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ABSTRACT

The eleetrical resistance of magnesiumemanganese
solid solutions has been measured in the liquid helium range
and below 1° K, The results are given in this thesis with
details of the eryestat for adiabatic demagnetisation and of
the galvanometer auplifier used to measurs the resistange,

Many authors have reported the existence of a
minimum in the resistance of Mg (!n) alloys at low teuper:tures,
Some of them have conjectured that a resistance maximum might
exist below this minimum, However they did not observe this
maximum because their spescimens did not contain enough Ma in
solid solution to produce a maximum in the range of temperatures
of the observations,

Teohniques developped in this laboratory have made
it oosuible to keep more !in in solid solution, A resiastance
maximum was observed in these wpeolnens and the preliminary
results were publiched recently by (audet, Hecreock, Lamarche
an. #~allin-ford (1960).

The measurenents reported here were taien on iig
apocimens containing from 0,07 to O.“ atonmic Sth solid solution,
ihe tempeprature of the maximum (Tn‘x) increases with the
concentrution of “n fros sbout 1° X to 5° K. The resistance

decreased rapldly below the maximum without any clear evidence
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of levelling off near 0.2 K,

The magnetoresistance of a few specimens was
measured in flelds vp to 5 kOo et 1iquid helium temperatures,
It did not obey Kohler's rulo but desreased markedly on
coolin: and even became negative around Tnsx'

A brief survey of the reecent theories on the
reslstance anouslies of dilute magnetic. alloys s also given,
It attempts to bring out tha Laportant Leabures of Lhese
theories and some protlows that ramein unsolveds In particulse
1t Vecame evident that 16 would be useless so attempt a
detailed comparison between any of these theories snd the

experimental results roported here,
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GHAPTER 1 _

1.1 Introdugtion

The discovery of an anomalous phenomenon often
a'imulates the oxperimental and the theoretical work in a
~lven leld of physice, In 1933 de Hams and van den Berg
have observed a minimum in the olectrical resistance of a
~0ld specimen at low tewperatures, They expected only a
monotonic deoreass in the resistance with decreasing
tomperature., This anomalovs minimum has leter Leen observed
in the resistance of many other metals,

During the last decade it has buen shown that very
small quantities of transition elenent impurities are
responsible for the anowalous minimun, Also it has been
observed that hicher concentrations of these paramagnetio
Lapurities (espe ol ntomlo ¥ of ! in (u) often cauee @
rosistance maximum nelow the ninimum, In tris thesis we are
narticularly Interested ir this sunmalous vreelstance naximua.

Junep anomalies have 2180 been observed in the
pioperties of 3ilute marnetic alloys; for example anomalies
nave barn observed in the magnetoresistance, maynetlo
susceptibility, nuclear marnetis resonance, electron spin
rasonance, specific heat, thermal conductivity, 'all

cnefficlent, ete,
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These observations and the work of theoretical
physicists hava given us a better knowledge not only of
dilute magnetio alloys, but of all metals,

The present work 1s an experimental study of the
electrical resistunce of Mg (¥n) alloys at tewperatures
below 1° K, This ressarch was started with the hope of
establishing whether or not a maximua oocurrad in the
resistance of magnetio alloys with divalent parent metals,
Sugh & behavior had been observed only in dilute magnetie
alloys with monovalent parent metalsy e.pe Cu ('), Ag (Hn),
Au (Cr),

Suoh a maximum has eventually been observed in
the resistance of a Mg (4n) alloy at 1,2° K and vas
subsequontly observed at higher temperatures with more
concentrated g (Hn) alloys.

Wo have also attempted to establish whether or
not the resistance naxisum of !g (*n) alloys Lo similap
in nature and ori;in to the maxima previcusly observed in
dilute mernetic alloys with nonovalent parent metels, A
nesrtive macnetoresistance 18 always observed arounu the
temoeprature of a resistance maxiaun, ‘o corplote our
investization, the marnetoresistance of ‘g !“n) alloys

has therefore !een studlied at 11quid helium teperatires,
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In this first chapter we try to summarise the
uornal behavior and the anomalous bshavior of both the
sleotriocal resistance and tho magnetoresistance of dilute
alloys. In each oase we first present the experimental
facts and then we give a urief summary of the theories
propoded to explain these facts,

The apparatus and the experimental methods are
desoribed {n the second chapter along with the ascuracy
of measurexents,

Our observations and conclusions are presented

in the thiprd chapter,

12 Resistivity of Hormal Dilute Alloys
1s2,1 Mathiessen's rule

The dilute alloys are normally expested tn obey

fathlegsen's rule, That 18, the inerense ir resistivity ?B
due to a small concentrition of forel:n atoms in selid
solution ias indepcicent of temmeratures I' the total
rosistisity is dencted by Q(i),

Pt o= 9D v 0 (1)
where PF(T) {¢ the reslstivity due vy thermel vioratlons

and PH the constant rosi{ativity due to impurities,
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dathiessen's rule requires that the impurity
rosiativity be the same at sll temperatures, However it
&80 implies that the thermal reaistivity QT of the alloy
and pure metal follow the sams lawv and that the thermal
and impurity resistivity are indopendent and slmply add up.
duch & behavior 14 fairly well understood, Nermally an
impurity introduces in the lattiez « nerturbation that is
{ndependent of temperature. 'his is one of the reasons
why the impurity resistivity is usually constant, On the
other hand the thermal component of the realstivity depends
on the lattioe vibrations, The few izpurities present in
2 dilute alloy do not affect appreeiably the lattice
vibrationse Therefore the thermal res!lstivity of the pure
metal and of the alloy are approximately equal, PFinally
the total resistivity depends on the tetal amount of
scatleringe The therxal scattering and impurity scattering
are relatively weak processes independent of oach other and

thelr offects usually olmply add up.

1,2,2 Hesistivity due to {hermal Vibrationa

When an electron 1s scattered by the lattice vibrae
tin: at frequency " it exchan-es s quantum of enerpy uviuith
i1t. These cxchanres of enercy are essentially inelastic,

However 1n this theals the teram {nelastle scatterin: will be
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used exclusively to desoribe events where the electronie
structure of an tmpurity is changed in &« oollision with
& condustion eleotron,

The Debye model may be used to desoribe the thermal
vibrations of ¢ metals it 18 then possible to caleulate the
relaxation time T and the resistivity as a function of
tamperature, I[f the lnteractions iatween the electrons and
the lattioe are simplified, we may obtuin the Bldehelrdned sen
formula

k5 J o B @

P 4 L e (1ed?) @
where ¥ is the atomic welght and X is a constant characteristioe
of the metal an¢ 1ts volume, The thermal reslstivity is sero
near 0° K and it {noreases monotonically with temperature,

ior /0 = 0.1, g’rg 12 5285-. vor " & 0,1 @, the thermal
e
resintivity ia about 5 x 10°3 1te value at = 9, Por

maineslum, Dncz 200° X so0 that at 30° K the resistivity due
3

to thormal vibrations 18 about 5 x 10"~ 1ts value at rooa
termepature.

It the thormsal rosistivity of a dilute alloy is not
thc same 88 for the pure metal there will be deviatlons {rem
“athlessen's law, (mall deviations from lathiessen's rule

are actually obscrved ir the resistivity of most dilute alloys,
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ihey may be ocuussd by changes in the latllce sharacteristie

frequency OD due to the presense of foreizn atoms,

1,203 Impurity Resistivity

A8 previously mentioned, the lmpurity resistivity
of vorms) alloys does not vary with the temperature. The
soattering of oconduction electrons by lmpurities is usually
sonsidered elastic scattering, 1.0, oniy the direction of
motion of the eleotrons is changed and not their energy.

The impurities cause scattering decauss their field is

di fferent from the fleld of the solvent atoms, It is the
differonce hotwaen these tiwo fields that is regarded as the
cause of the impurity scattering} l.s. only deviations from
periodic potentials cause seattering,

If the forel:n atom hes the same valency as the
ator it substitutes, the limurity resfstivity PB will
usually be snall, However wnaun the valenoy of tne forei:n
atom differs fron the ona g! tha pure nats) by 7, the
1rourity resistivity 1s usually much larger and proportional
to ZZ {aorbury's rule)s The Coulomb forces seem to be
nainly responsible for the scattering., Horoury's rule is
explained by assumin: that all valenoe electrons so into
the conduotion band and that Rutherford's 22 law of scattering

holdses (“ott and Joncs, 1736). Of ccurse it is assumed that
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the impurity scattering {8 due only to Coulomdb interactions,

le2:4 Detatled Calgulation of Cuppent

Aocording to the modern theory of conduotivity,

the oondustivity is given by

o os Nt 2 T (3
]
where N.rr {» the effective nuaber of conduction eleotrons,

¢ the electronic charge, m the mass of the eleotron and T
the relaxation time. In this sxpreasion, all the factors
are essentially constant sxcept the relaxation time T whieh
depends on the amplitude of thermal vibrations and the
concentration of lmpurities, Tthe conduotlvity T is not
explicitly dependent on the temperature. However it depends
implicitly on the tormerature throuch the relaxation time Te
iany assumptions <ero mnde in order to obtain this result,
4 study of theory of vonductivity will show when we expeet
sguation 73} to be walld,

in the modern tneory of conduotivivy (for instance
4® outlined by fot: anc Jones, 1736) it 14 possihle to
caleulate the eurrent for an actual wetal provided (1) the
verml diatrioution is assumcd spherical and {2) the
tpansition orobabllity P (k") for an eleotron to ve scattered

'
irom & 8tate  ty o state ¢ I8 a8sumad to depend only on
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the anile of seattering and not on the initial direction of
motion, Here k 18 the wave nusber of conduction electrons,
The elootrons are considerod as free and assuned to obey
Fermi DMrac statistics, Also the scattering is sssumed
elastic,

The relative fillins of avallable onergy states
for the eleotrona 1s thus riven by the Peral distridution

funotions

(k)

f = )
0 ozp(E-F.F)M+1

wvhere E 18 the energy of the sleotrons, F}, the Ferai energy <
and k the Boltsman constants In the adbesnce of an axternal
field ro is spherically aymastrical and there 13 no net
motion of charge in any direetion,
In the presence of an eleotrio field F along the
x = direction

. df, q k .
(gt) n,u' Ef %ﬁ T(-x- 9% sl

The effect of the field on the electrons is opposed by the
effeoct of collialon betwecn eleotrons and vibrating atoms
or imurities, Ve therefore have to find the rate ol change
of f due to collisionss This dopenda not only on the
iumber of elestrons in the initial atate k but also on the

]
numbepr of avallable states around tho f'inal stite k o




Similar conditions apply for the reverse process. Therefore
gjq . ' ' ' ' 0,0
(ds 0011- [1 t(k)] f(k) P{k'k) 45 = f(k) [1~f(k )_]P(kk )ds' (6)
where ds' s an element of surface in ke space and the

integration is over the survace in kespace having the same

ener-y as the initlel stato ke This expreasion is ovtained

wien the i'auu exolusion prineiple 18 applied rigorcusly.

It $» ususlly assumed that P(kk') = P(k'k) so that equation

way be simplified to
- jr(u') Pk'k) as' » J £k) Plix') as' (1)

which 18 the same formula as one obtains without taking
into acoount the exolusion principle. Therefore in this case \
the Paull principle has no effeot on the conductivity, This

may seom surprising but results from Jur sasuxptions that

the scatterins s elastioc and P(kk') - P“K.k)o There will

be s net motion of charze in one direotion cnly if the

Tarmi dlatribution s diaturbed, L.6. 1f
£=t +5 (8)

when an externsl fleld is applled ; inereases until the
effect of collisions s equal and opposite for the effect
of the fields men g may be defined by

P k
¢ (k) -5;2 & £ T (9)
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whers the constant T {s the relaxation time. If we
substitute for f by f= £ +gin equation (7) we obtaln,

'S e Talk') = ao)| Plc’) a5’
(“ - [g() gl )] (k') (10)

This must be ast equal to minus the rate of ehange due to
the field (equation 5)s Uhen this i3 done we flnally obtain

1. S(l-eoa o) PO) & (1)

'The reciprocal of the time of relaxation is thus oqual to
the total probability per unit time thut an elootron is
soattered, with the factor 1 ~ cos @ to glve extra weight

to large angle collisions, Here P(@) is the probabllity

of scattering through an anple 9, lHenoe now we can caloulate
T and deduce glk), the effect of the field and collisions
on the distribution function t;. We can now calculate the
curront that results froam this shifted Fermd funotion. The
contridution to tgo ourrent per electron 18 ov and the

density of eleotrons in k = space is 2 té(k). The current
(2 )

por unit volume 18 thon

aflk
= ov dk  dk dk (12)
j &SX X (2m) x y ¢

the integration bein; taken over g1l k = space, 'lowever

v sl dF ks and f=f -dr° _‘:; é¢F T o+ ihe teorm f
: n & ¥ o I % {éL 0

ives no contribution to the integralj after chansins to

A |
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polar coordinates and ahanging the variable from k to &,

o0

’-.‘ZF j %’f’kzgs dE (13)

°
In this equation drold}a = 0 everywhers except in a narrow
band of energies (~KkT) around the Persi level. So we only
have to consider the values of the other yariablee around
the Fermi level, In order to ocarry out the inteyration
dF/dx and k2 are usually asmzed constant in that rezion,
Al2o another more important assumption {2 usually made here,
The prelaxation time T 1a assumed independent of the enerzy
around the Peral level, l,es 7 (7) » gonstant, The integral
then reduces to o J i ;{_g d% = 1 and the conduotivity

0

1o ziven by
T sy« ._.1.!1?..2 (7 %) (1)
Jmr i
r
o Jatre? Ty (15)
®
8 3 ar
N 8 e - (16)
where ¥ .. 3 (-23.1;.) %.2!_“; =

Therefors in this approxima:ion the conductivity is not
explicitly €:pendent on the tempersture, lHowever it will

be scen that 10 we assume that the relaxation time T varies

Q
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with the energy of the eleotrons around the Perxi level,
lees T @ T (E), the conductivity o will depend expliettly
on the temperature, =

It 15 seen from this equation that the conductivity
depends on the relaxation time ‘Tﬁ of the eleotrons with
energies nearly equal to the Perml energy. If the soattering
is 1sotrople, the relaxatlon time Tp oquals the mean free
time between collislons (see Dekker, colid State Physics 1958),
For this special case wo can introduce a mean free path
1? -, ’FF where ) 1s the velocity of an eleotron with the
Foremi velocity (whioh is determined by Hotr)' For moat
practioal purposes the Perml energy may be considered constant,
Therefore the variation of condustivity with temperature and
coneeatration dependa on the mean freo path lp between
collisiona, This 1a determined Ly the various eleotrone
lattice interaotions, For example the mean free path
deorea.es as the thernal vihratlons inorease with temperature,
The mean froe path 18 usu:elly long {n metals compared to the
interatomio dlstancoss 'Miis aupports the lmportant concept
that the resistance 1s caused only by deviations from

periodle potentials in the lattice.

143 Hemistivity of Iilute “agnetic Alloys
1e3el Larre Deviations froa Mathiessen's Rule

The resistance anowalies of dilute mernetic alloys

D
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vill now be deserided, Much of this inforwation is taken
from the resent summary of Gerritsen (1959)s The eleotrical
resistivity of these alloys varies with temperature in one
of the four ways sketched in Plgure 14 Curve A 11luatrates
the normal behavior of dilute alloys, Mathiessen's pule is
obeyeds A few dllute magnetie alloys follow this normal
behaviors Curves 5, C and D 1llustrate the resistivity
anomalies exhibited by many dilute nagnetis alloys,
Obviously there are large deviations rrovaathiosaon'n rule,

Curve B shows the resistivity ainimum exhibited
by a few dilute alloys, At very low concentrations (m 0,1
atoalc percent) only a ainimum of this type 1s usually seen,
elow the temerature of the minimum tho resiativity inoreases
down to the lowest temparture observad. eege Cu (Co)o
teually the temperature of the sinimun inor-ases but not
linearly with the eonsentrations In wost cages the
reslstance nininum 1s below 50° K. However Linde (19%8) has
asbaerved that the reulsteunce minimim of Au (Va) alloye is
nbove room temperature,

Alloys that have a resistance minimum often have
* aaximum at lower temperitures, 'his type of behavior is
{1lustpated by curve Co 'n tho past, this behavior has

bren obse:ved only in alloys of a monovalent metal

tontaining paramacnetic lons (es7s Cu (*m), iu (Fe), ic ('n),
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FIGurRe | - FOUR TYPES OF BFEHAVIOR OF THE ELECTRICAL
RESISTIVITY OF DILJTE MAGNETIC ALLOYS AT LOW AND
VERY LOW TEMPERATURES:- THE DOTTED GURVES INCICATE
THE FRACTION OF THE RESISTIVITY ATTRIBUTED TO THE
IMPURITIES:
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Au (Cr), otee)s The reststance maximus of thess alloys
alweys bas the three following propertiesy (1) the texperature
of the maximum, rm. inoroases rapldly and linearly with
coneentration, (2) the resistance desronses by & fow parosnt
below the maximum and tends to besome oonstant at vary low
temperatures and (3) the magnetoresistance 1s negative
around the temperature of the pesistance maxisum, This
anomalous magnetoresistance s discussed at the end of this
chapter,

Curve D f1lustrates a resissivity ainiaun followed
by & constant resistivity reglon at lower temperatures, Such
& behavior has been observed in Cu (Fe) and Au (o) alloys,

‘ At low teaperatures the mean free path of conduetion
electrons {s sonetimes comparable to the dlmensions of the
specimen, Without doubt this will have some {nfluenee on
the resistance measurenents (“acDonuld, 1956). However
these sige effeets do not sesx responsidble for the large
reaistance anomalies just described (MaecDonald and
Yendelssohn, 1950), These resistance anonalies were observed
with speoimens of various sizes, Also thers is no resson
why such effeots would oecur only {n dilute marnetio alloys,

Fxperiments by Pearson, Rimeck and Templeton (1953)
have proven that the reslstance minimum 1z not due to grainm

boundary effectss A sinrle oryetal of Cu (Fe) showed a
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resiatance minimum Just as the polysrystalline speeimen did,
I 1 now nearly certain that che large resistance
anosalies just deserided are genuine properties of dilute
magnotio alloyas Therefore these anomslies are properly
called deviations from !athiessen's rule, It s now
necessary to establish whether the thormal resistivity or
the izpurity reslstivity 1s responaible for Shese anomalies,

1,32 Jesietivity due to Toorms] Vibrations

The resistivity due to themml vibrations may be
differcnt {n a pure metal and in its dllute alloys} the
{mpurities may ohangs the oharacieristie requency of the
lattice, However it does not appear that thia effeet somdd
account for the lerpge low Lemepralure resistance anomalies
of dilute magnetic alloys, According to ¥ott and Jones (1936),
the change in ?T d&o to 1 percent of foreign atoms ashould
be of &he order of 1 percents Also the effeet of the
1imurities on the thermal resistivity should also extend
over the whole rance of termperatures, Such a s=all and
gradual effeot has aotually been observed in the resiativity
of almost all dilute alloys. (see Yot and Jones, 1936),
tioreov/r Lf the resistivity due to thermal vibrations was
very anomalous in dilute macnetic alloys, there is no evident
reagson for this dlseriminationy such an effeot should aliuc occur

in nonemarnetie alloyse ‘iowever there sre no larre anoralies
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in the realativity of Bodemagnetic alloys, Thus we are
Justified to relate the resistance maxima and minima of
dilute megnetic alloys to the impurity reststivity ?B‘

1¢3e3 Apomalous Ispurity ngqumg

The large deviations froam Mathiessen's mile
desoribed in 1e3.1 are attriduted to an anoaalous impurity
resiativity ?B' In order to study the impurity reststivity

P 5 i% 18 flrst necessary to sudtrast the thernal resiotivity
Vo frou the measured resistivity Po Lot us first constder
& realstanco uinimum of the type dsasribed by 3, Flgure 1,
Pearson (1955) has analyzed the realativity of a Cu (Pe)
specimen showing only a minimum, whon the subtraotion of

P p 18 done, L% appears olearly that the very nature of the
anozmaly 1s a momsbonic inoreass of the impurity resistivity
(’B tovards lower temperatures, 7This is indisated by the
totted ourve iu 5, #gure 1, Lot us now consider a resistance
naxioum ol the type shown by C, Flgure 1. According to rescent
Neasurements of Wallingford (unpublished) the {mpurity
resisbivity of Mg (Mn) alloys is falrly constant at high
torperatures but increases and passos through & maximum at
low teaperatures, This is shown by the dotted curve of C,

Msure 1,
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1e3s Neghaniems Proposed to Exphain the Anomalous

3 ut tis Alloys

There are many ways in which the resistance
anoaslies may be explained, The fmpurity resistivity wil}
be anomalous
(a) 4f the impurities have a partioular eleotronic structure
fb) if magnetic intersctions change the seattering orosse
ssation of paramagnetio lons or
(e) Af the magnetio ordering or spina inoresses the periodiéity
of the lattice (splnedisorder theory).
The meshaniams proposed to explain the anomalous reaistivity
of dilute magnetie alloys will bde reviewed in that order,
() partioular Flestronte Strugture
If the paramagnetio impurities have a partieular
eleotronioc structure they may produce resonant scattering of
conduotion elestrons with a certain energy (Korringa and
Gerritsen, 1953)s It may be shown that 4f the relexation
tiae T(E) depends on the enerry of the conduction electrons
around the Feral level, the conductivity will depend explicitly
on the temperature (Xorringa and Jerritsen, 1953)s For
exarple 1f we take equation (13) and let 7= 0 in two energy

0! wiath
bands Vs dlatant by Fl from the Ferml level, we obtaln

%" 1+ (2a/k) exp (14 /k1) {1 + oxp (3.‘1/1‘?)} -2 (an
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vhers () 18 the imurtty reststivity both at 0° K and ot
high tesperatures, B a proper choloe of El and A,
Xorringa and Gerritsen could f1t this equation moderately .
well to the resistance maxims of many alloys, However
there 18 no direct evidence for the Pesonant electronic
strusture suggested by Rorringa and Gerritsen,

Even in very dilute alloys the peraxpiers B
s2d A vary with coneentration, ™his is evidently necessary
in the ourve fitting sinoe the temperature of the maximun
increases rapidly with concentration, As the nuthors point
out, this variation of Tm with oconcentration sugpests
that there 1s a cooperative phenomenon or interactions between
impurities, If the maximun was caused by independent
impurities only the msgnitude of the effeot should inorease
with the conoentration and the temperature of the maximum
should remain econstant, Xorringa and Cerritsen have assumed
this to be & eooperative phenonenos between conductlon
elsotrons,

In recent years the electronie properties of dilute
magnetio alloys have heen extersively studied, (Friedel, 1958,
and others), It 1s proposed that thers are broadened or
"virtusl” bound destates around impurities, This theory 1a
used to explain the deviation from Norbury's 2-2 law, The
1mpurities would ba surreunded by concentric shells having

alternately an excess or a laock of electrons, This polarisation
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could extend to quite e distance from the lmpurity and align
the mpins of oLhcr impurities. No one has explained how
this mmtu oould cause the reststance aaxims or miniza
observed in very dilute alloys. Frisdel considers these
anomalies as still unexplained,

(b) Magnetlc Intermotion between iggur;&;og

In the adaence of noldp or other interactions,
the impurity resistivity of paramagnetic fons is sxpeoted
to be constant (Yosida, 1957). Nowever 1 the parumagnetisc
ions in solid solution have interactions between themselves,
their resistivity will usually vary with temperature. These
nay be short range or long range interactions dut the effect
1s usually to split the enersy levels (e.z. Zosman lovels)

of some bound elsatrons,

Inelastic scutterin: » Onoe the energy levels of

paramagnetic ions are solit, inelastle scmttering mny ocour.
By inelastio scattering we refer here to these colllsions
where the conduotion electron exoites & bound elesctron into
a slightly different enercy level (e.g. %eeman levels), For
the syatem that causes the scattering this may be an
absorption or an emlssion process, On the other hand the

conduction eleotron loses or galns & small quantity of energy
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but more important atill, its direction of motfon is changed
and this inoreases the resiastivity,

The onerpy atates of conductlon electrons are all
fully occcupied except in a prange of enerpies of the order
0f kT apound the Ferm level o Conduction electrons
cannot be seattered into fully ocoupled enercy levelas
For thig reason the resiativity due to inelsatic scatterinp
deoroases rapidly whon k7 1s epproximately equal to the
charastoristic aplitting A betweon energy levels
(sehmitt, 19573 I'rallaford and Overbauser, 1959)e This
process I8 often cnlled the “freastng out® of inelastiv
sonttering and le somotimes uged to explalin the decrease in
resiate:ce below the resistance maximume (Schmitt, 19563
Dekker, 1959)s Also this proceas {s used to explain why
the depth of tha resiatance minimum does not inorease es
Past ns the square of tho concentration as required by the

pair theary (irellsford ard Overhauser, 1959).

Elastic scattoring = The interactions botweon
impur! ties do not only introduce inelnstic seattering but

they also make the elastic scattering depend on the tem:opature,
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This s besause each energy level of the parasagnetic lon
aay have & different elastic crossssestion and the relative
population of the levels changes with the temperature, e
relative population of energy levels obeys Boltsmann's statistios
and thus the lower eneryy levels will become more populated
at lover temperatures,

In order to account for the inaresse in impurity
resistivity on cooling, it 1s necessary to assume that the
lover energy levels have a larzer elastic scattering orosse
ssotion, On cooling these enargy levels beoous more
populated and the resistance inereases Schaitt, 1956),

Hoaresteneighbour pairs of paramagnetie lons may
have such & temperature dependent olastic scattering. This
has been studied in detall by Dekker (19%9) and Brailaford
and Gyerhauser (1959) in their theories cn the resistance

minimum,

Hagnetic susceptibility of dilute magnetio alloys

Some magnetie susceptibility measurements have indicated e

gradual transition from a weak ferromagnetism to some type

of antiferromagnetism around the temperature of the resistance
nacieue, JoCe Flsher has sugpoested that the antiferrvomagnetism
adght arise from & weak antiferromagnetio coupling between
ferromagnetic domains, Sato, Arrott and Kikuehi (19%59)

explain the difficulties in interpreting the magnetic
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susosptibility measurements on dilute mgnetic alloys, “They
also present objections to the use of the Curieeveles
molesular field model for dilute alloys and they propose new
&pproaches to the problem. For example there may be important
interactions betwesn the nesresteneighdour pairs of parae
magnetie fons in the random sclid solution,

Later, Dekker (1953) has attenpted to explain the
magnetio suseeptibility of dilute sagnetio alloys by
postulating antiferromegnetie coupling between the neareste
naighbour pairs and ferromagnetio coupling detwcen the
second neaprssteneighbour pairs of paramagnetic fons in solid
solutions Probably many more measurenents will be necessary
Yo obtain a precise knowledge of all the interactions between
the paramagnetic fons randomly distributed in the lattice of

a pareat metal,

Loog range intermotions betwasn lons « In 4 parss

magnetis substance, eash spin finds itself in a fluetuating
magnetic field due to neighbouring dipoless This internal
field is of the order u{t’ whers & 18 a fow angstroms, l.e,
Hy » 1,000 gausses (ofs Dekier, Solid State Physics, 1950),
These dipole~dipole interactions do not ssem {mportant in
dilute magnetic alloys.
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In a randon solid solution there may be longerange
pasudoeexshange interactions between the paramagnetie ions
through the econdustion eleotrons (Pratt, 1957 Yosida, 1957)e
It 1s suggested that each eonduction elestron tends to align
the spins of the incomplete d shells in a direstion parallel
to 1ts own spin (Zener and Helkes, 1953)s This will produce
o net ferromagnetism Lif there ars more conduction electrons
pointing in one direction,

In & dilute alloy, the effect of longerange intere
actions on one Lmpurity may add up, For exazple if longe
range interactions with other ions split the enerzy levels
of a paramagnetie ion, the magnitude of this splitting mey
inerease with the concentration. In such a es3e, the inelastic
scattering will freese out at a higher temperature in a more
conoentrated alloye This 1s how Sohmitt (1956) explains the
inorasse of Tnax with the conoentration of paramagnetie
faputlition,

A new mechanism has recently beed proposed to
axplaln the antiferromagnetism of dilute magnetioc alloys. It
{nvolves longerange interactions throush epinedensity
vaves (Overhauser, 1960), A theory on the resiotance anomalies

1s soon to follow this one.

rtera in ctions between 1 e In a dilute

magnetic alloy, the paramagnetic ions are sssumed randomly
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dietriduted in the lattige, Therefore a fow fmpurities
mnuummnmmum.mm”mnmm,
the peroentage of impurities in pairs 1s then pproxisetely
equsl to vo where v {s the number of adjacont lattios sites
and o 1s the atomio percent sonoentration (Dekker, 1959),
Therefore in & 0,1% alloy there are spproximately 1% of the
impurities in pairs if v = 10,

Exohange interaotions are often sssuned betwveen
nearestensighbour pairs of paramagnetic lons ( Dekicer, 1959} ;
Brailsford and Overhauaser, 1959)e Thess interastions oplit
tha energy levels of the deslestrons in the pair and ssuss
temerature dependent olastio and inelastic scattering,

In some theories these nearesteneighbour pairs are held
malnly responsible for the inerease in impurity resistivity
below the mintmum (Dekiker, Erailsford and Overhauser),

nteragtions between sonduction elestrons and ng =
The resistivity due to transition eloment impurities doss not
obey Norbury's 22 law (8ee seation 14243)s Tese deviations
may be due to spin dependent interactions betwean condustion
eleotrons and paramagnetic lons, Forbury's rule is expeoted
to hold only when scattering of condustion electrons is
completely due to Coulomb interactions,
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In dilute magnetio alloys, we also oxpect to have
éxehange interactions between the seconduction elestrons and
the unpaired deslootzons of paramsgnetis tons (Delcker, 1959)
Brallsford and Overhauser, 19%9), Waan the spin of an se
electron points in the same direstion as the spin of the
deslectron, there is attraction betwoon thes (Pratt, 1957),
These exehange interactions produse spinedspendent scattering,
Le0s the ssattering depends on the relative orentation of
spinss Both elastio and inelastio Scattering may odour,

Besides the above s-d exchange interactions, there
@ay alsc be important ses exchange interastions (Brailaford
and Overhauser, 19%9). These elsotrostatie exchange intere
actions are often equated to fietitious nagnetic fields
tPratty 1957)¢

(e) SpineDisorder Theory

The spinedisordsr theory does not consider the
scattering orossesection of one impurity; 1t only considers
the effest of spin orientation on the periodicity of the
lattices This theory 18 based on the principle that only
deviations from a periodic potential produce seattering,
According to the spinedisorder theory, any type of magnetio
interactions should inercase the periodicity of the lattice
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A naive use of the spinedisorder concept agcounts
fairly well for the anomalies observed in the roaz}tivtty
of transition elements (see the review of Coles, 1958),
There 1s a striking resemblance between the reaistance
anomalies of transition elements and the resistance saximua
of dilute magnetic alleysj in eaoh oase thepe is a deoresse
of the resistance below a certain magneticeordering
texperature,

1e3.5 Summary of tho Theories op the Reslstance ‘

aalies of te M ¢ Alloys

A few of the mechanisms that we have just desoribed
ere usually included in a theory on the resistance anomalies
of dilute magnetic alloya, These theories and some closely
related ones are summerized in Table I, Of course this table
{8 too brief to do justice to the theories but it may be
useful to compare thelr baslo assumptions, the interactions
between ions, the anomslous seattering mechanisas, eto.

As mentioned in Table I, Korringa and Cerritsen,
(1953) assume that the {mpurities have a particular
electronic atructure producing resonant seattering of conduetion
electrons, They consider both the resistanco maximum, the
minimum and the shift in Tmnx with the concentrations,

However this theory loses much of 1%s appeal ainee there i




‘THEORY

MAIN SUBJEOT.

ASSUMPTIONS

TON-ION
INTERACTIONS

ANOMALOUS
ELECTRON«ION
INTERACTIONS

RESISTAN CE
BELOW 1T

DECREASE OF
RESISTARCE

BELOK T,

INCREASE
OF Tm vty

CONBNTRATION

Korringa and Sehmits (1956) Friedel  Colss!
Gerritsen (1953 ) (1958) the

The resistance maxi- The resistance mxi~ Impuily Resdst

mm, the minimm and mm, the mindmm and resistivity
the shift of the shift of
with concent with oonoentra

Partisular electronic The moattering avess~  Virtual The n
structuse of parame~ se¢ tiem of iens bound de.states order

gnstic impurities variss dw to mgne- inore
tis intersctions perio
between them the 1

Leng-sunge forrems~ Long-tenpe

gotis intersctions ordering via
possdbly via condwe th o polarised
tien electrons slactren ges

Resomant scatter ing  Spin-dependent 2 Bxeha
by imparities inter aotions T ke

Increase of both the

elast ic and the
inelastis soattering
oros s-segtions
Resoma nt of lons
soattering
Freezing out Inore
of imelastic prio
ssatter ing the 1
4w &
trans
A cooperstive Comoantration-

olectren fpenemsnon depende nt long-
(consentr atiom rangs interestions
derende nt lomg=  bet ween iems
rangs int erastions)

Teble I ~ Theories olosely related to the resistance anom



3)

Priedel

(1958)

aci~  Inparidy
Land resistivity

x
o

pess~  Virtual

n
g
|

[~
ons
duge

B ™

§

bound Gestates

?ii

¥

ring via
polarised
otren ges

Cales! slnedisorder  Daicker (19%) Brailsfod ad Overhauser
theor (1958) Overbauser (I959) = (1960)
Rosistave maximm Resistance minimm  Resistance minimm . Magmetis
and maximm suscepbibility
The mpetie Larg e anmma lows Large anomalous ~ Spim=density
orderiy of spins  esatbering scatbering wws
inoreas the - by marest-meighbonr by nearest-neighbour
perioddity of pirs of ioms yadrs of ions
the latioe
Reshange interections IExshange intersstions Long-rengp
between mearest- between mearest- . sntiferremagnetis
meighbour icas neighbour ions and order ing through
long=range pesudo- spin-dansity vaves
exshangs interactions
Roshang Emhange intersctions Etohamge interactions
irteracions betwoen p-electrons  between s-electrons
and mairs ' and pairs
An inorease of the Increase of the elastio
elastis seatter ing  soattering eross-seci'n
oross~sefition of pairs of padrs oppesed by & A theory ox the
ouk of the anomalous resis tance
{melsstic moattering  is to appear soon
due to "isolated” lons
Incress in the  Freesing owt of
priodiity of irelas ¢ 1o scattering
the latdos and possibly a
dus te 1 magnetis decrease of the
transition olastio scattering
dw to pairs

stad to the resistance anomeles of dilute magnetis allaye.
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no direct evidence for the partiocular elsotronic structure
postulated. The theory of Friede) (1958) continues along
similar 1ines but only succeqds in explaining the deviations
from Norbury's z’ laws to date the low temperature anomalies
remain unexplained,

The theory of Schmitt (1956) 1s on the resistance
maximum, the minisur and the shift of Ti‘x with consentration,
He relates the anomalous resistance to the magnetic interantions
in the alloy, However, due to a lack of detafled information,
his theory 1s based on a very simple magnetio model. Also the
caloulations of scattering involve many essumptions, According
to this theory tho deorease in resistance below Taax is due to |
the freesing out of fnelastic scattering, ‘

Dekker (19%9) and Brallsford and Overhauser (1959)
use a similar approach as Schaitt but they study mainly the
scattering of nearesteneighbour pairs in relation to the
resistanos minfuum; the resistance maximum 1s briefly mentioned
by Dekker. 1In theue two theorlies, there is no reference to the
shift of T, with concentration, The intersctions between
nearesteneighbour ions are independent of the econcentration,
Therefore the nearesteneizhbour pairs could not easily account
for the inerease of Tuax ¥ith inoreasing concentration.

Coles proposes an interesting explanation of the
resistance maximums the spinedisorder theory, However in

dflute magnetic alloys there is not only "spinedisorder”
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due to the random orientation of apins but there is also

an {ntrinsic "spatial disorder"™ due to the random distribution

of lons in the lattices Because of this spatial dlsorder it

18 less probable that the epinedisorder theory is adequate

for dilute magnetis alloys. |

Theoretical physicists apparently agree that the

soattering of conduction electrona is spin dependent,

flowever there is no agreement

(1) on the detailed meghanisas of magnetio intersetions
batweon fons in dilute magnetis alloys

(2) on the importance of nearssteneighbour palrs in these
anomalies

(3) on the cause of the resistance decreases below Th‘;g

18 it the freesing out of inelastic scattering, a

decrease of the elastic ssattoring crossesection due

to magnetio intopractions or an ineresse in the

periodiolty of the lattice with the spineordering?

1oy Hagnetoresistance of Hormal Dilute Alloys

Lormally the eleotricul resistsnce of a metal or
an alloy inercases in a maguetic field, This inoremse is
belleved to depend primarily on the ratio 1/r where 1 is
the mean free path of conduction elestrons and r 1s the

radius of their eirculer motion in a zapurtio fleld (for



instance ses the review of HacDonald and Sapginason, 1952).

L) Kohler's Rule

It was shown by Kohler that the dependence of
sagnotoresistanse on temperature, magnetlo fiold and purity
of the sample should be a function of HT alone.Kohler's
ruls has a fairly aimple theoretical baeis (for example eee
2iman, 1960). Sinoe the relaxation tiue T ls inversely
proportional to the elestrical resistivity o , Kohler's

rule s comsonly wiitten

-5 - F(T)- (18)

vhere F 18 a single function valid for all dilute alloys of

one motal, all temperatures and magnetio fields intensitles,

As far as Kohler's rule {& concerned F may be any function

of H/0 . However for one alloy system it should be the

same function P for all temperatures and dilute concentrations,

By plotting aP/p sa8 & funotion of H/P for various tea:par;

atures and purities, all pointe should fell on the same curve.
If an alloy system obeys lathlessen's rule and we

oan nezleot thermal expansion, the Kohler rule may be wrpitten

-‘:‘-Pf- - F(nx2n " f2) (19)
R,

T
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vhere Ry 18 the resistance at temperatures T, 3273 is the
resistance at 271’ K and Bhoi is the residual resistance
at 42 K,

When the magnetoresistance of only one spocimen
1o studied at different temperatures, 1t 1s sufficlient to

use the relation

—Ai s F(Hx EZB)
P Ry

Usually the magnetoresistance of nonemagnetio
dilute alloys is fairly well deseribed by Kobler's rule even
at low temperatures (Gerritsen, 19533 Yntens, 1953),

lehe2 Firther Remapks on Magnetorestistance

Acgording to Justi metals can be divided into two
groups as far as the magnetoresistance is conoerned, Motals
with an odd valency (e.g. Na, Cu, Au, 41, In) have s magnetoe
resistince that inereases more slowly than Hz/ﬁz for moderate
values of i and as found by Kapitga, shows signs of satureting
in high maghetic fleldss On the other hand metals with an
even valenoy {eege Mg, 70, Be, Pb) have a mametorosistance
& R/% that inorenses nearly as 82/32. Agcording to %ilson
this behavior is in rood agreenent with the calculation of
magnetoresistance based on the twoeband model.

For purposes of meagurenent, 1t is the ratle AR/R

that 1s importunt, However considerin: only AR rlves a



« 3} e

better 1dca of the effect dus to a magnetic field, Tor
exazple for Mg, AR is approximately proportional to

He/R. Therefore for & constant sagnetic fleld, A R
inoreases an B deoreases towards low tomperatures. Alse

1t 18 ovident thrt the addition of impurities inoreases R
and decrsases ARe This effeet of impurities 1s partioularly
importent et lov temperatures whers tho resistivity due to
thermal vibpations is negligible,

1.5 netoresistance of Dilute Maznetic Al

150 Deviation from Kohler's fule

0fton, the magnotoresistance of dilute magnetio
alloys does not obey Kohler's rule. ({Cerritsen 1953
Webber, 1956). At temperutures below the resistance minimum
the magnetorssistunoe does not inoreass as rapidly as predieted
by Kohler's rule., Alusc the magnetoresistance even becomes
negative around the teaperature or the resistance maximum,
Oerritsen (1953) has suggested the followiny classifications
(1) metuls having & normal resistance and obeying Hohler's
rule,
(2) metals with a resistance minimum and obeyin: Kohler's
rule,
(3) metals with a presistance minimum and maximum and not

obeying Kohler's rule,
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However according to recent measurements, this classification
does not hold (Cerritasn, 1959). Some alloys that ahow only
a realetanoe ainimum have a negative magnetoresistange

esRe Cu (Co)y Cu (NL)s It seens that when sufficient
paramagnetie impuritlies are present, Kohler's rule always
breaks down,

The measurementa of Korrloga and Gerritaen show (1)
that the negative magnetoresistange may be a relatively
large effeots A deoreass of 25% in a fleld of X kle was
observed in the resistance of Ag ocontaining 0.1 atoale
percent 'n, (2) The negative magnetoresistance saturates in
high mapnetio fields and (3) the negstive magnetoressistance
does not inerease indefinitely with the inereass of
congentration, The higheat poreentage decrease is found with

moderately dilute alloys.
1.5 Polarisation of Spins by an Fxternsl Macnmetl

An externsl magmetiec field hae nearly no polarisation
offect on the spins of conduction eleotrons, They behave as
a classical gas with a characteristic temperature of the order
of 10,000° X and thelir paramagnetisa 18 of the order of
100 times smallor than for free 1:n spina,

However an external marnetlis often has an appreciable

effest on the spins of paramagnetio ions, {he transition
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olement impurities usually become paramagnotioc ions when

they are dissolved in a metal, Quite often the orbitsl
magnetio soment of the ion {s quenched by the elestrical
fields of the lattice, In such cases only the umpaired
d-olentronfoontributa to the paramagnetism, !hen the spine
orbit coupling 1o negligidle, Curie's law desoribes the
paresaInatisa of 1on spins at high temperatures end in weak
flelds, However, ordinary aagnotic fields are often
suffioient to approach saturation conditions st 1iquid heliua
temporatures; the quantity whft 1% K when H equals

10 k0e, Under these econditions Curie's law is no longer
valid and the magnotization may be deseribed by the Erillouin
funotion {Xorrings and %erriteen, 1953).

1.5.3 Theortes on tho Nezative Hagnetorest stance

The anomalous saznetoresistance of dilute marmetio
alloys may be regerded as the sum of two effectey (1) »
normal resistance inorease due to the effeet of the mapnetlie
field on the ccnduotion eleatrons (2) a deorease of the
resistance due to the effect of the magnetic field on the
{mpurities (Korringa ané Gerritsen, 1953)s The observed
magnetoresistange will be positive or negative, depending

on which effect predominates.

o
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Just as for the anomalous sero field resistance,’
negative magnetoresistance has received various explanations,
The external magnetio field may change the elastic and
inelastio soattering erossesections of the paramagnetio ions
(Sehaitt, 1956; Dekker, 1959), Also the external nagnetio
field may inerease appreciably the perfodieity of the lattios
by aligning the spins of parazagnetic fons (Coles, 1957).,

By using the first approsch 2iman (19640) proves that the
negative magnetoresistance should vary as the square of the
magnotization) such a behavior has actually been observed
for Cu (Co) alloys (Jacobs and Sohaitt, 1959).

There are varlous explanations of the negative
magnetoresistance but In each theory 1% is assuted that all
the purnnngnotgzwxake part in this phenomenon and not only
& small fraction of the impuritiss like the nearssteneighbour

palre,
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21 Int otion

In this ohapter we desoribs the apparatus and
methods for the messurenen of elestrioal Tesistange down to
very low temperatures and of the magnetoresistance at 1iquid
heltun temperatures, Firat the oryostat 1s desoribed and
then detalls are given on the mounting of the resistance
Spoolaen and paramsgnetic salt for scoling by adlabatie
demagnetization (seotions 2,2 and 7,3)s Seetlions 2,4 and

2,5 are on the paramagnetic salte and the measurement of
temperature below 1%k,

The measurement of electricsl resistance is
desoribed In seotion 2,6 which i{nsludes a deseription of the
zalvanometer amplifier used to measure emall voltaves, The
next seation 1s on the measurement of magnetoresistande.

The precision of uersurersnte is dlacussed
throughout the ehapter and these disoussions are summed up
in section 2.8, The ehapter closes with sestion 2,9 on the
preparation of ¥o (Hn) spscimens,

2¢2 qng!!lt

The photograph of the oryostat {figure 2{a)) shows
part of the high vacuum system, the 1ijuid alr and liquid
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helium dewars in which the iuvestigations are done, The
vacuum system in which the resistance specimen and the
paramagnetic #alt are suspended 1s skatched in figure 2 (B),

A crossesection of the two dewars 1s also seen in this sketoh,
Above the vaouum ohunber there 1s a pletinum to softegzlase
seal with platinum wires to bring out the electrical signals
and a radiation trap to reduce the heat lealrs to the

specinen,

2,2,1 Liquid Helium Terperatures

The resistsnce measurements discussed in this thesls
vere takon at liquid halium tcmepatures from 442K to about
1.°K and below liquid hellum temperatures down to about
02°K by adiabatic derxagnetization of a parmmaznetic salt.
These two ranges of temperature will be discussed separately.

The temeratures from 2%K to about 1,3°K are
obtalned by lowsring the vapour pressure of Mlquid helluam
with a larpe mechanical pump that has a speed of 60 1lltres
per seconds The puzping 1ine to the eryostat is 3-1/2 inches
in dlameter except near the cryostat where this flamster 1s
reduoed to 2 inches and finally to 1 inch at the dewar cap.
At temperaturss above the lachda point of hellum the vapour
pressure is measured directly by a mercury manometers
2 elow the lambde point, a nore seasitive nediiutyl phtalate

manometer 18 ussd, The absolute terperature 18 then obtalned

N
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fron the vapour pressure by means of the 1953 scals
( Brickwsdde, 1958),

s estimate that by the visual reading of the
manometor, the liquid helium texperatures are measurod with
an acouracy of & 0,01°%K, During an experiaent, about four
resistance and four temperature roadings are alternately taken
arounc one tezperatures It takes about 3 to 4 minutes to
take these readines and during that time the temperature of
the heliun bath 15 allowed to decrease by sbout 001%K, Tese
groups of four readings are then averazaed. “he accuracy of
the average temperature 1s comparable to the ascuracy of a
sinzle temperature reading provided the rate of decrease of
the temperature and the tiuc betwees readings are constant,
‘Wth o 1ittle practice the.e toaditions are falrly well
achleved,

@ would llke $o give a worﬁ of caution to the
readers Above the lambda point, 11quid hellum has a saall
thermal eonductivity and somo othep mgohanl gl must elp to
keep tomperature homogenelty in the holiuz bath, Duarlng
the pumplng, fast moviny bubbles help to keon the “omyerature
congtant throughout the bath, However, we have observed on
many occasions thut 4f the hell 1 bath 1s Yoft to warm up
8lowly by itaelf, the bottom of the bath 69y 8t1ll be around
2.S°K ¥hen the Lop reaches u.Epﬁ ang 1% may take hours before

tols teuperuture zradient 1as destroyed, hla effect is
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sometimes mentioned in the literature but we were surprised

by 1ts large magnitudes

2,2,2 Cooling below 19K

In order to take resistance measuremnents below the
temperature of the hellua bath, the metallic gpecimen is
placed in contact with a paranagpetlc salt which 18 mugnetized
1sotneraally and desagnetlized adiabatlically with the resulting
coolinge Helium exehanze gas 18 use for the isothermal
process. Adiabatie conditions are obtalned by evacuating the
exchange zas from the vaguum chambep, down to a pressure of
the order of 10'6 wn of mercury as indlcated by a commercial
Philips paupes 0 achleve asuch pressures, we use a single
stage mercury diffusion pump backed by a I'uo Seal mechanical
purm, This high vacuunm system also includes facilitlies to
let tho helium exchange ges into the vaguum chamber,

The vacuum chambor in the nelium bath 1o mede from
a thin braas tube permanently sealed at one end, The top of
this tube jolns to the vacuun aystem by mcans of a Yood's
metnl seal, 7This seal io easily undone to remcve the sanple
conmber and chanze the spocimen,

The adiabatlie demagnetizatiovns were done around
1.3°% from flelds of about S koe. With the salts used, the

tesperiture dropped to about 0,2%% when thls fleld was
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removed, 'The salt and the metallle specimen then warmed

up to the bath temperature in a period which was found to
vary from &0 minutes to two hours in different runs. The
heat leak to the salt depends an the amount of exshange

£as present, on the vibrations transnitted to the salt,

on the radiation and ¢n the threads used in the suspension,
all factors whieh cannot be aceurtoly controlled, During
the wara up time the temperature of the 211t and the
resistance of the metallio specimen are messired alternately

about every half minute,
2¢3 Mounting of the Realstange Specimen and Parana etic Selt

A dlagram to 11lustrate the mounting of the resistance
3pecimen and of the paramaguetic salt is anown in figure 3,

The specimen and the salt are held ripidly by a single nylon
thread from above and one fio:n belows These two lengths of
thread are attached to o ca~e or sun,ort over which the vacuum
chamber slips into places Ths care Lo mado from o thin brass
tube eut in half alonc its axts,

The resistance gpecimon uust be wound ayound a
susport that is rizld, electrically insulated anc which also
provided a cood therasl contact with the refrigerant, Also the
specimen supoort must have about the same thepusl expansion

a8 the specimen itself if meohanical strains are to be avolded
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on oooling. After lavestigating various types of support,
the following one was adopted, A magmesium plate 1 om wide,
1.5 mn thiok and § ous long 18 serswed against the copper
cap of the paramagnetic salt oontniuor. This plate s
eleatrically insulated with varniah and cigarette paper,
Some 00, Roe 4O (B and 8) enamellod copper wires imbedded
in the parsmagnetic salt come out of the copper cap, These
vires are separated into two bundles about 5 om long that
are pressed and glusd on each side of the magnesium plate .
by means of insulating varnish, ‘
The resistance specimen i the form of a long thin
and narrow strip or ridbbon, is wound noneinductively around
the specimen support just deseribed, Then it 1s covered with
glyptal varnish to insure thernal oquilidrium and mechanioal
rigidity.
The reslstanoce measurements involve the determination
of the voltage drop across the epsoimen when g kaown current
i flowing throush 1te 1Tt 15 quite essentlal to have separate
current and voltane contacts on the specimens Pressure
contacts are very satiasfactory for i speeimens, Jur pressurs
contuets consist of 2 short lensths of Noo 4 (B and &) copper
wires presved against each and‘;f the mpecimen, Two 1/1% ingh
thick lucite plates and a screw form a ainlatire vice thut

presses the copper wires azainat the specimaen,
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Long super sondueting leads are soldsred o the bage
coppor wires pressed on the specimen, The other end of these
supar condusting wires 38e soldered to plabinus wires that
bring the elestrloal aignels 4n and out of the high vesuum
chasber through & platinuy to sofbeglads seals hep the
speciaen 18 oooled below 1o3° Kp these super gondusting leade
have & snal) thermsl conduotiviSy and heuoe do ot condusd
much heet from the 1iquid heliux beth te the speeimen and

8a8lt,

2ol

We bave used botn obrows alum snd Lron semonive
alum for cooding belew 1°K by aclabatic demagmetization,
Temperatures near 0y% vers attained, The ires amsomive
alus geve olightly lover temperaturen,

e ohroste alum =sually 10245 soms wster of
bydpation during sturaye and L& therefors reoyystellised
tefore an experiment,

In order %0 loprove the thermsl ecntact between the
salt and the coppuy wires (thermsl Link), u few dropa of
an entectlic alxture of 2lyoerol) sad water are zixed with the
salty This eutzotle mixture consiute approximately of
16 o¢ of zlyesrcl with i oc of water,

The salt container 16 a thinewall lueite eylinder

with & ooppor cup sorewed at one ends Gedlces the aoprer
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wires soting as thermal link, this lucite aylinder contains
about 6 grams of salt, the copper wires ere dietributed
through the salt and come out of the container through
hole in the copper oap.

A metal container for the aelt bas proviously been
tried but without suocess, It was ssealed with auper
sonducting solder thst disrupted the measurements of the
magnetie susceptibility of the salt,

It will be explained {soe seetion 2,5,3) shat in
these indiract cooling experiments, there i no adventaege
in using an ellipsoidal salt container instead of & eylindrionl
container. In some other types of experiments, an ellipeoidal
selt sample increases tho mecuracy of temperature measursmenta
below 1°K,

2o Measuremant or'Tegge;uturg Below lﬁx

Below 1°K, the magnetie susceptibility of the parae
magnetic salt 18 used us a thermometric peramever, his
susceptibility is messured by means of a iiartahorn bridge,

Je assume that the specimen is in thermal equillbrium with the
galt and this has been varified qualitatively by imeans of a

ecarbon resistor.

2:5.1 Thermal ﬁgnilibrium
o have taken gre:t care to provide a pood thermal
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1ink between the resiatance spenimen and the eooling salt

(soc sections 2,3 and 2,44)« Horcaver the current through

the speoimen wae kept amall o that the Joule heating did

not exeeed 1 ovg/minutes The behaviour of the specimen
resistance and of a earbon thermomoter indicated qualitatively
that the speoimen cooled to the temernture of the salt in

1ass than a minute after the adiadatic demagnstizations

2:5,2 Susoeptidbility Bridge

We measure the magnetie susoeptibility of the
paramagnetio salt by means of an unbalanged Hartahorn bridges
A primary and a secondary coll ars wound outside the vasuus
onambey in which the paramagnetio salt ls suspended, A
largs direst surrent is reversed in tho primary coil and it
induges in the sscondary c¢oil a eurrent proportionsl tc the
sugeeptibility of ihe wlt. This induced current le measured
by & ballistie galvanometer, The elrsuit of the bridgs 18
shown Lo figure Lo Tola direct currani brldge 1s preferrad
%0 aeo bridges because 1t produses less addy ocurrent heating.
7ddy ourrents may be quite large v meteliio conduotore at
low temperatures,

Ths current in the primary coil is mesdured by
weana of a precision ammeter (%, Turner Co.) that may de

read to & 0,29, The bridge 1a balanced by means of &
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varieble mutual induotanee (1 m=h General Radio)..

The ballistic galvanomster has & senaitivity of
1,500 m/ A at 2 motres, a resistance of 15 ohms and
& period of 22 secondss A deoade rosistancs box in
aories with the galvanometer provides eriticsl damping,
It 40 poseidble to take susceptibility readings about evory
half minute,

Beoause of floor vibrations it $a necessary to
place the baliistie pelvanometer on a special Support, A
modified Jullus suspenaion (ef, Strong, 1950) is used
with successs This suspension does not tranamit to the
Ralvenometer the daseging horizontal, high frequency
vibrations from the flaors T™e Julius wapension has a low
natursl frequensy (about 0.5 cysles/second) and is Yoosely
coupled to the floors A photograph pf the galvanozeter and
Julius guspension is shown {n figure 5,

Details of the suseoptibility ceils are seen In
figure 6o It will be noticed that the secondary winding
is in two parta that are wound {n opposite directions., One
part of the secondary is placed around the salt, The othep
part 18 placed highor then the salt and cancels zost of the
tenperature independent. slznal of the first part. Thia
bucking inoreases greatly the sensitivity of the bridge,

Otherwise a very larye surrent would pags throuch the
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Flaurs 5 = Medifisd Jullus guspension
for tne balliatlo galvanometer,
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ballistic galvanometer and the relative echanze would de small
on cooling the salt. It 1a better to do most of this buoking
in the helium bath because then, the resistance of the
secondary oirsult can remain relatively low in spite of its
larce induetanos,

Tae primary current of the susceptibility bridge
ts eanily kept eonstant to about & 1% Also the difleations
of the ballistic galvanometer may be read to about & 1%, So
the susceptibility bridge has a preclsion of about & 2%,

20563 Manatic Susceptibility of the talt Ssmole

Bolow 1K the magnetic sumeeptibility of the
pararagnetiec aalt 1o used as a thermometrioc paremeter, The
susceptibility bridge 1s calibrated at 1iquid heliup
terperaturos where Curle's law 1s usually valld and may de

upltten ag

I
xext =

-
i
4

wheve X . 18 the asvaceptibility defined by »/H Wis

oxt oxt’
the wagnetic aoment and Hezt the f1nld In the selonolid, ¢ ia
the Curle constant and T the absolute temperature of the
helium bath and salt, 'hen extranclated below 1% this
equation zives the magnetic tezperaturs T“. Le0e

' ¢
kext‘. ® ;m
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However if the magnetioc temperaturs is measured very
precisely, the results will depend on the ahape of the salt
sanple used. Instend of the above squation it {s nacesesry

to use

where 4 18 s anrrection that desends on the shape of
the sample and the interastion’ batwesn the paremagnetic

ions, In the Lorentz approximation,

A s (k;.'...swg

where 47 /3 {s related to the Lorents internal fleld, € 1a
the demagnetizating factor dependent on the shape of the
salt saple, £ ia the filllny factor and C/V 1s the Cuprle
sonstant of the salt per unit volumes ihen it {2 possidle
& 1s caleulated and the acrreeted magnetie touperatures

@ below 1%k are glven by the oxtrapolation

A @

“oxt WC":"&"

“he A correotion is sueh that for a sphere A = 0, For

this reason 19 1s called the magnetie tempepature of a
épherieal salt samples It 18 possible to ocaloulate precisely
the demarnetization factor € and hence A for an ellipsold
or a apheres In aumo exneriments with ¢ salt only, We have

used a3 elllpueldal plastic contalner with & 4/1 axis ratio,
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The A correction was about 0,02°K for ohrome alum and
0.05°K for iron amwonium alum, The lowest temperatures
attelned on demagnetizing agroe with the initial conditions
and the data in the literature,

However when the salt is used for cooling a
resistance specinen, the copper wires used as a thermal
link affect the diatridution of salt in an unprodictable
mannors Also the filling factor £ 1s not known exaotly.
Therefore, when taking resistance measurements, it does not
scem useful to use an allipsoidal salt sample and to estimate
the A ecorrectlon for the wagnetle tenperature below 1°K.
Thereforo s simple oylindriesl plastio container 1s used and
the A ecorrection is complotoly neplected, 4ll the data
in the litersture 1 given in terms of the corrected magnetic
temperature T@b. Therofore in this case it is not poas}blo
for us to make the conversion from the unsorrssted termerature
T® to the absolute temperature T (°K), However 1t nay be
siown that the A ecorrectlon and the conversion to absolute
temperatires are two corrections of about the same magnitude
(0.05° for iron ammonium alim) and sometliiers opposed to each
others Therefors the error 'n neglestiny both of them remalns
quite anally The error 1s of the order of + o.os°x at the

lowest temperatures for the salt saimplos we have usod,
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2,50 Qalibration of Susceptibility Bridge

The susceptibility bridze & calibrated at 1iquid
holium tenperatures, A primary ourrent of about 500 mA is
useds This produces a fiecld of about 10 pauases inside the
primary coile This field is not large emnugh to produce
saturation effects a#0 that Curie's law is valid,

The ipidye 1& Lamlericed ab u.2°h by meana ol the
variaile inductance, A few deflectione of tne ballistic
calvanometer are taken at {ive or alx temperitures from
h.&”K to 1.3°K. These readlngs are avera:ed for eaoh
tomper ture and 4 1s plotted versus 1/ts 4s 1t was explained
in seotlon 245¢3, the A eorrection is completely neglacted
for resistance messurements, This praph zlves a straight

line defined by
Aa 5’-*!}
T

where A Lo the elope of the line and B the intcrcopt along
ine 4 =axise ihese constants apre deterained from the
7raphe

Jefore adlabatic do wrnetizations, the prinary
ourrent 1s reduced to 100 mi to aveld excessively larce
defloctionss By extrapolaiine the sbove ocalibration for
the reduced current, the uncorrected ma-vetic vo mertires

helow 1% are siven by
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where the factor S mccounts for the desrease in the primary
ourrent and &' 1s the deflection of the btalllstis
ralvanometer with the reduced primary coil ourrent, From
this equation, ™ 1a caleulated for o few valves of &' and
plotied on & graphs A continuous parabolic curve is drawn
through theso points and the temper-tures below 19K are
conveniently read from this graph for the ballistle
calvanometer deflections observed,

A callbration doie in the ebo e manner is fairly
acourates The temperuture o: the helium bath 1s measured to
2 0,01 and, the susceptibility bridse has a procision of
about & 2, However this introduces only a szall ervor in the
callbration since a strateht line s prssed throuch five
or 8ix calibration pointe and each point is an avoraso of
four sets of rencinza,

The errors in briare meusurcnents taken selow
1% introduce nerlirible errors in the temperature
Geasurc-ents 7his may be soen by diffsrentintin: the

extrapol:'ion equatlon with respect to 3'. de then find

tihat
dT" P '
PR “"r'é":*“
A & .ij/s
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If 8= 0, the peroentage orror in tho magnetic temperiture
below 19K equals the percentage error of the ballistic
bridge, Thus an error of about 2¢ of the ballistio bridse
causes an error of only 0.01°K at 0.5°K. This 1» neglipgible
sompared to the wrror of about ¢ 0,05°7 caueed by negleoting
the Aegorrsetion and the conversion from magnetic to

absolute tomperatursa,
24545 bon Resiatoprs as Thernometers lielow

As previously mentioned, sesondary therrometers
may be very wsoful below 19K to verify thermal equilibrius,
etees Dilute alloys with 8 resistonce ainimum maybe ueed
but their resistance is small and alee thelr densltlivity ia
quite lows Croft and his coeworkers (1953) have measured
only a 37 inoreass in the resistence of a long gold wlre
fron 19€ to 0,19K, Up to now mainly Allenedradley carbon
resistors have been used below 1°%, Their resistenee nay
incre:ss from 100 ohmb at 1.3°K to 1 meiohm ab 03k,

In fact this resistance inere2zo s nesrly too larce for
convenlent meacurenents,

We have tried to oalibrate carbon resistors at
11 uid holium temperature and oxtrapolite these results

for the measurerent of temperaturs below 1%, Cleaent

ot al {1953) sugrest the extravolzilen ejuation
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log R + Kflog i = 4 + B/t
A plot of log R + K/log R va 1/T glvea the constants & and B3,
This extrapolation equation did not ;ive us satisfactory
results, It Just indiecated qualitatively thuit cooling
ocourreds It seems that such an :xrapolation i{s just an
informed guess, The manner {n which the resistance is
measured may be v ry important, For these ressons it seems
that carbon resistors are reliable below 1%K only if they
aro calibrated at those tempuratures apsinst mapnetio
temperaturas, Also thelr resietunce wush Yo weusured in
the sane manner as during thelr calibration, Even then,
the results alcht not be exmetly repreducible,

The resistance of carton thormometers inoreases 8o
much below 1°K thut most resistance bridges are mot
practicals e have uted a slmple vethod of measursnent, A
snall current L& passed through the resistor and the voltare
drop aercss the realstor 1s measured dire:tly by a student
potontioneter, At 1.3°K the thercometer current 13 reduced
from S0 to 1 mA to avold heatineg, Helow loK the resistance
of the carbon thermometer inersases ac much that the cuprrent
in the ciroult decreases aporeciably and a correstion must

be mado,
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The electrioal resistance is measured by pasaing
a direct eurrent through the fpeolnen and measuring the
voltape drop aeross {t, Lonz speoimens are used to increass
the voltage drop I2 without inoreasing too muoh the Joule
heating equal to Izh. This s important below 19K to avold
warning the speelmen abo.e the tempersture of the salt, A
typical specimen may have a realstange of 0405 ohma at 2°K
and with a ourrent of 200 wicroamperes the Joule heating
18 then 1,2 epns/mtnute, 1n one partleularly good sxperiment
with only a paramagnetie 8alt, the total heat leak was
caloulated to be approximately 60 erga/minute apound O.ZDK.
<0 in such a case 1 erg/minute of Joule heating would have a
nei:liclble effeot on the warm up times Howover 1t 15 a safe
value to be more certuln of thapral ejullibrlua,

he source of current is snown in floure 74 Tho
current 1a verified by means o a standard reaistor and a
potentiometers Duriny an exncriment the euprent is
frequently verified and is veually found to vary by less
titan 04l%,

In the exuple riven abovo the voltare drop

across the sneecimer 1 of 10 microvolts, This voltupre

~
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way be mecasured precisely by means of the galvanometer

anplifier desoribed by Haelonald {1956).

20602 QOalvanometar Asplifiep

The sircuit of the gelvancuwetsr emplifier Lo
shown in flgure 8, A beam of lipht reflectod from the
nirror of the primary galvancmeter U, falls equally on two
photovoltale oells, The application nf an input voltaye
¥ causes & rotation of the mirror of 3 by a signal ocurrent

I The photovoltale cells then produse an azplified current N

1
Ia reasured by galvanometer G, This current Iz alsc produces
noratlve ferdback in sorins with cl' the negative feedback
inoreases the stability, linsapity and effsctive innut
1mpedance of the system.

As long ss the ourrent arplification ZI?‘?/I1 niis
fairly large, we may nejlect Il and the applied voltape F
i glven by

I, = IER

whore it is the {oedbuck resistance, .o, for a ;lven signal
* and feodback resistance I, the deflzetion of the secondary
salvanometey 02 depends only on {ta sonsitivity and is
relatively independent ol the photocell emplification |
a8 lon; us 1 48 larie,

1t {5 internating o caleulate the effactive
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{nput impedance R, of this syatem, By definition,

R e B
[ ]
L

However ' » I!“l 80

1
E = _iu ¥R
Il

The surrent amplifisation ¥ 1s nct“eoaesgut ef the systen
but depends on the value of the feedbask Re A R is
inereasad;: Yidetrease.because of the larzer resistance in
the photocell oircuit.  may be of the order of 200 with
& feedback of 50 ohms, “he effective input impedance R
1a thed 10,000 ohnn, This resletance is very larze compared
to the specimen resistance of the order of 0,01 chas,
Therefore ths galvanometer ampliffier does not disturd
apprediably the apecimen current, ilso the resistance of
the voltuge leads to the smplifier may vary with tewperature
without affesting appreciably the measureuents,

ihe Qavapity of our salvanomeler amplifler s
demonstrated in figure 10 where the deflsotion of Gz is
plotted apainst a known applied voltage drop. Deviations
from lineurity are malnly caused by the sesondary
ralvanometer itself,

Also, the sensitivity of the amlifier was found

linearly nroportional to the feedbeek reslstance i, in
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agreement with the theoretical performance equation E = Iaﬁ.

206.3 RM! gg tng cmgge gf Ggl!g!g!!tlzl !!! Aml&ﬂﬂ:

For measuring small voltaces there 1s no oblection
to chooaing a senaitive secondary palvanometer, we use a
sensitive galvanometer with an internsl resistancs of 500 ohms.
The scale 14 set at a distance of 3 meters from the galvanometer
mirror.

For high sensitivity measurements however it ie
necessary to choose a primary galvanometer with a small
internal resistances This {s i:ecause the primary palvanometer 1..
introduces nolse whics i ampliried by the photovoltals cells,
A palvanoametor lntroduces Brownian nolse baeause of the
fluctuations in the collisions of alr wolecules with the
susépension and Johnson noise due to the {luctuatlons in dhe
distribution of eleotrons in its pesistances It turns out
thut both these effeots are of the same order of nagnitude.
They are really two dliierent approaches to the same problem,
(ofs Zenp's Thermodynanies, 1953)s The nolse produced by
the primary galvanometer must be a few orders of nagnituds
saaller than the aignal to be rexsureds /6 use a primary
zalvanomet«r witn 10 ohms Internal resistance. It 16 quite

satisfactory for aessvring siinals of the order of 1 nicroe

volt,
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2064 Detaile of the Galvanometer Anplifep

Our galvanometer amplifier {s quite conventional
oxoept that a rotating mirror 1s used to adjust the position
of the beam of 11:ht on the photocolls, This fine adjuatnent
18 done by turning a knod and without opeding the box containing
the photovoltaie colls and primary pelvapometer. The optical
system i» drawn in figzure 11 and a photograph 18 &hown in
figure 12,

~The source of light is a 100 wats projestor bulb,
Its intensity is stabilized by means of a Sola transformer.
“he 1ight L8 fooussed on the mirror of the pridary gelvanometer
Gi by moans o the planoeconvex lens Ll’ fn infrared absorber
F peduces the photoveltale ooll fatizues The lens La focusses
the bean of 1irht on the phitovoltale oclls Py and Ppe lote
that the photovoltale cells have tne onposito poles conneated

torether as shown in firure %,

2efe5 Varyin- Capacitles, “hepmal Holse and Yibrationa

In the first oxperiments, varyin- capucltics were
the maln source of nolso in the elrcult of the ralv.nometor
amplifier, -ovementa of the operiator procduced fluctuations
of a few percent In a siinal or about ) alerovolte ihis has
been reduced to a ne.licible level by slmplifying the wirlng

as ghown in fl-ure %¢ slso tnr volts: o wires were shiecldod
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File- 1 - OPTICAL SYSTEM ¢F THE GALVANOMETER
AMPLIFIER - '

Fia 12 - PHOTOGRAPH OF THE OPTICAL SYSTEM

0F THE GALVANOMETER AMPLIFIER:
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and the speoimen grounded, This greatly reduced the varying
capacity effecta,

After these improvenents thermal noise was
importants There is a large thermal gradient alone the
wires dringing the signal out of the oryostat, This may be
a very efficlent source of thermal aetefe'u. A8 much:ss
possible contingous copper wires fres of kinks are used in
the voltage oireults Outaide tho oryoatat these wiree are
con-ieoted by presiure aontacts on thermally sonneoted copp P i
blacks, 4lsc the feedback resistance box ia filled with oil
80 as to reduge thermal fluctuations, Constant thermel e,nefe's
do not affect our voltaso meesiremonts Lieca.us we taie the ‘
aiffarsnce of readings with the cvrient on and off,

Floor vibrations may also limit the sensitivity of
the system, The amlifior box 18 sufflolently 1solated
from floor vibpations by plaeing it on a foam pubber pad and
fnerezsing 1ts welpht witi heavy wetal platess Also the
segondary palvanometsr Lo placed on a cexent block fleating

on a foay rrbber pade

2.6,6 Preci:zion of Resiatancs <{easureionts

At 1iquid helium teaperatures the voltages may be
moagured with a precloion of arout : Oedlés ‘However sometines
during adiabatie denapuetizatlions the measurements are not

3 preoisos  [his is prebably due to thermal esnefe's alony
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the voltape wires passing from the 1ijuld hellum bath to
tihe specimen cooled by adiebatic domapgnetization, In some
axperiments the veltages are still measured with & presision

of about + 0429 delow 1°K.

2.7 Heasursuent of “acnetoresistanse

2,71 Hethod and Hounting

he resistance in a zagnetie field i measured by
the amme method as Lhe resistance in gere fislde iHowever the
0
magnesorasiatance aeasurenents ars taksn only at L2 K and

) , .
about 1¢3 Ks 96 the specimens ars placed direstly in the

1iquid halium bath and the megretic Iiold 18 applied perpendice

ulaply o shems  Shorter spooimens and lurzer surronts may

oc teed wnur in realstunce nessuresents below 1%, A seotion
37 the Speginer support ié'ahs;ﬁ“igA;i;ure e -spacate
auresnt ane voliare contacts are npeageed against sach end of
‘ne @pevimen. The preasurs contacts avold the effects
sosexved Wil sun: ) eondiotine selder eontacts placed in

woaekie £olA,

2o (+2 rlactromacuet

A 8ral) eiss type clectromucnet mounted on tracks,
18 used botn for xnpuetie coollnp and nsynetoresistance
veas.reasnise Lt can be vsed for lony perlods wit: a maximem

N S .
ceurrent of LeS aopereg whles clve o flole o about Ge7 k0o
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with & pole gap of 2,12 inches. The mgnet ourrent is
stabilised over lony periods by a control system walch
saplas the eurrent and repulates the ex¢itor current of
the cenerutor®, e field of the maznet 48 calibrated
agalnet its current, The fleld {s measured by & Rawson flux
motor to & 042% but the magnet current is known only to
3 1%  An hysteresis of the orders of 50 oersteds could be
doteated on decreasing the field, The magnetie fleld 1»
fairly conetant ovop larze fraction of the magnet gap,
Flgure 1Y ahows approximately the deoreass in intensity
from the center of the pole faces to the edge. For magnetoe
resistance measurements Lhe speciuen 15 placed near the genter
of the polsa in a re:ion wiere the fleld varies only by
about 14,

Yor magnetlc eoolins, the anrnmgerelie splt is
pluced near the center of the poles, if there is & suall
field pradient in the salt, une copper wires qulexly establiash

“hermal equilibrium aftep demarnatizing,

2eu  fracision o° Heasurenents

The preclaion of measurenents has been d¢iscuaged
Shrourhout this echapter, ™up sonverlenoce a resune of these

disenssions 15 now ;1ven,

%

Tha ks to Ire edccoek for providin: tils eurrent contrel

87 ELChl,

N
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The resistance measurements are usually presise o
about & 0,1%, Below 1°K the scatter in ihe noasurensnts
may lnoreass to : 0e@%e At five or six temperatures fron
h.&pK to 1.3°K. four measurenents of rasistancs ané
temerature are rapldly taken in svecession. Ouring those
weasurenents the temper:iture of the helivm bath often
desreases by 0,1%¢. Taeh teuperrture {8 measured to
2 0,0% tut an averazo 1w taken of eash group of four
readinege and plotted ae 3 sin-le soint on the resistanae
versus tomperiture dlugram, A oontinuous gurve iz passed
throush these peints,

2elow 19K the resistance and tomperature
measurements are slirhtly loss precise, The msin eprror in
the temperature 1 dus tec the fact thai the 4 -correstion
18 neslected and that the uncorrected masciis Lernepitupe
caniot :e convorted into absolute terperatvros, ‘hese
arrors are of the order of < 0.05°K. fear 042°% the srrop
mey be elightly lar:or die 5o o lack of thermal equilibrium
between the pivamagnetic sal! avu the snecimen, Towever all
these errors do not affect the maln ecnclusions draws frowm
tue pesistance meaaupenenta,

aually the resistince in a sagietic f1sld nay ve
“easured with the same nreciuion as in the absenge of a

marietie Ciclde Howevsr the menetoresistence is defined
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a8 {Ry « “u-o’/“u-o‘ This 8 often multiplied by 100 and
Wprosied as s percentage, Since magnetoresistance involves
8 differenge of resistunce measurements, the onreeision of
uagnetoresistance measurementes depende grestly on their
sagnitude, bhen the magnetoresistsnce {s sanll, the srrors
in the reslistance are lmportant and the precision ia low,
for example the magnetoresistanse ma; be the 0,3% with an
aocuracy of = 25¢ (of tho 043¢}, vher the magnotoresl stanos
1a largzer the error in the rield intensity becomes important,
For example the magnetoresistance way be of 25% with an
ascupracy of 2 1% (of the 25%) dus to the error in the
marnetie field,

In a fow instanccs tue aurrent regulators did not
sontrol properly anc thers were low frequenay fluctuations
in the magnet surrent, Apparently this saused fluctrations
in the fleld intensit., and {adused ncise $n the msasnved
soliaie drop. Yor shig vcisdon the scavttey in the magnotoe

reglutance peadlnga f¢ gcactimes alichtly lar-sr than usuale

aration oi /i ~peeliens

The epecluena wore prepared {rom nmaznesium Inpots
ith A aonlnal osntent o N and G.66 atonle percent
uanganese, Hibbon like speclrens a:out 2,16 wnm thiek anc

10 3us len- were obtainec by roliln: at terpe:oatures above
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200°C. After rolllor and stehing, the speeimens weve
bndealed wnd sometines guenched ab wigh Lempare buree in
order %o keep as wuch Hu as posaldls in zolis slusion. e
specinen tube for neet trcaiments wae wpualiy ¥illod wish
nall en abmosphere of arvon bofove annealing, Somsiimas
4180, oarbon was added in the spoaitbas tube 4o degvends
the oxidation of tha spevimen, The paptisular Nauk bras e
of each of seven spacimens ie piven in tadle 2, Tha W YU 3
resiotunce ratio Rhoa/“273 18 2lgc given in this tadls.
it 45 seen thai the epscimene quenehed at nigh tompers Sues
usually heve the larcast cesistanse patio indie tigp shat
there 18 =ore 'n in solic sol:tion, Resides o Pow roststance
and magnetoresistance ouprvea, the measucements taxen on
these sevan apocimens ave summorized in table 3, Uhanbar Ll,

Tha goneentpalion of in in theea alloys to not
waoim asenretely,  Fop the very diluts alloys the ampend of
i ie solld sslution s apnroximaialy proporhionel ko sha
pengured roslstanes patio H! ;{ﬁi o Rows prucisaly, if

e 273

tho alloy obeys Nordheim's and “athizssen’s oule anC L0 Sha
shermal expansion 16 nepdi-ibls, then tho nonzenivatisn of
eolute in solid solution 1s 1inesrly proportionel e
“h.a‘“273 . ﬁk.e). However dllute g (vn) 4lloys %o nns
tsllow thrus lawe closelyp hh.z 1e «ncmalous,

in collaboration with utn.r reveareh workers we

aave sried to estlmeto reu-nly the ~elalon betwsen the atomic
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poroent of #n in Mg and the patie ﬁh.2/(3273 » Hh.Z)' in

a first spproximation wa ussume thas this velation is linear
ad [ur 1deal dilute elloys. alse we assume that the specimen
with the largest resistanee ratio did contain the maximum
amount of ¥p thut can be dissolved in Mo The maxioum
solubility 1e pivon by the phase dlapram oi the systenm
{etals Handbook, 19U48)s The broxen llpe of flgure 15 showa
“he 3sbimated atomds £ of Mn in ig a8 & Junotion of the ratip
Rk.E/(Rz73 - Rh.z}, this stomis % concentration nay be in
eryor by as much as 5 208, he point plotted near the

ovlgln of flgure 15 zorresponds to s sai of walues juoted

by pohr and Wabber (1956),
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CHAPTER 3

3.1 Previous Measupesments on Hp (Mn) Alloys

The reststunce ainimum of 4g (Mn) alloys was first
reported by Melssnor and Volgt (1930) and later by Keesom
(1933)s In recent years many workers have observed this
minimum such a3 YaoDonald and Mendelssohn (1950), GCarfunkel,
Dunnington ard Serdn (1950), Rorachach and Horlin (1951),
Yotena (1953) and Rosenterg {19%4)e In all these measurements
8 reslatance winlauw was observed at tewporaiures of the
order of 10° X and the roststance increaved monotonically
down to the lowast tewperatures,

The measurements of Yntema (1953) wers particulerly
on the magnetoresistance at compgratures below the temperature
of the resistunce alnimum, s gpeocimen had a resistance
ratlo ah.2/3273:z 5 x 10°3 and the zero fleld resistance
lnorgmaod by about 45 froa h.2° K to 203° Ko The variation
of magnetoresistance from h.2° £ to 1.3° K was in acresment
with Xohler's rule and the sipnificance of thiws fact was
toorourhly dlsouased by Yntema,

Recently many experiments wers performed on the
sare specimen of ‘g (in) at the iis&, Naval Researeh Laboratory,
Careful attention was wlven to the poesibility o7 8 reslstunce

mexiiaum in thece alloyss vpohr ana Jebber {179%) have



obsearved that this specimen had a resistance ratio

Rmin/hjoo o 2 x 103 and ¢ restetance atninun at 1.5° &,
Hein and Falge (1956) have further observed that the
resiatance of this speocimen inoreased wonotonically down to
0e® K, The vesistanse inereased by 2% from 4o2® X to

0,22 K, Also Yebber (1956) has measured the magnetoresiastance
of tils speciren ot 4,2 £ and 1.3° Ko The variation of
aacnetoresistunse from 4,2 K to 1.3° K deviated &y nbout 10%
from Kohler's rule, By followin: Gerritsen's olsssifiocation
(1953) these results were taken to suggest a possiile
realstance maximum in Mg {in) slloys, However, as explained
in the firast chapter, the Gerritsen oclassification 1s not
generally valld und deviations from Kohler's rule are not
sufficlent to imply a resistance naxinmum,

More recestly, Hecroook, wuir and Wallinzford {1960)
have uade extensive measurcmonts on the resistance minimum
of Mg (Mn) alloye. The temperature o the minisum varied
from 6° X to atout 1¢° «,

Dilute waspetic ulloys wlth monovalent parent metals
sonetines also have a resiatance maximum below the miniaum,
lowever such a reulstance maximum has never heen obasrved
in 2 dilitc masnetic alloy with a divalont parent metel

guch a8 "igs  Therefore it was very intersatin: to look for
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» ~aximum in the pesistance of My (Mn) alloys. We have done

tuis by taking resistance measurements on more concentrated

Mg (¥n) alloys down to very low temporstures,

The elestrical reaistance and magnetoresistance
measuresents taxen on sever «pocimans of Mg {¥n) are
summarized 1n Table 3, The resistance curves of four specimens
are given in Flgures 16 ané 17, In these figursy, the
eleotrionl resistance relative to the resistance at 27%° K
{8 plotted versus the tempeprature, 7hiy i{a the absolute
temperature above 1,3% ¥ and the unoorrscted magnctie
temperature T% below I.JP K (ses ssotion 25.3)e Fach plotted
point corresponds (¢ an averace of four reslstance and four
temperature measuroments,

It s evicent from these yraphs that ‘g (iin) alloys
hav. a resistance maximum at Leuperatures below the resistance
ninisume In 6ome cusdes the Poslatunce deorsases by more iLhan
5% at temperitures below the maximume At Lemperatures
below Lo K, the resiutivity due tc thormal vibrations 1s
nezliribdle, Therefore these curves in offect represent the

behavior of the Lmpurlty resiotivity,
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Jable
Tabulation of Resistance and “agnetoresistance
Measureuents on a Few Hn) Alloys
Leststance Hagpotorenistance
Jnecinon ;‘-‘-‘3 T’!‘.‘. :,1_-}_ ARH
273 - he2
1 0,152 1.2 .04
2 0,22 1,8 1.0 aRy 20 at 4’ K
R, <0 at 1,28° X
3 0,305 2.8 0.9
k 0s532  Died 0497
5 0,073 <1 109 afiy >0 at be?® K and
1,2° &, Large
deviation from Kohler's
rile.
6 070 % 1.3 1403 sy >0 ab 4u2° &
sR, = 0at 1,0° K
7 04335 33 0499

Al 20 ot e X
{
AR, <0 at 1.28° &

‘
N
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The resistence maximum of specimen j 18 not seen
in Flgure 17 because it oeocurs above u.z’ K. The resistance
of thia'apeoimon was asasured down to 0,16% X and it sppears
to tecome nearly constant near 0.2° X, However this amall
offeot remains dublous because of the followliny reasons}

The warn up time after the adlabatie demagnotisation wae
shorter than usualj thepefore the Specimen had less tiue to
Peach thermal equilidrium with the salt, Also the thormsl
link between the specimen and the salt was not as reliable
as usual, In the otner experiments, the roaiaianoo speoimens
vore falrly long (~ 25 oms), These long speoimen sould be
wound all along the specimen support and be in good thorzal
contact with it, However spacimen 4 was partially destroyed
when annealed at high temperatures and the shori plece left
was mountod near the pressurs contaots. N-ar the contaets.
he tharmal nk with tne salt 1 not as gcod as elsewhere,
therefore further experlients will be necessary to verify
whether the cesistance of iy (.In) becomes sonstant at very'
low temperatures below the maxlmume

I% 18 evident from the resitsnce curves that T
increases with the ratio R,. ";_,/Fta73 We can deteraine T
to about £ 0,3° &, It ts shown by Plpure 18 that witain
the accuraoy of measurements, rmax {8 linearly proportional
to i (R R ). However we do not know exaotly the

Z,‘o 273 1&02
concentration of “n that ecorresponds to 2 measured resistunce
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FIGURE 18 - TEMPERATURE OF THE RESISTANCE MAXIMUM OF
MG(MN) ALLOYS VERSUS R,, /(Ropy = Reo)  THIS RATIO IS

APPROXIMATELY PROPORTIONAL TO THE CONCENTRATION OF
MANGANESE -
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ratio (ses sestion 2, and the rough estimate plotted in
Figure 15)s Therefore Taax 100reases with the concentration
of Mn discolved in Mg but it 1s not certain that this
relation 18 linear,

Besldes thess eleotrical resistance uoaluramouti.
the magnetoresistanes of a few Mg (Mn) alloys has been
measured at h.2° K and near 1.3° K in magnetic fields up to
about 5.5 kOe,

In Flgure 19 (A), the magnetoresistance of
specimen 5 1s plotted direetly versus the magnetic field
intensity. It 15 seen that the magnetoresistance at 1.2
18 much smeller than at u.2° K although there 1s only a small
increase in the zero field resistance. This behavior does not ‘
appear to follow Xohler's rule, In order to verify this, a
Kohler plot 1s made of these measurements in Firure 19 (B),
The measurenents talken ut the two tesporstures do not fall
on the same ourve, as they.should if Kohler's rule was obeyed,
Tt Lg interesting is cLacrve that specimen 5 condalns about
three times more }n than the :sbbap specimen { Webber, 19%6)
and the deviations from Kohler's rule are of abeut 40%
instead of 10%,

The magnetoresistance of aspecimens 6 and 7 is
plotted in Plgure 20, For these two specimens, the deviations
from Xohler's rule are so obvious that Kohler plots are not

necessary. The macnotoresistance of specimen 6 decroeases
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SPECIMEN 5
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Fie- 19 -~ MAGNETORESISTANCE OF A DILUTE Mo(Mn)
ALLOY (A) PLOTTED VERSUS MAGNETIC FIELD INTENSITY

AND (B) KOHLER PLOT - THIS SPECIMEN HAD NO

MAXiMUM aBOVE 1k - R, / Ry, = oo73




: - 088 -
AR !

H
—=X100 (%) SPECIMEN 6
oT .
42°K o
10
08
0
SPECIMEN 7
-8 - 5 K
Taax™?
42 °K
0 2 -
0 ]
128 °K
_0.5 b
H (KOg) —

Fie- 20 ~ MAGNETORESISTANCE OF TWO SPECIMENS

of Mo(MN) AT TEMPERATURES NEAR THE RESI8-

TANCE MAXIMUM: Ry,o /Ry,  EQUALE 0170 FOR

THE UPPER GRAPH AND 0-333 FOR THE LOWER

ONE -
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rapidly with temperature, It is positive at h.!o K and
goro at 1.31° K. The magnetoresistance of the more
conoentrated specimen 7 48 also positive at h.2° K but 1%
sven becomes negative at 1,26° &,

The magnetoresistance of zpecimen 7 is definitely
negative at 1,26° k) howaver this deorease 15 of lesa than
043% at the highest fielés available. It would be
interesting to measure preoisely the relation between aR/R
and i at higher flelds to verify if this negative magneto-
resistance changes with tae square of the field intensity ‘
(or more precicely the square of the magnetization) es for

some other dilute magnetic alloys.

3.3 Conclusions

It $s now apparent that the resistsnce maximum of
Mglitn) ulloys was not previously observed because the
specimens did not contain cnourh “n In solld solutlong
maasureaents &t sceh lowsr temorstures might alsoe nave ahown
a resistance maximum,

it 18 yet too eurly to make detalled qualitative
comparl scns between those experimental results and the
'theorfcye The prodlem 16 very complex since it lnvolves
randemly distributed fons in the lattlce and many possible

tyned of loneion intersctions and electroneion inteructions.
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Yo ean eonolude from theue m303§vwmeuho faat o
1t vas previously observad dth mny aonagalsnt purant
metals,

(1) Mn impurities causes a restatance mazlsus in &5 vaiont
b if)

(2) the temperuture of the meximum increwwes rapldly with
the consentration of #n and

(3) the magnetores!stance deoreases ranidly at temperatures
below the minimum and even becomes negative around the
tempoerature o ths presistance maximum,

These results suggest thet the valaney and the
oryatal structure of the parent metal are not extreuely
fimportant factors in the oocurrence of a resistance maximum,
These meagurcnents o not provide extremely new evidense on
the orizin of the realstance maximum but they do lend support
to tho belief that such anomelies are related to the magnetic

and exchanpe nroporties cf translition elruent lumpurities,
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