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The electrical resistivity from 1.5 to BOK and the longitudinal 

magnetoresistance from 0 to 95 KOe at 1.9, 4.2 and 25K were measured 

on Cr in Cu al Joys. The Cr concentrati ons were 10, 19.6, 39. 1 and 

87.4 ppm. A pure Cu sample was included. A resistivity minima was 

obse rve d for each all oy, with T . = 16.0, 17.8, 19 . 4 and 22.2 K for min 

the 10 , 19.6 , 39. l and 87.4 ppm sampl es, respect ive ly. The t empe ra-

ture of the res i s tivity minimum i s shown to be propo rti onal t o the Cr 

concentration to the 0.15 power and proporti onal to the resistivity at 

the minimum t o the O. 19 powe r. The residual resistivity per ppm Cr 

at 25K was found to increase 1 inearly and then l e vel off bel ow 60 ppm 

i ndicative of a break down in the Cr-Cr int e ractions . The impurity 

contributi on was found t o vary 1 inearly with Log T for e ach al Joy from 

2 to 20K indicating complete agreement with Kondo theory. The sl opes 

·:.-USAEC Repo rt IS-T-634. Thi s work was performed under Contract 

W-7405 - eng-82 with t he Atomic Energy Commission. 
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o f t he above curves s howed linear behavi o r with concentration. From 

these slopes, the value of the exchange integ ral o r cons tant was 

detenn ined to be approx imately J = -0.6 eV. This value agrees ve ry 

wel I with J = -0.53 eV found for Cu Mn by Croft and indicates aga in 

a wet I behaved Ko ndo system. 

The sp in contribution to t he magnetoresistivity at 4.2K was 

de t e rmined to be negative fo r the CuCr all oys . This was accomplished 

by subtracting the 25K pos itive alloy matrix magnetoresistivity 

contribution from the 4 . 2K valu e for the t otal magnetoresistivity. 

The 10 ppm Cr sample was al so observed at l.9K i n magnetic f ie lds from 

0 - 85 KOe. No sp in saturati on was seen in an y of the all oys. To 

s ub s tantiate this further , the magne t o res istivity at 63 KOe as a 

funct ion of t empe rature was measured and compared t o the zero f ie ld 

result , with no s ub s tantial diffe re nce observe d. 
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CHAPTER I . INTRODUCTION 

The s tudy o f the properties of solids has occupied a maj or porti on 

of time for the scientific corrrnunity for many years. Two types of 

solids of great interest are noble and transiti on metals. It has been 

f ound that when one puts a small amount of transition metal into a 

noble metal hos t, o ne finds markedly different l ow tempe rat ure be-

havi or fr om either of the pure metals . 

One property of these alloys which can be studied is the re sis -

ti v ity a s a function of temperature. If one puts a known current, I, 

thro ugh a sample of known length, t and area, A, then by measuring the 

vo ltage difference acros s the sample, V, the resistivity can be cal-

culated from the formula 

p 
V A 
I ~ 

It has been found in different temperature interval s, that a 

minimum exists in the resistivity f or various combinati ons of transi-

ti on metal impurities in non-magnetic metallic hos ts . This phenomena 

is now termed the Kondo Effect after the first man t o describe the 

behavi or theoreticall y. 

It is the purpose of this thesis t o describe the measurement s 

and results on the study of one set of alloys, CuCr. The all oys are 

classified as very dilute since the chromium concentrations invo l ved 

are le ss than 100 parts per mi Ili on (ppm). The resistivity 
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c ha r ac ter i s tics were s tudied in bo th zero and ver y hi gh ( I OO KOe ) 

appli e d magnetic fields . The metho d and results o f each t ype o f 

s tudy i s presented in Chapters II and II I, respecti vel y . 
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CHAPTER I I. ELECTRICAL RESISTIVITY OF DILUTE CuCr 

Introduction 

For many years there have been observed many anomalous properties 

in dilute solutions of magnetic atoms in non-magnetic metal I ic hosts. 

In the late 1920's and ear ly 1930's this was subsequently found to be 

the case after a rather lengthy study was made on several "pure" metals. 

The study was performed by Meissner and Voigt {l) on Mg , Mo, Te, Co and 

Pd . It was only after studying the anomalous properties of Pd with 

varying amounts of impurities present that they came to the conclusi on 

that it was indeed an impurity effect that they were observing . Many 

similar studies were performed in the 30' s and then again after Wo rld 

War I I (2). A more recent set of review papers on the experimental 

aspects is given by Daybell and Steyert, Heeger, and van den Berg (3). 

Many semiclassical explanations were presented f o r this behavior 

but none could account for the wide extent t o which the anomali es 

presented themselves. The more important anomalies are the minimum in 

the electr ical resi s tivity as a function of temperature, a peak in the 

specif ic hea t , an extremely large peak in the the rmoe l ectric power, and 

deviations from a Curi e Law for the susceptibility. 

The first successful treatment of the anomalous behavi or was done 

in 1964 by Kondo (4). He assumed that the impurities formed l ocalized 

moment s and then these localized moments interacted with the conduction 

electrons via the s -d Hamiltonian. When he calculated the resistivity 

he found that the exchange scattering of the conduction electrons at 
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the Fermi surface by a localized magnetic moment showed a logarithmic 

temperature dependence . This is now known as the Kondo Effect. 

It is the purpose of this chapter to present a short theoretical 

sketch and the experimental findings on the Kondo effect in very dilute 

solutions o f chromium in a copper host. The system CuCr was chosen 

due to the fact that it has a Kondo tempe rature (t o be defined lat e r ) 

of 2K (5) . The Kondo tempe rature is markedly different in different 

alloys, simple examples being CuMn and CuFe. In CuMn, TK is approxi-

mately O.OlK which makes work below TK impossible with a simple He4 

cryos tat . For CuFe, one finds TK to be on the order of 30K which makes 

data analysis above TK difficult due to th e phonon contributions at 

this relatively high temperature . CuCr then represented an ideal all oy 

s ystem for study. 

The al Joy s made had chromium concent rations of 10, 19.6, 39.l , and 

87.4 ppm. To make this study more interesting, a higher concentration 

s tudy will be included throughout this chapt e r by making reference to an 

alloy of CuCr containing 114 ppm Cr studied by Eagen and Legvold (6) in 

a study on the Kondo effect in dilute solutions of Cr in a CuNi host. 

The resistivity of th ese alloys as a function of temperature was deter-

mined from l.S-80K using the standard four-probe direct current me thod. 

Sketch of the Basic Theory 

In the pape r by Kondo (4), came the first real unde rstanding of 

magnetic impuritie s in a non-magnetic host . He s howe d that once the 

phonon scattering of e lectrons has di ed out sufficiently at l ow tempera-

tures, the low temperature e l ec trical res istivity of a me tal containi ng 
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non-interact ing paramagnetic impurities might increase with decreas ing 

temperature. This effect is caused by an s - d exchange interaction in 

addition t o simple potential scattering. In this case a st rong ly 

energy-dependent electron scattering cross- section may be expected. 

To approach this problem a first Bo rn approximation calculation was 

tried initially but it was found that in this cas e isolated magnetic 

atoms would not cause a resistance mi nimum. 

Kondo extended the calculation t o second order Born approximation. 

In describing the Ham i ltonian, Kondo included a free-electron t e rm and 

a perturbation term which gave (4) 

(I ) 

-_, 
This expressi on is basically the second-quantized fo rm of H = -JS·S . 

··k 
The symbo l s in the above e quation have the usual meaning with aK being 

+ 
a crea ti on operator for an e lectron in a state with wave vec t o r Kand 

sp in up, aK being a destruction ope rato r fo r an e l ectron in a state 

with wa ve vector K1 and spin down , J the exchange int eg ral o r constant , 

S + = Sx + i Sy, and N the tot a I numbe r of atoms . It is as s umed that 
I 

the exchange integ ral is i ndepende nt of K and K , the initial and final 

wave vect o rs. Fo r resistivity, the inclusion of potential scattering 

i s unimpo rtan t. 
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As in any transport calculation, the important quantity to be 

calculated is the electronic relaxation-time TK which Kondo found (in 

the symbols of Star (7)) to be 

(2) 

Here EF is the Fermi energy, EK the energy of the electron with wave 

vector K, C the impurity concentration, and Z the number of conduction 

electrons for the host. Here g(EK) gives the strong energy dependence 

in TK needed to get a temperature-dependent resistivity . Functional Jy, 

I Q(E) f ( E) 
g(EK) = bandwidth E-E dE • 

K 

Using Kondo's interpretation for evaluating the above integral, one 

finds for the resistivity (7) 

where 2 2 2 
0 - 3n m J S {S+ l )V/ Ne h EF m-

(3 ) 

For our purposes we wil 1 make this last express ion more significant 

by substituting some appropriate numbers for our hos t metal Cu. Firs t 

1 et, 

which gives 

Pm 

112 K 2 
F 

2m 

upon substitution, 

3VhK/ }s (S+l) 
= 

8 Ne 2 E 2 
F 
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In the case o f Cu (8), 

= 8. 45 x 1022 cm -3 

e = 4.803 x 10-lO esu 

h = 6 . 626 x 10-27 erg sec 

= 2 3 • 6 } S { S+ 1 ) 
E 2 

µ() cm/at . % . 
F 

The re fo re, fo r smal 1 amounts o f impuriti es in copper we ge t fo r the 

impurity contribution to the resistivity, 

2 
oR ~ C[23 (.L.) S(S+l )) (1 + (3ZJ)ln T) in µO cm. (4 ) 

es EF EF 

Thi s form f o r pR wil 1 be found later to be advantageous si nce es 
if one de t e rmines dp/d ln T expe rimentally and th en assumes EF = 7 eV 

as fo r coppe r , one can get a fairly good handl e on the value of J, the 

exchange constant o r int egral. 

As can be seen above, the impurity contributi on to the res i s tivity 

as desc ribed by Ko ndo does vary as In T. Since scattering processes, 

whe re the s pin proj ecti on value does not change, only contribut e to 

the res idual res i s tivity, the In T term must then be a conseque nce of 

the spin-flip scatte ring its e lf (4) . There for e, fo r this phenomenon 

t o be du e t o spin-flip scattering the impurity contributi on t o re s is tivity 

must vary acco rding to In T. 
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The total resistivity can be given by 

o. contains all the temperature-independent impurity resistivity imp 

(S) 

not in p • The TS term contains the phonon contribution t o the resis-
m 

tivity that is due to the copper host lattice . In copper the TS rela-

tion holds true up to 20K (8). We can therefore seek an expression 

for T . as a function of concentration. Setting do/dT = 0 at T . min min 

in Equati on S we get 

T . m1 n 

3 JZ l /S 
Om 

(SAE ) 
F 

cl/S . 

l/S.2 Pearson (9) found in an investigati on of many systems, T . a C • m1 n 

Knook {10) found for CuFe that T . a c115 •3• One would expect, then, min 
that we should find this type of relation to hold true fo r CuCr. 

It will be noted that Kondo's basic Equation (3) for the impurity 

contribution diverges as T goes to O. The basic problem is not important 

to this study but a few words as to the remedy may be in order at t his 

juncture. The problem of divergence stems from the fact that Kondo was 

no t totally justified in go ing only to second o rder in his Born approxi-

mat ion ser ies . Thus the entire series, or a non-perturbati on method 

mus t be used. After an initial attempt at removing the d ive rgence by 

Abrikosov (11,12), Suhl (13) tri ed another method of exact solution 

but found that the resistivity due to an exchange interaction went to 

zero at T = O. The problem has been corrected by Suhl and Wong {14) 
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and by a Green ' s functional approach by Nagaoka ( IS ). I refer an 

interested reader in this aspect of the theory to the cited references . 

The final point of inte rest to us is the Kondo temperature TK 

alluded to in the introduction . Basically, TK is the temperature at 

which the Kondo expression deviates from the observed behavior. It 

is essentially where the perturbation energy equals the thermal energy 

and thus signals the breakdown of the perturbation technique . An ex-

pression for the Kondo temperature and a more complet e explanation can 

be found in wo rks such as that by Fische r (16). 

Experimental Procedure 

Sampl e preparat ion 

To s tart with , one should mention for compl eteness the type of 

sample preparation which does not seem to work for CuCr . We prepared 

30 mil wire samples by drawing arc-melted , swaged CuCr fingers through 

tungsten carbide dies . The wires were subsequently anneal e d in a 

vacuum and quenched in ice water. The resistivity results obtained 

with these samples we re unreliable and totally i nconsistent. Chemical 

analysis seemed t o indicate that varying amounts of Cr had di sappeared 

in the sample preparation . We concluded that the wire size was probably 

t he main factor, so we switched t o a procedure which has been found t o 

be reliabl e in work on CuNi plu s Fe samples (17). 

Small pieces of SNCu and SNCr obtained from the American Sme lting 

and Refining Co. were first electron beam melted t o e liminate volatile 

contaminants and the n a CuCr master was made . After this , weighed 
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amounts of copper and th e CuCr master were arc melt ed toge ther some 

six or seven times over a water coo led copper hearth . The samples were 

inverted between arc melting ope rations to maximize the mi x ing . The 

samples forthcoming were in the form of short bars (fingers). The 

latter were cold rolled to a thickness of about 8 rrrn, annealed in a 

high vacuum at 8oo0 c for one day and then quenched in ice water . To 

avoid surface contaminati on and other possible variati ons in Cr con-

centration as discussed earlier, samples 2 x 2 x 36 rrrn were spark cut 

from the ce nt e r of th e fingers and hand-po lished over emery cl oth t o 

1 x 1 x 36 rrrn . 

Th e Cr content of the sampl es was de termined by chemical spectro-

photometric methods. This method was extremely reliable fo r samples 

with Cr content o f 20 ppm or more. In this manner Cr contents were 

found to be 19.6, 39. 1, and 87 . 4 ppm. For the 10 ppm sample, ori ginal 

samp l e preparati on seems to be th e most reliabl e; this sample was made 

by arc melting weighed portions of pure Cu and a porti on of the 39. I ppm 

Cr f inge r as described above. The spark cutting and po lishing operations 

for this sample were the s ame a s for the othe rs . 

A pure Cu sampl e wa s carri ed through the whole procedure. It had 

a res idual res i s tivity (4.2K) o f 7. 2 nO cm and the spectrophotometric 

analysis s howe d impurities of Ni"' 8 ppm, Cr"' 1 ppm, Fe"' 2 ppm. Since , 

as it will be seen later, the resistiv ity at l ow temperatures (l-20K) 

was no rmal and showed no hint of a minimum we concluded that about 6 ppm 

Ni was indeed the maj o r impurity inasmuch as Ni impurities produce a 

res idual resistivity of 1. 1 nO cm per ppm in Cu (18) . 
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Experin~nta l apparatus 

The purpose of thi s experiment , as menti oned earlier, wa s to 

me as ure the res istivity of di lut e CuCr s ampl es from 1. 5 t o BOK . The 

measureme nts we re made by the standard de four-probe t echnique. 

Fi gures 1-3 show, respectively: the e l ect ronic circuit, the sampl e 

holder, and the vol tage probes used to measure the resisitivity. 

Figures 4 and 5 show the decade resistance settings fo r the two tern-

pe rature- contro l I ing bridge circuits use d fo r temperature regulati on 

during the measurements. 

The e l ectronic circuit bas ically consists o f two parts; one t o 

measure the vo ltage difference be tween two kn own po ints on the sampl e . 

and th e o ther, to measure the tempe rature of the sample. A l i st of 

e quipmen t , i ts us e, and Ames Laboratory equipment numbers used in the 

e l ect ronic circuit are given in Appe ndix A. A me asurement of the 

current through the sample was no t necessary fo r each data point since 

a current s upply was construct ed whi ch was stab l e t o better than one 

part in 106 . The current used was measured against a Nati onal 

BJreau o f Standards resistor t o be 149. 960 m A with a temperature 

coeffic ient o f 2 parts in 107 pe r deg ree F. 

The s ampl e emf was measure d by a Guild! ine O. 10 microvo lt po-

t entiome t e r . The out o f balance s ignal was amp I ifi ed by a Guild! i ne 

nanovolt amp! ifier and f ed into a Guild! ine secondary galvanome t e r . 

A s ingle twe lve-positi on four-po l e Leeds and Northrup rotary sw itch 

was used to reverse both the samp l e emf po larity and the directi on o f 



Figure 1. El ectronic circuit used to measure the resistivity of 
CuCr Al Joys . 
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Figure 2. Sample holder used in CuCr resistivity measurement . 



STYCAST EMF--~­
FEEOTHROUGH 

BRASS COLLARS 

PUMPING ORIFICE 
0 .030 II DIA .. -----+t----'...---+-~ 

MANGANIN ___ .........._ 
HEATER 

COPPER SENSING 
RESISTOR 

15 

- ---·-- - 1/211 0 .0. S.S. 

----- 3/8" O.D. S.S. 

WOODS METAL 

I OF 3 Cu 
----H----THERMALGROUNDS 

..._-H--++--- 1/4 II 0 . D. S.S. 
(FOR LEADS) 

----2 5/8" O.D. Cu 

CARBON SENSING 
RESISTOR ----U--<~"""'""'""--+--4-...J 4 THERMAL GROUNDS 

(NOT SHOWN) 

- -++---- HEAT LEAK 
THERMOCOUPLE - -H---- CHAMBER 
LOCATION 

r--r----1-1---- PHOSPHOR-BRONZE 
I OF 4 POSSIBLE ---++---==;:;::.t OR TANTALUM SPRING 
SAMPLE POSITIONS (NOT SHOWN) 
(VOLTAGE PROBE 
NOT SHOWN) 



Figure 3. Sample area of the resistivity sample holder. 



Figure 4. Decade resistance settings used with carbon temperature 
sensor. 
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Figure S. Decade resistance settings used with copper temperature sensor. 
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o f th e sample current. The multi-position switch was needed since 

the des ign of the apparatus is such that more than one sample can be 

measured in succession at each of th e temperatures of interest. The 

reso lution of this part of th e measurement was+ 5 nV . It should be 

also noted that , as seen in Figure 1, one side of the emf circuit was 

grounded. 

The emf leads in the sample holde r were made o f No. 36 Cu wire. 

Because of the delicacy and high impe dance of this wire, a change to 

No. 20 Cu wire at th e ice bath was mad e . The appropriate wires were 

so lde re d together and were placed in mineral oil fi li ed glass tubes 

which were then in thennal contact with the ice bath. The glass tubes 

give the neede d e lectrical i so lation of the vari ous junctions. 

The o the r main component of the e lec tronics is for t emp e rature 

de t e rmination. The circuit shown in Figure l i s the same as that used 

by c. F. Eagen ( 19) • The t emp e rature was determined by measuring the 

vo ltages of two types of thennocouples . For tempe ratures below 30K a 

Au-Fe vs. Cu thermocouple was used. The Au-Fe vs. Cu thermocoupl e was 

ca librat ed using the master cali b rati on of Anderson~ 2..!_. (20). 

Anderson~ 2..!_. have found that below 30K any differences between 

severa l Au-Fe the rmocoupl es i s independent of the temperature. The 

ca librati on the n consisted in adding a constant emf t o Ande r son' s value 

at a known tempe rature . The known po int was the boi I ing po int of 

I iquid He at atmospheric pressure. 

For temperatures above 30K a constantan vs . Cu thermocoupl e was 

used. The master calibrati on use d in this instance is that of 



23 

Sparks~~· (21). The correcti on is not however of the constant 

vari ety as found for the case of a Au-Fe thermocouple. The calibrati on 

consiste d of using a I inear extrapolation method of comparison between 

two reference po ints. A total of four reference temperatures were 

used; the two obv ious ones being the boiling points of 1 iquid He and N2 • 

The two other points were 30K where the Au-Fe and constantan were made 

to agree and room temperature whe re there was assumed to be no correction 

needed . 

The thermocouple voltage was measured with a Leeds and Northrup 

K-5 potentiometer and null de t ector. This matched component system 

was able to measure the vo ltages, and thus the temperature to 0.01. 

A Leeds and Northrup low- thermal rotary switch was used to switch be-

tween the two thermocouples. 

The cryostat was built by Eagen (19), although a large portion of 

the wiring had to be restrung as a result of grounding problems which 

developed after extended use. T~e basic design of the cryostat is 

shown in Figure 2. It consists of an evacuated heat leak or sample 

chamber, pump can, and heaters and sensing elements for temperature 

control. 

As can be seen , the temperature control centers around a 2 1/811 O. D. 

Cu pump can. For temperatures above 30K, the pump can is evacuated to 

1 imit thermal conduction from the sample chamber to the cryogenic fluid 

outside the heat leak chamber. The temperature is controlled by passing 

an appropriate current through a No . 34 manganin heater which was wound 
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non-inductively on the pump can . The heater current was determined 

by a proportional temperature contro ller that has been describe d by 

Mellon (2 2). The controller is sensitive to the out-of-balance si gnal 

from a Wheatstone bridge. One l eg of the bridge is a non-inductive ly 

wound Cu sensing coil that was wound on the pump can underneath the 

manganin heater. The sensing coil had a room temperature resistance 

of 100 ohms. 

For temperatures between 4.2 and 30K the same manganin heater was 

used but a 56 ohm carbon resistor was used as the sensing element 

rather than the copper sensing coil . The carbon resistor was put in 

thermal contact with the bottom o f the pump can with Stycast 2850 

epoxy. In both temperature regi o ns the bridge balance point was chosen 

by a variable resistor in another leg of the Wheatstone bridge . The 

decade resistance settings used with the two different sensing elements 

are shown in Figures 4 and 5. The figures show why each element was 

used in the two temperature regions described ab ove. The resistance 

of the carbon resistor varies with th e temperature most drastically 

below 25 o r 30K while that of the copper coil is large at high tem-

per~tures but f alls off sharply at low temperatures. The two elements 

provi de temperature contro l to O.Ol-0.02K throughout the regi on studied. 

For temperatures below the boiling point of He the pump can becomes 

the entire source for temperature contro l. The pump can was over-

pressured with He gas and liquid helium was al l owed to condense. 

Normal run times of several hours were achieved with condensation rates 

of 10 lbs . over-pressu re for 10 minutes of helium gas. By lowering the 
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vapor pressure over the condensed He the boiling point of the helium 

was suppressed in such a way that ultimate sample temperatures of I.SK 

were easily reached. Actually, with a little more time, temperatures 

of l. lSK have been obtained. The vapor pressure was regulated by a 

manostat which was designed and built by Mr. Hare Pitchford in con-

junction with various vacuum pumps. The manostat controlled the tem-

perature to such an extent that the sample heater and bridge circuit 

were not used. This allowed for 1-2 hours extra run time from a single 

pump can of condensed liquid helium, which usually sufficed for each 

sub-4.2K experiment. 

The samples themselves each fit in 3/1611 slots cut in the side of 

the sample holder as shown in Figure 3. The samples were electrically 

insulated by means of 2 mil mylar sheets placed between the sample and 

the sample holder. The mylar was thin enough so that good thermal 

contact was made with the sample holder. In this manner four samples 

could be placed in the sample chamber at a time. Due to electri cal 

difficulties two of the sl ots were not used. The voltage probes were 

made by Eagen (19). They consisted of phosphor-bronze strips Stycast 

into smal I Cu bars. The phosphor-bronze strips were sharpened so that 

they would be I ike razor blade edges and would make good electrical 

contact when set in place and held down over the samples with a 

tantalum spring . The spring was set in the radial notch located in 

the sample holder as shown in Figure 3. The phosphor bronze 11bJades 11 

were set in a Cu bar so that the sample and voltage probes would have 

the same thermal expansion. In this way, sample movement under the 
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blades was e liminated. The 11blades 11 had their greatest advantage when 

it came to knowing the length , 1, between contact points on the sample. 

Here was a repeatable and highly quantitative procedure f or getting 1. 

Any method of soldering voltage l eads t o a sample leads t o large un-

certainties in the resistivity . 

Presentation and Discussion of Experimental Results 

The e lectrical resistivity of the dilute CuCr samples was measured 

from 1. 5 t o BOK using the procedure outlined above . The actual data 

points are tabulated in Table B-1 of Appe ndix B, while a representative 

plot of the resistivity vs . temperature is shown in Figure 6 . The data 

above 60K are not presented here since it is of no importance t o this 

study. One quite obvious thing should be noted in the high temperature 

reg ion ; the curves for the resistivity vs . temperature for the various 

samples are parall e l . This continues to be true up to BOK. The low 

temperature region th en shows the Kondo effect. The resistivity de-

creases with decreasing temperature until a minimum value is reached 

and then increases as the temperature is reduced further. Each of the 

CuCr alloys shows a wel 1 de fined minimum. The pure Cu sample, labeled 

1.0 ppm Cr due to spectrophotometric studies, shows no minimum and is 

exceed ingly flat below 20K. As stated earlier , the pure Cu sample had 

a residual resistivity (4.2K} of 7.2 nO cm which is accounted for by a 

6 ppm Ni impurity content since Ni impurities produce a residual resis-

tivity of l,lnOcm per ppm in Cu (lB). The temperature at which the 

minimum in the resistivity occurred was detennined for each alloy and 



Figure 6. Resistivity vs. temperature plot showing 
representative data points for dilute CuCr 
alloys . 
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is listed in Table I below. The temperature at ....+iich the resistivity 

Table 1. Cr Content T fo r m·1n ~c = (p - Pcu) at 25 K/ppm Cr. ' p ' 

Cr content 
atomic ppm 

19.6 

39. I 

87.4 

T for 
p min , K 

16.0 

17 . 8 

19.4 

22.2 

~ = o - Pcu I T = 
c c 

n()crrv' ppm Cr 

I • I 3 

I. J 4 

I. 15 

I. 00 

25K 

aThis sample was made 
of the 39. 1 ppm Cr finger. 
taken from this ratio; the 
agreement with this. 

by arc melting 3 parts pure Cu with I part 
We believe the Cr content is most reliably 

chemical analysis of 10.6 ppm was in good 

shows a minimum, Tmin ' was studied as a function of the concentration 

and of the resistivity at the minimum in order t o check the expected 

behavi o r as related in the theo ry section above. Th e re it was shown 

that 

T . min 

3pM JZ 1/5 
= ( 5AE ) 

F 
cl/5 • 

Therefo re , we expec t ed that for CuCr T . would be proportional t o c 115. m1 n 
To check this relation a pl o t was made of Log T . vs. Log C as shown 

mr n 

i n Figure 7. To make the data mo re convincing, the ex tensi on t o higher 

concentrations was made by including the findings o f Eagen and Legvo ld (6) 

on a 114 ppm Cr in Cu sample. The least squares method was invoked, and a 



Figure ]. The temperature of the resistivity minimum is 
shown t o be proportional to the Cr concentration 
to the O. 15 power. 
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s lope of O. 15 wa s f ound . It i s expec ted that the re s isti vity s hou l d 

va ry in a Matthi essen's rul e manne r as a f uncti on of concentrat ion. 

Thi s would imp ly that T . s hould t hen be propo r t i onal t o some res i s -m1n 

tivity value . The resistivity at the minimum was chosen s ince it i s 

a we l I-def ine d paramete r and e as il y determine d in this expe rime nt. 

Ano the r c ho ice might be the res i st ivity value at wh ich the re si s tivi t y 

s t ops incre a s in g a s the t emp e rature i s decreased . Th i s va l ue, cou l d 

no t be de t e rmine d f o r these al Joys s ince i t demands t emperatures f a r 
4 be low those obtained with a simpl e He cryos tat . A pl ot was made of 

Log T . vs. Log p . with the inc lu s ion o f the Eagen 114 Cr result min min 
as before . The result o f such a pl ot is shown in Figure 8 . He re T . m1 n 

was f ound t o be propo rti onal t op . t o the 0. 19 power. Thi s then was m1 n 

a f irst s t ep in studying the minimum in a semi-quantitative fashi on. 

As stat e d earli e r , the sy s tem CuFe is found t o give T . a C · l 9 • min 
The above result , coupl ed with tha t of CuFe, seem t o be in agreeme nt 

with the theo ry and provided i ncentive fo r the further quanti t at i ve 

analyses whi ch fo l low. 

Ano the r po int of i nt e res t wa s that of the res idual re s is tivity. 

To avo id spi n f lip scatte ring o r Kondo t ype e ffec t s, but stil I t o be 

in a reg ion of r e lative l y sma ll phonon scatte ring, the re s idual resis -

t ivity was inve sti gated at 25K. It has been sugges t ed by Tri plett 

and Phil I ips (23) that the re sidual resi s t ivity would be l.08 nO cm/ppm 

at 4. 2K . From evaluati on of the s l ope o f a 6p vs . Log T plo t ( t o be 

d iscu ssed late r ) an add i ti onal s hi f t , 0.3 nO cm/ppm at 39 ppm fo r example, 



Figure 8. The temperature of the resistivity m1n1mum is 
shown to be proportional to the resistivity at 
the minimum to the O. 19 power. 
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must be made in the 4.2K value to get the residual resistivity at 25K. 

This procedure suggests that the residual resistivity should be in the 

vicinity of 0.8 nn crn/ppm at 25K. A pl o t of the residual resistivity vs. 

Cr concentration is shown in Figure 9. We see that the residual at 

25K was found to be 1. 15 no crn/ppm in the limit of zero Cr concentration. 

The actual values f or 6p/C versus concentration are given in Table 

above. The reason for the discrepancy in these two values is not 

entirely known. The strong, long range, Cr-Cr interaction becomes neg-

1 igible as the Cr concentration goes below 60 ppm. This conclusion arises 

because the residual resistivity per ppm Cr increases with decreasing 

concentration and then levels off in the very dilute regime. 

To glean more direct information about CuCr in terms of a Kondo 

system, a plot was made of the Cr impurity contribution to the resis-

tivity, 6 p, versus Log T for each of the alloys. The pure copper and 

39. I ppm Cr sample were run at the same time so that 6p was obtained by 

direct substraction at each temperature of interest. The following run 

was made on the 19.6 and 87.4 ppm samples. Since the pure Cu was not run 

at the same time, direct subtraction could not be performed. The main 

reason wa s that at 4.2K there are always non-repeatable cusps due to 

He condensation o n the samples . Depending then on the actual vacuum 

in the sample chamber, varying size cusps were obtained. The procedure 

then was to perform the subtractions in terms of a smoothed copper 

curve which was easily obtainable from the data. The final run was on 

the 10 ppm sample. The pure copper sample was included so that direct 



Figure 9. 
(p - Pcu) 
~~~~IT= 25K vs. Cr concentration. c The difference is taken 

at 25K to eliminate spin- flip scattering effects. 
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subtracti on was again applicable . The subtraction then gave us the 

Cr impurity contribution to the resistivity itself since it was 

assumed that the resistivity due t o the copper lattice was the same 

in the alloys as it was in the pure copper metal. This seems to be 

a reasonable conclusion when one deals with such very dilute alloys. 

As stated above , 6p, the impurity contribution top, was then plotted 

ve rsus Log T (See Figure 10) . The reason for doing this goes back 

to the ideas presented in the theory section where we had the expression 

fo r the impurity contribution to the resistivity. Therefore, Kondo's 

predicti on would be that one should find 6p versus Jog T to be a 

s traight I ine with slope proportional to the exchange integral or 

constant, J. For ease in presenting the data, all the 6p vs . Log T 

plots have been constrained at 2K. Each alloy is seen indeed to have 

the expected straight line behavior on a plot of this type . It should 

be noted at this juncture that this expected Kondo type behavior was 

not exp licitly found in the work of Daybell and Steyert (5). In this 

expe riment they studied similar all oys by an ac technique . Their data , 

although ske tchy in this temperature interval and not claimed to be as 

accurate as ours, did not seem to fit Kondo's prediction very closely. 

From a casua l glance at Figure JO one notes that the slopes on 

the 60 vs. Log T plot seem to sca l e according to Cr concentration. 

To check this idea, one needs only to plot the reduced slope 



Figure 10. 6p vs. Log T plots for the 10, 19.6, 39. 1, and 
87 .4 ppm Cr in Cu alloys. 
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ve rs us the chromium concentrati on in atomic ppm. One would expect 

that if the chromium i ons are indeed non-interacting, the s lope vs . 

concentration pl o t would be a straight ho rizontal 1 ine . The actual 

result i s shown in Figure I l. Again the highe r concentrat ion res ul ts 

o f Eagen are repres ented by the l 14 ppm Cr result . It may be s een 

tha l our re sults are quit e we l I behaved and s how on ly a gentl e I inear 

inc r ease in sl ope as the al l ay s became mo re di lute . The slight i n-

cre ase is indeed consistent with the idea that only in the I imit o f 

infinit e d iluti on wi 11 the individual chromium i ons become t o tally non-

int e racting . The gentleness o f the sl ope does reinfo rce the claim 

made i n al I the above that the Kondo expressi on fo r the behavi o r of 

non-inte r ac ting pa ramagnetic impurities in a non-magnetic host shoul d 

and does apply t o the case of ve ry dilut e al Joys of Cr in a Cu hos t . 

The ac resu l t s o f Daybe l 1 and Steye rt (5) are present ed in Figure II 

a l s o . The ir seem ingly dive rgent result fo r the reduced sl ope are 

qui te uni ike those expected from the gene ral th eo ry. Based on our 

expe ri ence with s amp le p reparati on in our f irs t approach , (see samp l e 

p reparati on secti on) it seems plaus ibl e that s ampl e preparation di ff i-

culti e s wi t h Cr concentration , o r the e ffective l ocati on of th e Cr in 

the i r s ampl es coupl ed with the ir measureme nt t echniques might be of 

s igni f icance in the ir r epo rted result . 

One f inal bit o f info rmati on can be found f rom the sl ope dp/d l n T. 

As found above , thi s s l ope should be cons tant fo r each all oy and should 



Figure 11 . Slopes of the 6p versus Log T plots of Figure l per atomic ppm Cr 
for this work and for the results of Daybell and Steyert (5). 
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be proportional t o the exchange integral or constant, J. We have 

experimenta lly determined the slope so we, in principle, have the 

value of J s ince 

d Pres 
= d 1 n T . C 69 Z S (S + 1) 

This result is a direct consequence of finding dp /d lnT from res 

(6) 

Equati on (4) for the impurity contribution to the resistivity for smal I 

amounts of impurities in copper. The only problem left is to put in 

the value for EF. Since the al Joys were ve ry dilute, the best estimate 

of EF comes when one assumes EF = 7 eV as fo r copper. 

Taking the values for th e slope found from the plots in Figure 10 

and plugging this in above along with EF = 7 eV we found values f o r J . 

(See Table 2). In the limit of infinite dilution, J ~ -0.6 eV. 

One i s now at the point where another check can be made on the 

validity of CuCr as a Kondo system and its relation to other systems 

whi ch seem to also be Kondo type sys t ems. 

The first thing to note is that J is found t o be negative . This 

is basic t o Kondo's theory since a minimum in the resistivity ve rsus 

tempe rature curve results for J < O, i. e., anti ferromagnetic coupling 

between the conduction e l ect rons and the l oca lized moment of the magnetic 

impurity i s present. Ano ther criterion i s for 1-t-1 to be much smaller 
F 

than unity . This is an obvious criterion since only then can Kondo's 

second order Bo rn approximation be a l eg itimat e approach t o the problem. 

From Table 2 one finds 1-t-I ~ 0.08, which satisfies Kondo ' s criterion 
F 

reasonab 1 y we I 1 . 
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Table 2. Antiferromagnetic exchange constant J for CuCr alloys and 
a Cu Mn alloy 

Cr 
in 

Cone. 
ppm 

I 0 

19.6 

39. I 

87.4 

40 

CuCr alloys 
J 
EF J (eV) 

-0. 083 -o. 58 

-0.085 -0.59 

-0.079 -0.55 

-0.077 -0.54 

Cu Mn a 11 oy of Croft il 2.1.· (24) 

-0.075 -o. 53 

One comparison which can be made to another so called Kondo s ystem 

is that t o Cu Mn. Croft et al. (24) in 1953 found the straight line 

Kondo behavior f o r a plot of p vs. In T in the temperature regi on fr om 

0.007K t o 4K f or a 40 ppm Mn in Cu alloy. He determined d0/ d lnT = 
1. 04 x I0-9 ()n. Using Equati on (6) we determined~ ~ -0. 075 for 

F 
S = t which then gives J ~ -0.53 eV after again assuming EF = 7 eV. 

Thi s seems t o be in good agreement with our results for CuCr, i.e. 

J = -0.6 eV. From extens itive magnetoresistance measurements Monod (25) 

has f o und that J f or Cu Mn is approx imately -0.4eV, which agrees quite 

nicely with the above zero field results. 
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Conclusion 

CuCr alloys have resistivity minima in the temperature region 
4 easily accessibl e by a He cryostat , thus representing a beautiful 

system for study. The minimum itself is seen to follow the inter-

pretation given to it by Kondo. The resistivity increase below the 

minimum is due to an indirect exchange interaction between the localized 

moments due to the impurities and the conduction electrons. The im-

purity contribution itself shows a lnT dependence. The temperature 

at which th e resistivity minimum occurs is proportional to the con-

centrati on to the power O. 15 which i s in good agreement with that deri ved 

by Kondo . The values derived from theory and experiment for the ex-

change integral are negative as demanded by the assumed antiferro-

magnetic coup! ing and are of the correct magnitude to substantiate 

Kondo's second Born approximation calculation. All the information 

found from the zero field resistivity data implies quite admirably 

that very dilute CuCr alloys represent a well behaved Kondo system 

worthy of further study. 
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CHAPTER I I I. MAGNETO-ELECTRICAL 

RESISTIVITY OF DILUTE CuCr ALLOYS 

Introduction 

In recent years much work has been done on the zero-field proper-

ties of dilute solutions of magnetic atoms in non-magnetic metal lie 

hosts. A general review of the historical aspects, as wel I as recent 

work, is discussed in the Introducti on to Chapter I I. Quite an elaborate 

theoretical frame work has been built up on the subject since 1964, when 

Kondo introduced the idea that the impurities formed localized moments 

which interacted with the conduction electrons via the s-d Hamiltonian 

(4). As explained in Chapter I I, Kondo used a second order Born approx-

imation calculation in his quest for an expression for the impurity 

contribution to the resistivity. He found that the exchange scattering 

of the conducti on electrons at the Fermi surface by a localized mag-

netic moment showed a logarithmic temperature dependence . The for-

mal ism f o r the resistivity and its conseque nces are given in the Theory 

section of Chapter I I. As described earlier , we carried out experi-

ments on the zero-fi e ld resistivity versus temperature characteristics 

of very di lute al Joys of CuCr from 1.5-BOK. The alloys contained 10, 

19 .6, 39.1 and 87.4 at.ppm Cr in Cu . The results described above are 

indicative of a wel I behaved nonnal Kondo system. 

In recent years much effort has gone into the study of the proper-

ties of Kondo systems under the influence of externa l magnetic fields. 

The theory has been slow in emerging and the conclusions drawn have 
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some time s been conflicting. To he lp fi 11 in some of the gaps, we 

have studi ed th :se same CuCr al l oys in externa l f i elds up t o 95 KO e . 

To complement thi s s tudy , the result s of a magne t ores i stance s tudy at 

4 . 2K in an exte rnal magnetic field of 0 - 85 KOe for a CuCr alloy 

containing 114 ppm Cr will be included. This study by Eagen and 

Legvold (6) covered the l ess di lut e region of concent r ations from 114 

to 1, 236 at . ppm Cr and rep resent s the general extension of thi s study 

to h ighe r concentrations. 

The present study was done at vari ou s temperat ure s as demanded 

by our interpretation as t o how one arrives at the impurity spin con-

tribution to the magne t o res istance of the alloys. The temperatures 

chosen were 1. 9 , 4.2 and 25K although a temperature run from 4.2 t o 

32K at 63 KO e was done for the 10 ppm Cr s ampl e t o obse rve the ove ral 1 

e ffect o f a strong external magnetic field on t he resistivity minimum 

itself, and th~reby t o check the pred i cted h igh field saturat ion of 

the magnetoresistance as a function of temperature. 

Sketch of t he Basic Theory 

The effects o f an externa l magnet ic field have been worked on 

most heavily by B~al-Monod and Weiner (26), Moore and Suhl (27) and 

Bl oomfield et al. (28). Two gene ral predictions stand ou t in the ir 

ana lyses. Fi rs t , at a c ons tant magnet ic fi e ld , the res istivity as a 

function of temperature which results from exchange scattering is 

s uppressed. At hi gh enough magne tic fields the resis tivity develops 

a maximum at t empe ratures be l ow the minimum temperature . Secondly , 
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the resistivity change as a function of magnetic field at a given 

temperature is negative and saturates in high magnetic fields. 

This idea can be explained by a simple argument given by Bloomfield 

~ 2.!_. (28) and sketched by Harvey (29): One assumes that the external 

field is in the -z direction, and one l ooks at what happens to the 

impurity spins and the conduction e l ectron spins as the field is in-

creased. The inc reasing magnetic field can influence the population 

distribution of each spin system. As the field increases the tendency 

is for more and more impurity and conduction e lectron spins to be 

"frozen out" - t o point in the +Z direction. This restricts the scatter-

ing of conduction electrons from the spin-up to spin-down state. There-

fore, the number of conduction e l ectrons which are spin-flip (Kondo) 

scattered is reduced . This then causes the resistiv ity to decrease 

with field or in other words for the magnetoresistance to be negative. 

This partial alignment of impurity spins is most generally accepted 

to be a function of H/T. As the temperature is reduced below TK' this 

is no longer the case and the magnetoresistance varies more slowly with 

H. Over the whole range in temperatures, however, the magnetoresis-

tance is negative. 

If the magnet ic field is large enough, th e impurity spins should 

al 1 be "frozen out" and the magnetoresistance should saturate. Beal-

Monod and Weiner (26) have shown from third o rder perturbation theory 

that this saturation should occur for fields which satisfy the relation 



so 

where g is the gyromagnetic ratio of the impurity spins and~ is the 

Bohr magneton. It has been reported by Yeo (30) that no such effect 

is seen in CuCr for g ~ H/K8 T as high as 33 at T = O. IK for 200, 

350, and 600 at. ppm CuCr samples. This result was tested in the present 

study for more dilute samples in fields up to 95 KOe. The resistivity 

should decrease as the magnetic field increases at a given temperature 

and then saturate or become atmost only weakly field dependent in large 

fields. Yeo finds experimentally for his three samples that the 

"resistivity in the magnetic field increases logarithmically with de-

creasing temperature within a certain temperature range, and that the 

temperature at which the resistivity becomes temperature independent 

increases as the field is increased. 11 This disagreement seems to be 

I inked to the problem of including internal as wel 1 as external mag-

netic fields, in non-di lute al Joys. We hoped to circumvent these 

problems by studying very dilute CuCr alloys. 

To obtain the spin magnetoresistivity at 4.2K the normal positive 

magnetoresistivity due to the alloy itself has to be subtracted off. 

As shown below, our first attempt was to form the subtraction in terms 

of the positive magnetoresistivity of pure copper at 4.2K. This does 

not take into account the additional positive, and not at all negl i-

gible, magnetoresistivity due to the al Joy matrix. To get a handle 

on this, we had to measure the magnetoresistance of each alloy in a 

region void of much spin-flip scattering and also a region of rela-

tively small phonon contribution. The 87.4 ppm sample had its 
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res istivity minimum at a temperature of 22.2K. Fo r this reason we 

chose 25K as a relevant temperature to get the no rmal positive mag-

netoresistivity. It is tacitly assumed here that 25K is not too high 

relative to any large phonon contribution. Monod (25) considers the 

bes t region to be in the temperature range l 5 - 20K. It is hoped that 

our extension of this region to 25K is still legitimate. The sub-

traction then rests on the assumption that the positive tenn remains 

constant at low temperatures. Alderson and Hurd (31) have po inted out 

that this procedure would involve a systematic error. It is assumed 

that this effect is small. Monod has shown that for a 17 ppm Fe i n 

Cu sampl e, this is sufficiently satisfi ed be tween 20 and l.4K . Daybell 

and Steyert (5) chose T = 21.5K in an ac study of the magnetoresis-

tivity of a 28 ppm CuCr sample. 

To a fair approx imati on, the spin magnetoresistivity at 4 .2K for 

e ach al Joy ve rsus magnetic f ie ld should be found from subtracting the 

magnetoresistivity at 25K from that at 4.2K. In a s far as the above 

assumptions are correct, we should find a negative magnetoresistance 

for each all oy at 4.2K and some amount of saturati on in the magneto-

resistivity characteristics as a function of tempe rature in high exter-

nal magnetic fields . 

Experimental Procedure 

Sample preparati on 

The samples used in this study were the same ones used in Chapter 

I I , Electrical Resistivity of Dilute CuCr. After the zero field 
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resistivity study was completed, the samples were cleaned with methyl 

alcohol and placed under vacuum. Before each run the specific sample 

was removed and cleaned once more. Just before mounting , the sample 

was given a 1 ight polishing with emery paper in only the areas where 

voltage probes were to make contact . This gave us the required level 

of oxide free surface needed to obtain good electrica l contact, while 

leaving the sample area and shape unchanged. 

Experimental apparatus 

The purpose of this experiment, as mentioned earlier, was to 

measure the magnetoresistance of dilute CuCr alloys at various tempera-

tures ranging from 1.9 to 32K in magnetic fields from 0 to 95 KOe. The 

measurements were made by the standard de four-probe technique. Two 

different pieces of apparatus were used in this experiment and both will 

be described below. The same electronic circuit was used with each 

apparatus and so this will be described first. 

The electronic circuit (see Figure 12) consists basically of three 

parts; one t o measure the voltage difference between two known points 

on the sample , anoth e r to measure the temperature of the sample, and 

still another to measure the applied magnetic field. A list of equip-

ment, its use, and Ames Laboratory equipment numbers used in the elec-

tronic circuit are given in Appendix C. A measurement of the current 

through the sample was not necessary since a current supply was con-

s tructed which was stabl e to better than one part in 106. The current 

used was measured against a National Bureau of Standards resistor to 



Figure 12. Elect ronic circuit used to measure the magnetoresistance of 
CuCr alloys . 
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be 149.960 mA with a temperature coefficient of 2 parts in 107 per 

degree F. 

The s ampl e em f was measured by a K-5 Leeds & Northrup potentiom-

ete r . The out of balance signal was observed on a Leeds & Northrup de 

nul I detector. This matched set gave voltage measurement capabilities 

of + 5 nV. A Gui I di ine l ow the rmal sw itch was used to reverse the 

direction of th e sample curre nt while the sampl e emf pol arity was 

reve r sed internally t o the K-5 potentiometer. 

The second major part of the electron ics is for the detenninati on 

of the t empe rature. Since temperatures of interest were less than 35K 

the ultimate t emperature measurement relied on a Au 0.03 at. % Fe vs. Cu 

thermocouple. Th e Au-Fe vs. Cu thermocouple in each apparatus was 

calibrated us ing the maste r calibration of Ande rson~~· {20). 

Ande rson~~· have found that be low 30K any differences between 

severa l Au-Fe the rmocoupl es i s independent of the temperature. The 

calibration then consisted in adding a constant emf to Anderson's value 

at a known tempe rature . The boiling point of 1 iquid He at atmospher ic 

pressure was used for the calibration point . 

The thermocouple voltage was measured with the s ame potentiometer 

and nu! I detector arrangement that wa s used to measure the sample 

vo ltage . This was accomplished through the use of a Leeds & No rthrup 

f our-po le rot ary sw itch which switched between th e vo ltage probes and 

t he Au-Fe th e rmocouple. It s hould be noted also that th e reference 

j unction fo r the thermocouple was the i ce point as was the cas e for 

the set -up in Chapt e r I I . 
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The temperature could now be determined to O. OlK from I to 35K 

at zero field , but this experiment was at fields up to 95 KOe . This 

presented a problem, most of the literature tells one that AuFe vs . 

Cu thermocouples were inaccurate and unrepeatable in magnetic fields. 

The first test I performed was to invnerse the apparatus without its 

vacuum jacket directly into 1 iquid He. Knowing the atmospheric 

pressure therefore gave me the temperature. I took voltage measure-

ments every 5 KOe from 0 to 95 and back to 0 KOe and found the temper-

ature indicated by the junction to be never more than the 0 . 015K 

different from the original ze ro field value. Th e re was no upward 

o r downward trend, the variance was perfectly random. The same test 

was performed on this apparatus twice more with variances of less 

than O.OlK and 0.02K for the two tests . The second apparatus had a 

simi tar junction location and voltage characteristic. Here again, 

variances less than 0 . 02K and 0 . 025K were found under the same test 

conditions. am therefore confident that when a properly cycled, 

both thermally and magnetically, AuFe vs . Cu thermocouple is placed 

in an apparatus as will be shown below, and specifically in my case , 

t he temperature can be measured to+ 0.03K at fields up to 100 KOe. 

It will be seen that for this particular experiment± 0.03K is of 

sufficient accuracy . It should be noted that a similar long time, 

zero field, test of a AuFe thermocouple proved to be of no greater 

accuracy than± 0.015K which makes my non-field dependent proposal 

look even better. 
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Because of the supposed field dependence of AuFe thermocouples, 

arrangements were made in each apparatus for a temperature sensitive 

capacitor (the CS - 400 Cryogenic Capacitor by Lake Shore Cryotronics , 

Inc. Eden , N. Y.) to be used to monitor the temperature and to be used 

as a non-fie l d dependent sensor to regu l ate a heater supply. The 

capacitance is measured by and used to run the heater supply furnished 

by the Model CSC-400 Cryogenic Capacitance Controller built by Lake 

Shore Cryotronics . Since this secti on is on temperature determination, 

I will restrict my discussion here t o the capacitance sensor as a 

temperature determination device . 

The first lesson to be learned with this sensor is that stray ac 

signals restrict its accuracy drastically. For this reason the leads 

t o the sensor from the capacitance bridge had to be coax. In the 

cryostat itself the coax had t o be small due t o heat l eak and size 

restr icti ons. The coax used was Lake Sho re Cryot ronics 50 ohm Ultra-

minature Coaxial Cable type M. Wh en cooling down, the leads t o the 

senso r mu st be shorted toge ther . l ns tabil ity times are increased t o 

hours if this i s not done during cool down. Once the capacitor is 

s it t ing at an initial constant tempe rature, s ay 4.2K, it takes upwards 

of an hour or more t o settle in to a fairly constant capacitance value . 

During the experime nts to be desc ribed lat e r, the sensor was monito red 

al ong with the AuFe thermocoupl e with the fol l owing re sults. Figure 

13 a nd 14 s how typical capacitance ve rsus tempe rature respons e curves 

take n after long initial stab I i zat ion periods for senso rs #247 and i248, 
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respectively. It must be noted that the capacitances given are those 

o f the senso r plus a variabl e trirrming capacitor built into the br i dge . 

In this way onP. can in theory find a universal response curve fo r each 

sensor and then use a single calibration temperature and the trimming 

capacitor to essentially recalibrate the sensor over the whol e region 

o f interes t e ach time. In Figure 13 we see the re sponse of one o f 

the senso rs near the boiling point of liquid helium. The response is 

parabo lic and fairly well behaved. In Figure 14 we again see the 

parabolic response but this time over a much larger range of tempera-

tures. From these pl ots one gets the impressi on that these senso rs 

should be capable o f± O.OOSK temperature dete rmination. The catch 

here is that these plots were made ove r very sh o rt periods of time 

with intermediate reca librat ion . This can , of course, not be done 

during an experiment. It does shm-1 that these senso rs are very we l I 

behaved i f one can subtract out o r in some o the r way compensate fo r 

t emperature imp I ied drifts in capacitance on the o rder of lK over one 

o r two hours near 4.2K. 

Fo r this reason the capacitance sensor could no t be used fo r the 

maj o r det e rminati on o f the temperature. The stab i lity o f the senso r 

ove r sho rt pe ri ods of time made it valuabl e when the sample emf s were 

be ing take n as a monitor on the temperature already determined by the 

AuFe vs. Cu the rmocouple . It was also extremely useful in temperature 

contro l , as wi ll be explained below, when the fi e ld value was being 

changed as wel I as under constant fie ld situati ons . 



Figure 13. Capacitance vs. temperature plot for senso r / 247. 
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Figure 14. Capacitance vs. temperature plot for sensor f/r248. 
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The final maj o r part of the electronic circuit was the determina-

tion of the appl ied magnetic field. The magnetic field was supplied 

by an RCA Supe rconductive Magnet Type SM2804 whi ch was fabricated 

using RCA SR-2100 and SR-2101 Nb
3
sn superconductive ribbon. So lenoids 

wound with Nb
3
sn show marked hyste resis . When the solenoid was driven 

to full field (95 KOe in thi s experiment) and then brought back t o a 

zero current input configurat ion , it was found to maintain a residual 

field of 5 o r 6 kilogauss at the center of the solenoid. For this 

reason the current could not be used as an indication of the field at 

t he center of the solenoid. It was therefor e necessary to measure the 

magnetic field directly. The method fo r doi ng this may be found in 

the Ph.D . thes i s of Dr. Durkee Richards (32). Ess entially, the pro-

cedure is as follows; a coil of 3000 t u rns of number 46 the nnocoupl e 

grade copper wire was wound astatically on a glass base ph enolic r es in 

form. The coil was placed between the co il fonn and the bore of the 

magnet. Th e magne t o res istance coil was calibrated against a smal l pure 

copper coil which was in turn calibrated against an N.M.R. gaussmeter 

in a high homogene ity 60 Kilo-Oersteds solenoid. It was found that the 

resist ance o f this probe was 1 inear above 4 KOe out to 60 KOe. In this 

way th e magnetic field can be read to the nearest 100 oersteds. 

The f i e ld can thu s be found by merely measuring the magne toresis-

tance of the coil. As seen in Figure 12, the resistance of the coil 

was measured usi ng a K-3 Leeds & No rthrup poten ti ometer and matched 

nul 1 detecto r again utilizing t he standard de four-probe technique. 
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The current thro ~i gh the coil was measured by reading the voltage across 

a 1 ohm standard resist o r with the same set-up by means of a Leeds & 

Northrup rotary switch. Using this method the magnetic field is 

estimated to be known to 100 oersteds below 60 KOe and to have an 

overall accuracy of better than~ 0.5% up to 100 KOe~ 

One final subject must be mentioned before concluding this elec-

tronics sections. This is the subject of temperature control of the 

sample holder . Each apparatus had the same heater arrangement for ob-

taining temperatures above 4 . 2K. The basic idea was to use a 160 ohm 

manganin heater as a large bulk heater supplemented by a 10 or 12 ohm 

trimming heater. The bulk heater was regulated by monitoring a 56 

ohm carbon resistor thermally grounded to the sample holder. The 

details of the bridge and heater current supply are the same as those 

given in Chapter I I. The trimming heater was regulated by the capaci-

tance of the capacitance sensor. Here then is the versatility of the 

capacitance sensor. Each fixed temperature is determined by the AuFe 

thermocouple and regulated by the two combined heaters. When the field 

change s the carbon resistor characteristics are uncertain but the trim-

ming heater adapts t o any changes since the capacitance sensor is not 

fi e ld dependent. This provides for constant temperature and long 

equilibrium times under any fi e ld conditions. Equilibrium times under 

constant temperature situations are therefore unimportant so that the 

time be tw1·en measurements is only dependent on the time for the field 

t a stabilize. Therefore, although the capacitance sensor was not 
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found reliable for t emperature de termination, it was indi spensabl e 

in t e rm s of tempe rature control and s tability . 

Before the cryos tat could be des igned seve ral s igni f icant variables 

were cons idered. The most obvi ous was in deciding where the sample 

s hou ld be place d in the so l e no id so that the field would be unifo rm 

across the sample. Figure 15 shows the f i e ld measured at various 

po ints on the ax is of the solenoid . The sample region was roughly 3/4 1 ~ 

so the sampl e ho lde r had t o be built in such a way that the cen t er of 

the sample was 0.4 inches above the center of the solenoid. Ano the r 

consideration was in the he ight of the working area above the soleno id. 

We wan t ed t o make this re gi on easily workable in size but wanted it to 

be in 1 iquid helium over as much of the run time as possible. The 

hel ium leve l in the dewar was monito red by a Wes tinghous e I iquid level 

indicato r which was calibrated in a 50 t storage dewar. The main dewa r 

was found to have a I iquid helium leve l as shown in Fi gure 16. Here 

we see that even for an extravagantly l ossy trans f e r the level obtained 

is still only II inches above the so l eno id. This meant that the working 

region s hould be kep t under 6 inches above the sol e no id . 

The next section wil I be a bri ef descript ion of the t wo cryostats 

used in thi s experiment. Th e fi rs t was designed fo r work below and 

slightly above 4.2K. The sample region is shown in Figure 17. For 

t emperatures be l ow 4. 2K I iquid helium i s condensed o r admitted into 

the pump can and the vapor pressure above th e I iquid i s regulated by 

a manostat. The tempe rature can be regulate d in this way to+ 0.02K 

o r better de pending most ly on need. Al I wires excep t the emf , AuFe 



Figure 15. The on-axis magnetic field measured at vari ous places relative t o 
the center of the solenoid. 
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Figure 16. Helium level in dewar as measured in relative per-
centage units on a Westinghouse liquid level 
indicator. 
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Figure 17. Sample holder #1 used in CuCr magnetoresistance 
measurement below and above 4.2K. 
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thermocouple and coax to the capacitance sensor terminate on the 

thermally grounded copper tabs above the measuring region. The AuFe 

thermocouple is mounted vary close to the sample by thermally grounding 

it in a hole in the side of the sample holder itself . The heaters are 

located in the positions shown so that the trim heater is on the sample 

side of both the pump can and bulk heater, enabling it to control the 

ultimate sample temperature. The voltage probes are made of phosphor-

bronze and mounted in a copper bar. They are held on the sample by 

nylon screws located as shown. A more detailed explanation of the 

probes is given in Chapter I I where a similar arrangement was used. 

Figure 18 shows the position of sample holder #I in the dewar 

relative to the top plate and solenoid. In this diagram can be seen 

various parts yet to be mentioned. The most important is the 1 iquid 

helium manual fil 1 system. This system enables one to open and close 

a needle valve from the outside which will admit liquid helium into 

the pump can directly, without the need to over pressure as was re-

quired in the apparatus used in Chapter I I for the zero-field study . 

This enables one to refill the pump can while the vapor pressure over 

the I iquid helium in the can is being controlled by the manostat. 

Therefore one can keep the sample holder at l-2K fo r extended periods 

of time. 

Also shown in Figure 18 are the copper baffles attached to the 

st ainl ess stee l magnet suppo rt rods . These retard the cold helium gas 

from leaving the bottom of the dewar quite so quickly . This helps 

significantly with the I iquid helium loss problem. Also depicted in 



Figure 18. Compl e t e scheme for the use of sample holder +1 
including its pos ition in the dewar and in the 
superconducting solenoid. 
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the diagram is the general construction of the dewar , with its vacuum 

and 1 iquid nitrogen jackets as shown . Another apparatus was built 

without the sub-4 .2K capabilities but one that could re ach t empe ra-

tures of at least SOK. The apparatu s is shown in Figure 19. The 

apparatus consist s of a single pump line to evacuat e the sample are a. 

Also included but no t shown was the ability at room tempe rature t o add 

exchange gas if the need arose. This capability wa s use d t o check the 

results found with apparatus # 1 by dropping the temperature t o 4 .2K 

occassi onally during a 25K run . A 4 inch piece of # 22 Cu wire was 

used to get a known the rmal contact wi th the liquid helium bath. The 

sampl e ho lde r is constructed exactl y the s ame a s holder # l so no more 

need t o be s aid about the cons truction o f sample ho lder #2 . The high 

t empe rature capabilities of this apparatus are due to the fact that , 

besides the variabl e bleed wire us ed, the onl y path f or cold conduct ion 

from the 1 iquid he lium i s from the t op plate via a short section of 

s tainl ess s tee l tubing which is riddl ed wi th ho l es. Th ese are needed 

to al low the sample chambe r to be evacuated. 

Presentati on and Di scussi on of Experime ntal Results 

As s tat ed above, our goa l in thi s experiment was to find the 

mag neto re s i s tance for each di lute CuCr a ll oy at 4.2K, and t o measure 

the magnetoresistance of one sample as a function of temperature at a 

l arge applied exte r na l magnetic field. 

The magneto res istance of each CuCr alloy and a pure copper sample 

was measured at 4.2K as outlined above using apparatus # I. Fo r ea se 



Figure 19. Sampl e holder 1 2 u sed in CuCr magneto r esistance 
measurement from 4.2 to 35K. 
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1n plotting and comparing the various samples we have plotted the 

results of these measurements by subtracting the zero-field resistivity 

in each case. The result, p(H) C - p(H=O) is plotted versus applied X r 

magnetic field in Figure 20. As can be seen, the results seem nicely 

self-consistent in that the magnetoresistivity decreases for each al Joy. 

The magnetoresistivity for pure Cu agrees very nicely with that found 

for pure Cu by Eagen (19) and Launay ~ 2.!_. (33). It had been suggested 

that the positive magnetoresistivity of the al Joy could be suitably 

subtracted off merely by using the magnetoresistivity of pure Cu. This 

procedure would be applicable only if the alloy matrix contribution to 

the magnetoresistivity was small. From the results of Eagen (19) on 

CuCr al Joys with Cr concentrations up to 1,2 36 ppm Cr, this seemed a 

I ikely method of subtraction. We therefo re subtracted the magneto-

resistivity of pure Cu from that of each alloy at 4.2K (See Figure 21). 

The results of Eagen's 114 ppm Cr alloy were included to show the ex-

tension of this procedure to higher concentrations. A rather surprising 

result was found. For the lower concentration alloys the implied spin 

magnetoresistivity was positive . This was due to basical Jy the fact 

that no account had been taken of the positive magnetoresistivity due 

to the al Joy matrix . As seen for these dilute al Joys, the alloy matrix 

contribution is greater than the negat ive spin contribution at 4.2K. 

For the case of higher concentrations such as those studied by Eagen, 

the problem had never become apparent since the negative spin part at 

4.2K easi Jy dominated the positive al Joy part. 



Figure 20. The total magnetoresistivity of pure Cu and each 
CuCr alloy as a function of applied magnetic 
field at 4.2K. 
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Figure 21. The magnetoresistivity of each CuCr alloy minus 
that of pure Cu at 4.2K as a functi on of applied 
magne tic fi e ld. 
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To find the real magnetoresistivity at 4.2K, we had to also 

subtract the pos itive alloy contribution . This was accomplished by 

measuring the magnetoresistivity as a function of applied field at 25K. 

This temperature was chosen since he re the spin contribution and hope-

fully the phonon contribution to the magne toresistivity wou l d be neg-

1 igible, l eaving only the positive alloy matrix magnetoresistivity to 

be sign ificant. The ideas and assumptions invol ved here can be found 

in the Theo ry section above. 

To find the magnetoresistivity at 25K, apparatus #2 was employed 

as expl ained earlier. The results of the measurements have been plotted 

as p (H)XCr - p(H=O) in Figure 22 as was done previ ously for the 4.2K 

results . In this way only the field dependence is seen. As can be 

seen, up t o 60 KOe no difference was seen in the alloy magnetoresis-

tivity for the four alloys at 25K. Above 60 KOe the magnetoresistivity 

decreases roughly with concen trati on. The 19.6 ppm sample s hows 

slightly mo re effect but this i s of littl e significance at these ex-

tremely high f i e lds . 

We t ook the magnetoresistivity at 4. 2K and subtracted from it 

that found at 25K. This procedure should give approximately the 

desired spin magne t o res istivity at 4 .2K for our particular all oys. 

The results of such a subtraction a re shown in Figure 23. Here we see 

that the 87.4 and 39 . I ppm samples show negative magnetoresistivity 

while the 19.6 and 10 ppm samples still have initial positive contri -

butions. It is not entire ly clear what i s the reason for this, but it 



Figure 22. The t o tal magneto res i s tivity of the CuCr all oys 
as a functi on of appli e d magnetic field at 25K. 



Figure 23. The spin magne t o resistivity of the CuC r alloys 
as de t e rmined at 4.2K by subtraction of the 25K 
results . 
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probabl y due to the fact that we have not done the positive subtracti on 

correct ly . It must also be remembered from the zero field residual 

resistivity results discussed in Chapter I I that, for concentrations 

bel ow about 60 ppm at 25K the res idual resistivity is seen to level 

off. This would imply a break down in the strong, long range , Cr-Cr 

interactions in this concentrati on reg i on. At the considerably l ower 

t emperature of 4.2K, however , the break down of the Cr-Cr interaction 

has probably not been entirely realized. This would make the results 

at 25K for the posi tive contributi on no t rea ll y those at 4.2K as 

ass ume d . The consequences o f this , although again probabl y small , 

add an additional unce rtainty t o the subtract ion . 

With al I these uncertainti es one can only l ook to slightly l ower 

temperatures where the negative term s hou ld be sign ificantly la rger 

than at 4 .2K. In this way some of the smal I posi tive term correcti on 

errors can hopefully be overshadowed by the increase in dominance of 

the negative spin t e rm. To t es t this hypothes i s we measured the 

magne t ores i s tivity of the JO ppm sample at l .9K in fields up t o 90 KOe. 

Th e results are s hown in Figure 24. Us ing this result the subtracti on 

of the 25K co rrect i on was again made (See Figure 25). Here we see 

that the spin magnetoresistivity is indeed negative. Th e f uncti ona l 

form at high fi e ld s seems t o be the same found at 4.2K. This is a s it 

should be if we indeed a re seeing subtraction errors in the 4.2K 

result for the l ow concentrati on alloys. 

As far as spin saturation i s concerned, th e fol l ow ing can be 

sa id. If spin saturati on at high fields were to occur it would show 



Figure 24. The total magne t o resi s tivity of the 10 ppm sample 
at 1.9 and 4. 2K. 
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Figure 25. The spin magnetoresistivity of the 10 ppm Cr 
sample at 1.9 and 4.2K as determined by sub-
traction of the 25K results. 
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up on Figure 23. At low concentrations one would find a generally 

steeper negative slope than for the more concentrated alloys. This 

is seen not to be the case. When comparison is made to the 10 ppm 

1. 9K result it is even more clear that predicted spin saturation {26) 

was not observed. 

To substantiate this, a measurement was made of the magnetoresis-

tivity for the 10 ppm sample as a function of temperature at a constant 

external magnetic field of 63 KOe. The results are shown in Figure 26 

along with the zero-field result found in Chapter I I. The two plots 

have been constrained to agree asymptotically above 28K. As can be 

seen, at 63 KOe the minimum is only slightly more shallow and spread 

out. Down t o 4.2K, again no concrete evidence is seen to support the 

prediction for spin saturation . 

Conclus ion 

The magnetoresistivity of CuCr al Joys has been observed at 4.2K 

in fi elds up t o 95 KOe. The spin magnetoresistivity of each alloy 

is found to be negative at 4 .2K as must be the case on general theo-

retical arguments. The exact procedure needed to ob tain the spin 

magnetoresistivity quantitatively is seen to be highly comp I icated and 

unclear up to this point. The main problem centers around the determi-

nation of the positive magnetoresistivity at 4.2K. Our procedure has 

been to assume that it is similar t o that at 25K. This assumption is 

probably not quite val id as infe rred from the slight positive spin 

term implied after subtraction for th e 10 ppm sample. In the 10 and 



Figure 26. The magnetoresistivity versus temperature at 63 KOe for the 
10 ppm sample. 
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19.6 ppm s ample, the 25K co rrecti on is probably the mos t in error. 

This may be due t o the implied break down of Cr-Cr interactions for 

the se alloys at 25K which is probabl y no t true at 4 . 2K. The small 

magnitude of the negative term is also a maj or problem for the JO and 

19.6 ppm sample. In general, the subtraction used is correct but 

there are significant places f or error which need further study, both 

experimentally and theoreti cally . 

The predicti on has been made on theoretical grounds that the spin 

magneto resist i vit y should saturate f or these all oys at high fields and 

relati vel y l ow temperatures . No saturation was obser ved in the spin 

term of the magnetoresistivity for any of the all oys. This conclusi on 

was fu r ther substantiated by a measurement of the magnetoresistivity 

of the 10 ppm sample as a functi on of temperature at 63 KOe . The 

resi st i vity minimum was only slightl y more shallow than that f ound at 

zero field with no evidence of saturation down t o 4 .2K. The problem 

here no doubt lies in the theoretical treatment of both internal and 

external field effects in that there seems t o be no ''freez ing-au~' of 

the spin-flip sca t teri ng. Thi s is consistent with failures in per-

turba ti ve cal c ulati ons for the high field susceptibility (28,34). 
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APPENDIX A. 

LI ST OF EQUIPMENT USED IN DETERMINATION 

OF RESISTIVITY OF CuCr ALLOYS 

The basic equipment used in the e lectronic circuits is 1 isted 

in Tabl e A-1. The numbers in parentheses are Ames Laborato ry equipment 

numbe rs. 

Tabl e A-1. Li s t o f equipment for resistivity of CuCr alloys 

Descripti on 

Pot entiomete r f o r sample emf 

Nanovolt amplifi e r 

Secondary galvanometer 

Pot entiomete r fo r sample current 
and tempe rature 

Null detecto rs 

Decade re si s t o r for temperature 
contro l bridge 

Powe r supply fo r tempe rature 
contro l bridge 

Propo rti onal t empe rature 
cont ro ller 

Company 

Honeywell 2768 (11 376) 

Guildli ne 9460A (17648) 

Guildline 94618 (17649) 

L. & N. 7555 Type K- 5 
( 16480) 

L. & N. 9834 (13624) 

L. & N. 4756 (8276) 

Kepco CK1 8-3m (14350) 

(16576) 
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APPENDIX B. 

TABULATION OF CuCr RESISTIVITY DATA 

In Table B-1 the resistivity, p, i s given in µo cm, the impurit y 

contribution to the resistivity, 6p, is given in µO cm and the tern-

perature, T, is given in K. 

Table B-J. CuCr resistivity data 

T 0 6p T p 6p 

Cu (run 2) 

I. 90 0. 0073 .. .. 
2. I 0 0.0072 
2.50 o. 0072 
3.20 0. 0072 
3.49 0. 0072 
3. 86 0.0072 
4. JO o. 0072 
4. 17 0.0071 
4.66 o. 0071 
5 . 06 0. 0071 
S.86 o. 0071 
6.06 o. 0071 

30.1 2 0.0129 
39.84 0. 0269 
44 .27 0.0363 
46.06 0.0417 
48.10 0.0485 
53.70 0. 0709 
56.54 0.0814 
66. 10 0. 1250 
70.15 o. 1495 
76. I 0 o. J 883 
77. 76 0.2070 

7.52 0.0071 
9. 05 0.0070 

10. 07 0.0070 
Cu (run 1) 

12.07 0. 0070 
13 . 03 0.0070 
14.07 0. 0071 
15.08 o. 0072 
16. 12 o. 0072 
17 . 16 0.0073 
18. OJ 0 . 0074 
19.05 0.0075 
20 .08 0.0076 
21 . 98 0.0081 
23.06 0. 0085 
24.25 0.0090 
25. I 0 0 . 0096 
26.0J 0.0100 
28.03 0.0113 

1.66 0.0080 
1.89 0. 0084 
2.5 1 0. 0084 
3.06 0.0082 
3.83 0.0081 
4.40 o. 0082 
4. 72 0. 0081 
4.83 0.0079 
4.94 0.0075 
5.06 0.0075 
5. I 0 0.0072 
5.26 o. 0071 
5.86 0.0072 
6.65 0. 0073 
7.64 0. 0072 
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Table B-1. Continued 

T p 6p T p 6p 

8. 78 0. 0073 CuCr {10 . 0~ 
9.36 o. 0072 
9. 95 0. 0072 1.90 0.2 149 o. 1420 

10.98 0. 0071 2.10 0.2129 o. 1406 
12 . 30 0.0073 2.50 0.2096 0. 1373 
13.60 0. 0073 3.20 0. 2049 0.1326 
14. 07 0.0074 3.49 0.2036 o. 1318 
15.20 0.0073 3.86 o. 1998 o. 1280 
16. 78 o. 0072 4. 10 0. 1982 o. 1265 
18. 16 0.0073 -4 . 17 o. 1969 o. 1257 
18 . 88 0. 0076 4.66 o. 1949 0.1237 
19.33 0.0076 5. 06 o. 1929 o. 1217 
20. 10 0.0076 5.86 o. 1903 o. 1190 
22.00 0.0085 6.06 0.1889 o. 1177 
22.65 0.0086 7.52 o. 1856 o. 1143 
22.99 0.0089 9.05 o. 1809 o. 1110 
23.60 0. 0090 10.07 o. 1790 0. 0976 
23.99 0.0090 12 . 07 o. 1770 0.1073 
25.07 0. 0096 13.03 o. 1770 0. 1057 
26 .56 0.0105 14.07 o. 1763 o. 1050 
28.0l 0.0112 15 . 08 0. 1763 0.1040 
29.75 0.0122 16. 12 0. 1756 0.1033 
32.82 0.0160 17. 16 o. 1750 0.1021 
34.36 0.0183 18.01 0.1756 o. 1018 
35.55 0.0200 19. 05 o. 1763 o. 1014 
37.87 0.0242 20.08 o. 1783 o. 1018 
39 . 15 0. 0277 21 .98 o. 1829 o. 1017 
41.97 0. 0324 23.06 o. 1863 o. 1009 
44 .24 0.0381 24.25 0.1916 o. 1020 
45.87 0.0427 25. 10 0. 1982 o. 1019 
46. 18 0. 0447 26.0l 0. 2062 o. l 056 
48.02 0. 0498 28.03 0.2209 o. l 077 
50. 20 0. 0565 30. 12 0.2368 O. I 080 
52. l 0 0.0644 39.84 0.3805 o. 111 3 
54. 66 0.0729 44.27 o.4750 o. 1115 
59.48 0.0960 46.06 0.5282 o. 111 2 
64.94 0.1232 48. l 0 0.5967 o. 1116 
82.60 0. 2920 53.70 0.8222 o. 1129 
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Table B-1. Continued 

T p t::.p T p t::.p 

56 . 54 0. 9300 o. 1159 1 -; • 05 0.2931 0. 220 
66 . 10 o. 1 390 o. 1404 1 ~. 00 0.2881 0. 215 
70. I 5 o. 1651 o. 1561 19. 15 0.2881 0. 214 
76 . l 0 0.2032 o. 1489 20.70 0.2893 0.212 
77. 76 0.2162 0.0918 22.00 0.2931 O. 21 I 

23.10 0.2956 0. 209 
24.25 0. 3018 0. 212 

cue r {I 9. 6} 25 . 10 0.3030 0. 209 
25.99 0.3093 0. 210 

1. 55 0.3816 0. 309 28.05 0.3267 0.215 
J.82 0.3766 o. 304 30 . 11 0.3492 0. 219 
2.00 0. 3741 0. 301 32.01 0. 3729 0.222 
2. 18 0.3704 0.297 32.07 0.3716 0. 220 
2.44 0.3666 0.294 34. 19 o.4015 0.219 
2.61 0.3629 0.290 35.78 o.4290 0.223 
2. 77 0. 3604 0.287 38.08 o.4714 0. 226 
3.07 0.3529 0.280 39.96 0. 5088 0. 225 
3.32 0. 3492 0.276 42. 09 0.5562 0.225 
3. 78 0. 3454 o. 272 43.95 0.6135 0. 233 
3.83 0.3429 0.270 46. 16 0. 6721 0. 229 
4.08 0. 3454 0.272 48 . 10 o. 7345 0. 234 
4.20 0.3429 0.270 50.02 0.8031 0. 243 
4.43 0.3417 0.269 54. 16 0.9478 0. 236 
4. 69 0.3379 0.265 58. 13 1. 1161 0. 216 
5.07 0.3357 0.262 62 . 20 1. 3032 0.213 
5.40 0.3317 0.259 68.37 1 . 5812 o. 181 
5.80 0.3280 0.255 71. 77 1 .8631 0. 233 
6.03 0.3255 0.252 74.23 1.9953 0. 215 
6.41 0.3242 0.251 83.30 2.6774 0.227 
7.00 0.3217 0.249 
7.50 0.3180 0.245 
8. 01 0.3130 0.240 CuCr {39.1) 
8.47 0.3093 0.236 
9.09 0.3068 0.234 t.66 0.6926 0.6120 

10.05 0.3030 0.230 1.89 0. 6941 0. 6103 
11. 05 0.3005 0.228 2.51 0.6722 0.5883 
11. 50 0.2993 0.226 3. 06 o.6576 0. 5758 
12 . 05 0.2968 0.224 3. 83 0.6371 0.5564 
12. 53 0.2943 0.221 4.40 0.6254 0. 5437 
13.08 0.2968 0.224 4. 72 0.6166 0. 5359 
14.04 0.2931 0.220 4.83 0.6167 0.5381 
15.08 0.2931 0.220 4. 94 0.6064 0. 5310 
16. 10 0.2918 0.2 19 5.06 0.6079 0.5324 
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Tab le B -1. Continued 

T p ~p T p 6p 

5. 10 0. 6024 0.5297 CuCr {87 .4) 
5. 26 0.6020 0.5308 
5.86 0.5918 0.5195 1.55 1. 2905 1. 217 
6.65 0.5860 0. 5130 1.82 1 • 2755 I . 202 
7.64 0. 5743 0.5019 2. 00 1. 2647 I. 192 
8.78 0. 5670 o. 4936 2. 18 1. 2511 1. 178 
9. 36 0. 5597 0.4873 2. 44 1. 2375 I. 165 
9.95 0.5582 o.4859 2. 61 1 • 2294 I. 156 

10.98 0. 5480 o.4767 2. 77 I .2199 I. 147 
12.30 0.5436 o. 4703 3.07 I .2050 1. 1 32 
13.60 0.5392 o.4659 3. 32 1. 1900 I • 11 7 
14.07 0.5377 o.4633 3.78 I . 1765 I. 103 
15.20 0.5290 o. 4557 3.83 1. 1710 I. 098 
16.78 0.5217 o.4493 4.08 I. 1710 I .098 
18. 16 0. 5217 o.4483 4. 20 1. 1643 1 .091 
18.88 0.5202 o.4437 4.43 I . 1534 1.080 
19.33 0. 5187 0.4422 4.69 1. 1453 l .072 
20. I 0 0. 5173 o.4408 5.07 I. 1358 1.063 
22.00 0.5275 o.4426 5.40 1.1249 I .052 
22.65 0. 5261 o.4401 5.80 I. 1127 1.040 
22.99 0. 5304 o.4414 6.03 l. I 086 1 .036 
23.60 0. 5319 o.4418 6.41 1.0991 1. 026 
23. 99 0. 5319 o.4418 7.00 I . 0883 1. 015 
25.07 0. 5363 0. 4398 7.50 I • 0749 I. 002 
26 . 56 0. 5480 o.4432 8.01 1.0666 0.994 
28.0l 0.5582 o.4461 8.47 I . 0571 0.984 
29,75 0. 5684 o.4458 0.09 l .0476 0.975 
32.82 0.6137 o.4534 10.05 I. 0340 0.961 
34. 36 o.6400 o. 4567 11.05 1.0231 0.950 
35.55 0.6620 o.4618 11. 50 1.0164 0.943 
37.87 0.6956 o.4535 12.05 I .OJ 09 0.938 
39. 15 0. 7511 o.4745 12.53 I . 0055 0.933 
41.97 0.7993 o.4756 13. 08 0.9987 0. 926 
44. 24 0.8607 o.4793 14.04 0.9879 0.915 
45 .87 0.9104 o.4829 15.08 0.9824 0.090 
46. 18 0. 9367 o.4893 16.10 0.9756 0.903 
48 . 02 0.9878 o.4901 17.05 0.9716 o.898 
50 .20 I . 0550 0.4903 18.00 0.9634 0.890 
52 . I 0 1.1398 o.4954 19. 15 0.9594 0.885 
54 .66 l. 2234 o.4941 20.70 0. 9553 0.878 
59. 48 1 .4452 o.4855 22.00 0.9539 0.872 
64 .94 I . 7082 o.4761 23.10 0.9539 o.868 
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Table B-1. Continued 

T p tip T p tip 

24.25 0.9567 o. 867 
25. 10 0. 9607 o. 867 
25.99 0.9634 0.864 
28 . 05 0. 9784 o.866 
30. 11 I . 0000 0.870 
32 . 01 1. 0259 0.875 
32. 07 l • 0272 0.875 
34. 19 1. 0584 0.876 
35 . 78 1. 0896 o.884 
38. 08 1. 1358 0.891 
39. 96 1. 1751 0.891 
42 . 09 1. 2267 o.896 
43.95 1 • 2945 o.894 
46 . 16 l . 3515 0.908 
48 . I 0 1 .4194 0.919 
50. 02 1 .4655 0. 905 
54. 16 1. 6392 0. 927 
58 . 13 I . 8075 0. 907 
62. 20 I . 9988 0.909 
68 . 37 2. 2715 o.871 
71 . 77 2. 5565 0.926 
74 . 23 2.6868 0.907 
83.30 3. 3666 0.917 
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APPENDIX C. 

LIST OF EQUIPMENT USED IN DETERMINATION 

OF MAGNETORESISTIVITY OF CuCr ALLOYS 

The basic equipment used in the electronic circuits is listed 

in Tab le C-1. The numbers in parentheses are Ames Laboratory 

equipment numbers . 

Table C-1. List of equipment f or magnetoresistivity of CuCr alloys 

Descripti on 

Potenti ome ter for sample and AuFe emf 

K- 5 galvanometer 

Potenti omete r for field determinati on 

K-3 ga I vanorne ter 

K-3 current supply 

Decade resistor for temperature 
control bridge 

Power supply for temperature 
control bridge 

Proportional temperature controller 

Capacita nce bridge 

Superconducting solenoid current 
supply 

Company 

L. & N. 7555 Type K- 5 
( 14229) 

L. & N. 9834 (13738) 

L. & N. 7553 - 6 Type K-3 
(13 73 7) 

L. & N. 9834 (14177) 

(11596) 

L. & N. 4756 (8420 ) 

Kepco CKl8 - 3M 
(14350) 

(16576) 

Lake Shore Cry. Model CSC 
400 (18335) 

Harvey- Wel l s CFC - 100 


