1+€")dx 5.6
-%/T

This integral has been evaluated by mmerical methods and is shown in
t,
FIGURE I. Combining equation 5,5 with equation 5.1, the term which mst

be added to the free energy to accoumt for the energy dependent relakition
time, is calculated to be:

3/2 3/1 b
f - ATty kTy(B*R) Z[r"/z(-u)r(kT/(s'H)COS(QWrEo/f‘h-%)SJ
h3V2 =i

o rh/v, (S*H]

Adding equation 5,7 to equation 5,li, the periodie rart of the free energy
of the conduetion electrons, in a metal having a resistance minimum dye
to the postulateq energy dependent relaxation time, is given by:

P _ amlam*y% JQTV(S"H)Z/‘Z“s {(-l)rcos(RTrrE},/ﬁ*H-Tl‘/‘r)
periodic h?; & ~ % . N n
T sinh(ant kT /gt
5.0

e‘H\/To @xH éH_l"kTs\nh ﬂ.'ﬁ"T"ET/@H_ A/T)H

B*H
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In the present experiments the torque on a single crystal was measured,
The torque, C, will be given by:

¢ =-3F/dY 549
vhere ¥ is an angle denoting rotation in a plane normal to the axis of
suspension of the crystal, In the differentiation of 5,8, to obtain
the torque, the main contribution comes from the cosine term since

E, / Q*H)> 1. Thus the torque on the crystal is given by:

C=-F/0Y = 2F 3011k - 3(1/89 [ s 3mY 2

Yo &
- (R ELRTV % o 2 rsm(ﬂlrrfolﬁ"ﬂ“f/‘t) .
( c> Th3 H Y gr\g'h—smh(ﬂn‘rh/‘g‘h) T

1
e rh [FPHH i'*rkrﬁ%&h(ﬂmth@m l-(w]_)i

5.10

Using the arguments following eouation 1,2 in CHAPTER I, equation 5,10

reduces to:

C= pplop SINETE [B4-T4) SETRX/EH g1 i
Sinh(AT* RT/gx1t) g
RT T/ 8
{ [+ Sﬁ‘;‘:(&“ kT/EH) I(TA/T)z
for the case of a zine manganese 2lloy, where ¥ ’-“h/ﬂ' RTe
Case i : *
T if By % 4, then e“mE/B f canrot be put
equal to e | AT Eo/R*H in the expression for Q,, !
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Instead, put (E=E) /¥ = x and the expression for Q2 becomes:

T & LA BolM =1 (2T ¢ € [p¥H /)]

t0/kT
- X -X
f e AITRI/EH | (1467™) d
~A(T
Since it is desired mainly to know the qualitative effect of the energy

5.12

dependent relaxation time on the period of the oscillations, equation

5.12 can be simplified at the cost of accuracy in the value of Q by

putting: . =
(14 %) = 2

whence:

= - [Tlhl o “Lama.lri-i(amrEq e Tr/‘*)]f lznrka/ﬁ‘H

-A/RT

B*H In2 e—zw(am ). Cz[:m(so—tx)/g*ﬂ-rr/q]

5.13
arr 1[aﬁr(Eo+A>/{§*H ~T/4]
e

3

Taking the real part of equation 5,13, Q, becones:

A
nl - —
Q- ﬁ;‘% &AMl o (amrE, /amh-T) sin@rea(s) ok
Combining equation 5,1k with equation 5,1 and adding it to equation

5.1 the periodic part of the free energy of the conduction electrons in

2 metal exhibiting a resistence minimum due to the postulated energy

dependent relaxation time is:

Periodic hiﬁ £ L2 ginh (ar kT /6

F _an(am kx\/ H)Z 1) " oS (21T B [gR /A

TR/ { " Q§1nh(or;;T1rh|/($*H>Sm@mm/@wﬂ
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1t is thus seen that the effect of ' being equal to zero, in an energy
range A about the Fermi emergy, is to add a periodic term to the free
energy whose amplitude is simusoidally modulated, The period of the
modulation, Pmod s 1s given by:

Ppod = S*/rA

The ratio of the period of the modulation to the period of the oscilla-

tions is:

?mocl/P = Eo/a

For the zine 0,008 wt, % zinc manganese alloy which has been measured,
%, 15 3,8 x 10'11‘ ergs and A will be shown to be 1 x 19'16 ergs, Hence
Poa /P & LO0 and the effect of the modulation will be negligible,

The field dependence of the amplitude of the oscillations will
thus be analysed using equation 5,11, Excluding the periodic term

equation 5,11 can be written:

Ar=3-xt, &

where

) B\r\ %I'*‘ kTSlY‘\\'\(QTT"hT/ﬁ*H) I(Ta/r)g

h = — & A
ATk (m*/m)

@d A and T have been defined in CHAPTER I, FIGURE 2 shows the
results obtained by plotting a(—)L as a function of H-l for

T, = 075" K, The value of 0.750 K for T was found by a process of
trial and error to give the best fit of equation 5,16 to the experimental

Cofae 4s vould be expected, from equation 5,16, (-7 is seen




EIGIRE 2

d-2 as a fanction of KL for the 0,008 wt,
zine manganese alloy.

® indicates data obtained at },,2°
B indicates data obtained at 2.,6° &

A indicates data obtained at L7 K

The insert shoms apn estimate of the accuracy to which T may be

determined, The difference between -2 aﬁ b.2° K and 1,7° £

has been plotted as 3 function of Tafor V=60 ang pl=

3.02 x lO'b oersteds-l. The dashed lines indicate a difference

in A~ A which is plainly discernable in the main figure,
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to be a linear function of H-l having a slope,-X, and an intercept})at
infinite field, both of which are indeperdent of temperature, The
collision temperature is now seen to be independent ot orientation and
hes a value of 5,9° K, (cf, TABIE I, CHAPTER IV), ]

In the foregoing analysis it has been assumed that the effece !
tive mass of the electrons in the alloy was identical to that of the elec- g {
trons in pure zine, If this is the case, then from equation 5,16 and
equations 1.7 and 1,k of CHAPTER I, and the fact that the volume of the
samples 1s the same in both cases, it is seen that ol -3 s for the
alloy, and - ol , for pure zinc, should be equal when they are extra-
polated to infinite field for gny given orientation, As can be seen
from FIGURE I ard FIGURE 17 of CHAPTER IV, the values of the intercepts
agree to within about 103'thus confirming the correctness of the
assumption,

In CHAPTER I it was mentioned that Domenicali (1960) has

shown that an effective relaxation time which is sharply energy dependent R
near the Fermi surface can explain both the resistance mimimum and the

"glant" thermoelectric powers which are found in dilute alloys at low

temperatures, Mbrringa and Gerritsen (1953) have shown that a simple:
energy dependent relaxation time, similar to the one just considered in !
connection with the de Haas van Alphen effect, will produce a resistance “
mmimm, They showed, if the relaxation time was zero in an energy :

interval £ A about the Fermi energy, &, , that the part of the resis-

tivity, ?1 s due to impurity scattering was given by:

e =C(1+ AJ2KRT)
This term when combined with the thermal scattering tem will produce

2 Tesistance minimum in the total resistivity, Experimentally it is




2a. 'It should be noted that the value of 4, derived from

the de Haas van Alphen effect measurements, refers to ap

extremely small porticn of the Fermi surface. Tt ig assumed,

fhile it is k

in making the resistance calculation, that the Same value of

holds for the complete Fermi surface,

large and thus 4
i1l be to inducl

If a rigid band |
atom ratio remaif

alloy must incref

1. Equation 2,3

In either ¢
of states
defined ene

2, In the prese
valence 2,
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Same value of 4

-9q1.

more convenient to measure the resistance ratio and hence:

(’;/(’m =U+ A[2kT) Po /&75

ore

R‘I IR273 = ( H‘ A/z kT) Ro/ R273 5.17

Wile it is known that the relaxation time which is measured using the
de Haas van Alphen effect is quite different fram that which is

measured by electrical resistance it would seem that, for alloys exhibit-
ing a resistance minimm, the energy range over which the relaxation time

was assumed to be zero should be the same in both cases, On this bagis
the contribttion of impurity scattering to the resistance was calculated
using equation 5.17 and the value of A = 0,75 R obtained fron the
de Haas van Alphen effect mea.surements?‘& The results of doing this are
shovn in FIGURE 3 where R, / R273 has been chosen so that the experi-
mental and celculated values of Ry/ Ryry agree at 1,2° X,

| The zbove theory suggests the li‘ollom'.ng physical model, iny
state existing in the energy interval in which T= 0 mist, by the
uncertainty printiple, be very broad, 4s a consequence the transition
probability between this state and any otker unoccupied state will be
large and thus the net effect of the energy dependent relaxation time
will be to induce a gap in the effective density of staf:es.1 (FIGURE L)
If 2 rigid band model is assumed for the alloy and the electron tol
aton ratio remains unchanged on a.],loying2 then the Fermi energy of the

2lloy mst increase by an amount A in order to accomodate all the

of states may not be plausible for states having such a poorly
cefined energy,

2, In the present case, zinc and manganese are both assumed to have
valence 2,

Equation 2,3 in Dingle's (1952) paper also leads to thie conclusion;see RPPENDIY TT
In either case it should bte pointed out that the concept of a density
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FIGURE 3

The resistance of the ginc marganese crystal
as a function of tem.erature, The solid
line shows the value of the resistance
caleulated using the equation given by
Korringa and Gerritsen (1953) and 2 value
of 7,= 0.75° K,




N
)
S~

O

—>

<yl

electrons, (Ci
leads to a de(

where Eo is t4

of 1.5%,

van Alphen osg
creases the m3
they depopulat
At energy ( B
of oscillationf
oscillations h
set of modulaté
period of §%/4
that another cd
the transition]

§ would normally

of the oscillaf
temperature,
behaviour,

ome

been discussed

ST NS

décrease upon a

th
RS IRELES

pendent relaxa

DS 53¢

B the number of cf

BRZ v
[



- 100 -

electrons, (Cf, FIGURES4a and b), This increase in the Ferrd energy

leads to a decrease in the period which is given by:

Paloy = (I-A/E:) 8YEs = (I - A/Es ) Ppure

where E; is the Fermi energy of the solvent, In the present case

A/ E, % 1/1400 and hence a decrease in the period of 0,254

would be expected, This is well within the present experimental accuracy
of 1,5%,

The effect of the gap in the density of states on the de Haas
van Alphen oscillations can be seen from FIGURE 2¢, As the field in=
creases the magnetic levels move to the right, At emergy (B, =- A )
they depopulate rapidly giving rise to oscillations of period(*’/(*r:° ~AJe
A energy ( E, +A ) they repopulate and give rise to a second set
of oscillations having period 8/ (E, +A ). Since this pair of
oscillations have nearly the same period they will beat and result in a
set of modulated oscillations having period O/ E, and a modulation
period of /A , (cf, equation 5,15). From EIGURE 2b it is seen
that another consequence of the gap in the density of states is that
the transition from populated to unpopulated states is more abrupt than
vwould normally be expected, This results in an increase in the amplitude
of the oscillations in a menner which is analogous to a reduction in
terperature, As can be Seen from equation 5,10 this is the expected
behaviour,

One of the consequences of the physical model which has just
been discussed is that the period of the oscillations was found to
décrease upon alloying with an element which results in an energy de-
pendent relaxation time, This decrease in period came about because

N
the nunber of conduction electrons,was assumed to be constant, The
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detailed analysis presented earlier was carried out under the assumption _
of a constant E0 rather than a constant number of conduction electrons, and |
consequently no chamge in period was predicted, In order to determine the
change in B, , and hence in the period, due to an energy dependent relaxa-

tion time the sum:

N = Z '/[ ,+e(E,'—Eo)/kTJ
X _

mist be evaluated using the expression for the density of states given by
Dingle (1952), This mist be done, both for the case of an energy dependent
relaxation time, and for a constant relaxation time, The results can then be
equated and the exact expression for the change in peribd, due to an energy
dependent relaxation time, derived, This is a rather long and complex
mathematical procddure, Also the change in period on alloying, with an ele~
ment which induces an energy dependent relaxation time, depends not only on
the relaxation time but also on the value of the eleceron to atom ratio in
the alloy and the change, if any, in the density of states on alloying, Both
of these quantities are uncertain and hence it was felt that no useful infor-

mation coid be obtained from attempting the above calculation,

5.2 Conclusions
The period of the de Haas van Alphen oscillations in pure zine ‘
and in the 0,008 wt, ¢ zine manganese alloy were found to be the same

within the 1,59 experimental error, However, the variation of the ampli-

tude of the oscillations with field and temperature was found to be /
anonalous in the alloy, In order to explain this anomaly the effect of an
erergy dependent relaxation time on the de Haas van Mphen oscillations
#as investizated, A relaxation time that was assumed to be zero in an

energy range A=kT, about the Ferm energy and constant elsewhere was

v
i

found to £it the experimental results when |, = 0,75° K, The electrical

Tesistance was calculated from the phenomenological theory of the resis-

tance minimm ziven by Korrinza and Gerritsen (1953) in which the
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FIGURE &

2) The density of populated states as a function
of energy for the solvent,

b) The "effectiven density of states as a function

of energy for an alloy having the postulated energy
dependent rélaxation time,

¢) A schematie representation of the magnetic

€nergy levels which result in the de Haas vam
Alphen effect,

by heavy lines,

ropulated levels are indicated
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relaxation time was also assumed to have the above behaviour, With a
value of Ta= 0,75° K the calculated and measured resistance were

found to agree withiﬁ experimental error,

53 Suggestions for Further Research

Included in Appendix II is a discussion of the steady state
magnetic anisotropy observed in a zinc manganese crystal, The effects
briefly described are presumably a result of the anisotropic environment
of the manganese ions in the crystal, This effect is presently under

investigation,

It would also be interesting to extend the measurements to
include:

1) a manganese alloy having no resistance anomaly, eg, Al Mn,

2) an alloy containing a non magnetic impurity, eg. Zn Cd,

3) other alloy systems exhibiting resistance anomalies.
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APPENDIX I
Thermometer Calibration

FIGURE I shows the calibration for the carbon thermometers
used in the resistance cryestat and in the thermo e,m.f, cryostat.
The copper thermometers in these cryostats were cglibrated using the Z
function for copper tabulated by White (1959) as a function of tempera-

ture where:

B -he o R -Rofn
Ba-B 1 -Ryofn

FIGURE 2 shows the calibration for the gas thermometer used in the

Z

magnetic anisotropy measurements, It was calibrated using the method
described by Thite (1959), and three fixed temperatures obtained by
submerging the bulb in liquid oxygen, mitrogen, and helium, The tempera-
ture of the mitrogen and oxygen were measured using a tinsley platimm
resistance thermometer and bridge which had been calibrated by the
National Physical Laboratory,
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APPENDIX I
Thermometer Calibration

FIGURE I shows the calibration for the carbon thermometers
used in the resistance cryestat and in the thermo e,m.f, cryostat,
The copper thermometers in these cryostats were cglibrated using the Z
function for copper tabulated by White (1959) as a function of tempera-

ture where:

B che R - Bafhp
Br3-Be 1 -R ofem

FIGURE 2 shows the calibration for the gas thermometer used in the

Z

magnetic anisotropy measurements, It was calibrated using the method
described by Thite (1959), and three fixed temperatures obtained by
submerging vhe bulb in liquid oxygen, nitrogen, and helium, The tempera-
ture of the nitrogen and oxygen were measured using a tinsley platinum
resistance thermometer and bridge which had been calibrated by the
National Physical Laboratory,
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FIGURE 1

Calibration eurves for the carbon thermometers
in the resistance am thermo e,m, f,
cryostats,
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FIGURE ¢

Calibration curve for the gas thermometer used
in the magnetje amisotropy measurements, P, and

To are the pressure ang temperatire at which
the thermometer was filled,
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APPENDIX IT

Yagnetic Anisotropy

!
During an unsuccessful attempt to observe the de Haas van ‘
Alphen effect in a 0,025 wt, % zinc manganese crystal it was noticed !
that the crystal had a large magnetic anisotropy at L,2° X, Also it
vas noted that the couple exerted on the erystal at L.2° X was of the
oprosite semse to that of the couple observed at room temperature, In
order to measure the couple as a function of temperature 2 helium
boiloff cryostat similar to that described by Hedgcock and Muir (1960)
was used, The &imon type gas thermometer which surrounds the crystal
in this cryostat was calibrated using the method outlined by White
(1959). The calibration is given in APPENDIX I,

Consider a magnetically amisotropic crystal of mass, m ,
having three mitvally perpendicular magnetic axes, If the crystal is
suspended in a magnetic field, B, so that it is comstrained to rotate
about one of its magnetic axes, the 2 axis say, then the torque, €,
exerted on the erystal, due to the field, is given by:l

C/H‘zl_'(xg—xl)msm 29 1

when the field Hes in the plane defined by the 1 and 3 axes of the

crystal, The quantities X\ and )(3 are the magnetic suscepti-
Mlities of the crystal along the 1 and 3 directions respectively and

is the angle between the 3 axdis and the field,

Torque measurements were made on the 0,025 wt, % zine manga-

fese crystal when it was suspended with its ¢ axis parallel to,ad pesmdicular to,

L. See for instance I, 7, Bates liodern Eagnetism, Chapter IV, p, 161,
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the suspension of the balance, With the (¢  axis of the erystal
parallel to the suspemsion no torque was observed for any position of the
magnetic field either at room temperature or at L, X, This indicates
that the crystal is magnetically symmetrical in the basal plane, If

the ( axis of the crystal is denoted by 3, then in the notation of
the previous paragraph:
X =%a.

Wththe (  or 3 axis of the crystal perpendicular to the
suspension torque measurements were made as a function of temperature
between room temperature and 1,7° K for mown values of U . FIWRE I
shows ()[3 = X,) for the 0,25 wt, % zinc manganese crystal as a
function of temperapure in units of ( Xz - X) for pure zinc at room
temperature, FIGURE 2 shows (X,=X) as a fnction of H-_l for various
values of temperature.z The increasing slope of the lines as the tempera-
ture is lowered might be interpreted as being due to the onset of ferro-
magnetic ordering in the alloy. Alternatively, this might be due to
ferromagnetic impurities, On this assumption the values of (=),
obtained by extrapolating to infinite field, were plotted as a function
of temperature, The results ave indicated by the dotted line in FIGERED.
The peak in the susceptibility which is observed in this case could be

interpreted as due to the onset of antiferromagnetiem, Further invegti-
gation of this effect is plamed,

2. This is essentially a Honda plot for the torque measurements,
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FIGURE 1

The s011d line shows the average value

of (X - %) as a function of temperature,
The dashed 1ine shows the value of (X3- Xl)
obtained by extrapolating to infinive field
s shown in FIGURE 18,
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(JE,,5 - ll) as a funcvion of reciprocal
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APPENDIX III

Density of States

i N

geote; n P

Dingle (1951) has shown that in a magnetic field, H the

) O U RO LT St PP A s

density of states, N (E), for conduct:.on electrons hav:.ng a relaxa-
tion time, 7, is given by:

¥\ 0 ) L * 2
N(E) = 'e—lih— (2& ) ’::o l/{[&."%(nﬂlz)]’r‘+% i .

e £ b

T T s

TR Ty X PO

S lanme et
o= yy. g e

E g is ﬁhe roughly quantized energy of the electron orbits
perpendicular to the magnetic field and B, is the unquantized energy
of the eleétrone aldng the direction of the magnetic field, By
inspection it is seen that whenever the relaxation time is zero the

density of states mst also be zero,
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