
, . 
f' 

;';~i , 

I"tt:.CElVED 
U.,,'titEiKE 

LJ..DU~nO:-t lAJOR;\TORY 

1 \97 ' "1 ;V 1 I r~' 

LIBRARY AND 
L'OCUMENTS SECTION 

I. THE HEAT CAPACITY OF THE KONDO STATE 
IN COPPER-CHROMIUM AND COPPER-IRON 
II.' SEARCH FOR SUPERCONDUCTIVITY 

IN LITHIUM AND MAGNESIUM 

Baylor Bunting Triplett 
(Ph. D. Thesis) 

Septem.ber 1970 

AEC Contract No. W -7405 -eng -48 

TWO-WEEK LOAN COpy 

This is a Library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Dioision, Ext. 5545 

UCRL-19672 

C. ,2; 

c 
() 

l:d 
~ 
I 

LAWRENCE RADIATION LABORATORY0 ~ 
UNIVERSITY of CALIFORNIA BERKELEy~N 

o 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



-iii-

TA BLE OF CONTENTS 

I. THE HEAT CAPACrry OF THE KONDO STATE IN COPPER-CHROMIUM Al\1]) 

COPPER nWN 

ABSTRACT----------------------------------------------------------- v 

LIST OF SYMBOLS -----'-------------- ---- ------------'---- -------- ---- viii 

A. Introduction: Localized Moments and the Kondo State------- 1 

B. Experimental Techniques: O.3K to 25K-------------------,-- 13 

1. Cryostat-----~---------------------------------------- 13 

2. Thermometry------------------------------------------- 14 

3. Sample Holder---------------------:-------------------- 15 

4. Superconducting Magnet------------...,------------------- 20 

C. Experimental Techniques: O.06K tol.OK------------------- 22 

1. Cryostat and Sample Holder---------------------------- 22 

2. Thermometer Calibration------------------------------~ 24 

D. Sample .Preparation and Analysis ------ --------------------- 29 

1. Preparation----;.,.----------~--------------------------- 29 

2. Analysis and Resistivity Measurements----------------- 31 

E. Data Analysis-----------'--.-------------------------------- 37 

1. Addenda: Sample Holder and Pure Copper--------------- 37 

2. The Nuclear·Schottky Heat Capacity and Localized 

Moment Effects------.,.---~--------...,-------------.,.------ 41 

3· Data --- --- ----- - -,-'-- -- --- -'- -- -- -- -- - - ----- -- - - --- -- -- - - 44' 

F. Results and Discussion------~--------~--------------------- 85 

1. Kondo'State Heat Capacity in Cu-Cr--------------------- 85 

2. Kondo State Heat Capacity in Cu-Fe--------.,.------------ 88 

3· Interactions--------~---~----------:-------------------- 99 
. 

ii.. Magnetic Degradation oft;he Kondo State in Cu-Cr------- 103 



-iv-

G. Conclusion-- -- - - --- -- -- - --- - -- .... -- -- -- - -- ----- --- -- - --- - --- 105 

REFERENCES (1)------------:-----------------------------..:.----------- 111 

FIGURE CAPTIONS (1)-----------------------------..:.-------------------116 

II. SEARCH FOR SUPERCONDUCTDJITY IN LITHIUM AND-MAGNESIUM 

A. Introduction---------------------------------------------- 143 

B. Experimental-----------------------------------~----------~147 

1. Cryostat, Field and Susceptibility Measurements-------~147 

2. Nuclear Orientation Thermometry-------:-~---------------151 

C. Results-------------------------------~--------~-----------157 

D. Conclusion ---- - -- -- -- - - - -- - - - - - --- - - -- - - - - - - -- -- - -'- - ------ -160 

APPENDIX: The Heat Capacity of Tungsten - Implications for the 

Cerium Magnesium Nitrate Temperature Scale------------.:..--161 

TABLES --- - -- - - - - ---'-- ---- - --- - - -- --- -- - - -- --- - -:.. - - --- ---- -- - -- - - - - --166 

REFERENCES (11)-----------------------------------------:------------172 

F'IGURE CAPTIONS (II)--------------------------~---------------------175 

ACKNCWLEDGEMENTS----------------------------------~---------------- 179 

., 



,,", 

-v-

1. THE HEAT CAPACITY OF THE KONDO STATE IN COPPER­
CHROMIUM AND COPPER-IRON 

. * II. SEARCH FOR SUPERCONDUC TIVITY IN LITHIUM AND MAGNESIUM 

Baylor B. Triplett 

Inorganic Materials Research Division, Lawrence Radiation Laboratory 
Department of Che;mistry, University of California 

Berkeley, California 94720 

ABSTRACT 

I 

Measurements ofth,e heat capacities of 81.4, 195, 640, and 2560 at 

ppm solutions of Fe in Cu and 21.2, 33.6, and 51 at ppm solutions of Cr 

in Cu have been made in order to determine the concentration proportional 

heat capacity characteristic of the spin-compensated state. For Cu-Cr 

the results are in excellent agreement with the recent theoretical calcula-

tions of Bloomfield and Hamann above 0.1 T K' The fit determine s 

T K = 2.1 K in agreement with the value 2.2 K derived from recent inter­

pretation of the resistivity. The entropy associated with the formation 

of the Kondo state is (1. 05 ± 0.10)R In 4 in agreement with the value expected, 

for a spin 3/2 system and in disagreement with an earlier report of a 

value significantly less than R In 4. Theentrop¥ as a function of 

temperature is used to represent the thermal destruction of the spin-

compensated state. \, 

*Submitted for publication in the Journal of Lo~ Temperature Physics, 

UCRL-196S0. 
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Heat capacity measurements on the Cu-Cr samples in magnetic 

fields up to 38 kOe indicate the Kondo state is destroyed more gradually 

in large magnetic fields than indicated in it recent NMR analysis. 

The CI.l-Fe data on the high temperature side of the anomaly are 

less accurate but are also consistent with an entropy of R In 4 and the 

value T K ,.. 34K obtained from the resistivity. The field dependence 

of the heat capacity s:u:ggests~that the T- 1/ 2 term in the susceptibility, 

the poor ~greement with T K determined from the low temperature sus­

ceptbility and the anomalous NMR and Mossbauer measurements are 

associated with Fe -Fe interactions and are not :r;epresentative of the 

spin-compensated state. The data suggest a new, simpler interpretation 

of these measurements. The application of fields -30 kOe results in 

the suppression of interaction effects below - 3K while having little 

effect on the compensated state heat capacity. 

II 

Recent theoretical work suggests that magnesium and lithium 

should be superconducting in the millikelvin range of temperature. We 

have cooled samples of each of these metals to a temperature of 4 mK, 

measured bya gamma-ray anisotropy thermometer. Although the 

magnetic field was Ie s s than 10 -2 Oe, no superconducting transitions 

were observed. The use of a nuclear orientation thermometer employing 

60Co in single -crystal (hcp) cobalt is described. 

In view 6f the concern over the use of the susceptibility of powdered 

cerium magnesium nitrate to represent temperatures in the mK range, 
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we have accurately measured the heat capacity of a high-purity tungsten 

sample. The results are not in agreement with the recent thermodynamic 

analysis of the critical field curve for tungsten and imply a larger upper 

limit to ~ in the equation T = T* + ~ where T* is the magnetic tempera­

ture defined by setting X (CMN) = C/T* for powdered CMN-. 
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model 

electrical resist.ivity 

excess resistivity due to spin dependent scattering 

spin dependent excess resistivity in the first Born 

approximation 
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temperature 
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I. THE HEAT CAPACITY OF THE KONDO STATE IN COPPER­
CHROMIDM AND COPPER-IRON 

A. INTRODUCTION: LOCALIZE'D MOMENTS AND THE KONDO STATE 

In recent years considerable effort has yielded some progress 

toward understanding the nature of the magnetic moment on a localized 

impurity ina metal and its interactions with the itinerant electrons 

surrounding it. The theoretical prediction of the formation of a singlet 

bound state resulting from the interactions in the s -d exchange model 

has been paralleled by the development of a spin fluctuation theory 

which.concerns itself with the lifetimes of localized spin fluctuations 

ina metal. The s -d exchange Hamiltonian is the limit of a general 

problem and is presumably valid only when the lifetimes of localized 

spin fluctuations are long. It is this hard moment model that has 

yielded the most detailed calculations and has enjoyed considerable 

success to date in explaining the resistanc,e minimum phenqmenon and 

1 d . . H . fl' 1, 2 - re ate experlments. owever, recent spln uctuatlon papers 

have sugge sted that the Kondo effect as de sc ribed by the s -d mode1 3 , 4, 5 

and localized spin fluctuations are the same, and spin fluctuation 

theory has also recently yielded predictions of the resistance minimum! 

The s -d exchange Hamiltonian first proposed by Zener
6 

as a model 

for ferromagnetic transition metals has been discus sed in the recent 

theoretical review by Kondo 5 and only a summary of the current 

situation will be given here. 

The Hamiltonian represents the exchange interaction between 

the localized and conduction electrons where consideration of the 

effects of finite lifetimes of the localized electrons has been implicity 
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ignored. The s -d Hamiltonian can be written 

( 1) 

* ( where akj and a k 1 are the creation and annihilation operators of the 
. -+ < 

electron with wave vector k and spin i and J denotes sorne average 

exchange integral. The Bloch function for the localized electron has 

been introduced in terms of its Wannier expansion 

-+ 

<Pk(r) 
-1/,2 -+ -+ -+-'-+ 

-N . Lexp(ik·Ri)cJ.r-Ri) 

i 

assumed to be singly occupied 

Equation (1b) allows us to write 

* a 
n t = Sn+ , an tan. = 

( 1a) 

( 1b) 

S 
n-

( 1c) 

The diagonal part of Eq. (1) represents a uniform ferromagnetic 

coupling between the local spins independent of the separation between 

them. Hart 
7 

pointed out that this result contradicts Friedel's theorem
8 

and indicates the necessity of considering higher-order terms. 5 

Equation (1) is of the same form as the Fermi interaction of 

the nucleus with metallic electrons; Ruderman and Kittel
9 

and 

Kasuya 10 and Yosida 11 ~ade second order perturbation calculati<)Os' 

of the energy for nuclear spins and the electronic system respectively. 



The RKKY interaction obtained by them is expressed 

JC = .L: 
n<m 

-S 
n, 
-S 

m 
( 2a) 

where 

I( I R I) sin 2. k. R] F ( 2b) 

€F is the Fermi energy. 

and k F is the Fermi wavevector. 

The uniform spin polarization given by the diagonal elements 

of the Hamiltonian has changed to an oscillating structure that decreases 

-3 
as R for large distances from the local spin. 

In Eq. (1b) the existence of a localized moment has been assumed 

without giving any theoretical justifications or conditions for its 

existence. Anderson 12 proposed a mixing model in the Hartree-Fock 

approximation 'which qualitatively describes the localized moment and 

indicated that if the localized. levels were close enough to the Fermi 

level or the interaction with the free electron state s strong enough, 

the resulting broadening of the virtual level would result in complete 

collapse of the localized moment into a nonmagnetic state. 

The Anderson model is shown schematically in Fig. 1. The 

starting point of the model is a singly occupied d i localized state 

split from the spin down state of the same orbital by a repulsive 

Coulomb interaction U (see Fig.1a). In the Anderson model these 

split states are "mixed" with the free -electron band by an s -d inter-

action potential. The resulting density of states curve (Fig. 1b) 

shows humps below and above the Fermi surface due to the appearance 
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of virtual levels consisting of the appropriate mixture of localized 

d state and opposite spin free· electron state s. The mixing has the 

effect of broadening the localized d level into a continuum distribution 

while decreasing the effective separation between the two levels (as 

more and more opposite spin character is mixed into the levels). As 

the occupation numbers of· the two levels begin to differ appreciably 

from 0 and 1, a "collapse" of the split levels results·in the symmetric 

nonmagnetic state shown in Fig. 1c. 

The. condition favorable for the formation of the magnetic state 

is shown in Fig. 2 and expres sed 

(3) 

wherer is the half-width of the virtual level and a representation of 

the s -d interaction derived from the mixing potential V sd and N( E
F

) 

is the density of states at the Fermi level. The change in the density 

of states is expressed by 

r 1 
1T 

at the Fermi level (4a) reduces to 

I: 
r 
1T 

1 

(E- E ).2 + r2 
F . !d 

( 4a) 

( 4b) 

It was quickly demonstrated that if the condition Eq. (3) is assumed, 

the Anderson Hamiltonian can be canonically transformed13 into a 

Hamiltonian whose leading terms are equivalent to the s -d Hamiltonian· 

with 
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(5 ) 

As Kondo
5 

has pointed out, this does not prove the equivalence of the 

two Hamiltonians until the effect of higher order terms is analyzed, 

but a fundamental relationship between the two models has been 

demonstrated. 

The s -d exchange model as sume s the existence of a localized 

moment and represents it with a _spin operator without attempting to 

construct it from one -electron theory which doe s not allow localized 

states coincident in energy with a free electron band. 

The Anderson model on the other hand is an attempt to describe 

this moment and conditions for its existence in terms of a virtual 

(finite lifetime) level built up from one electron states. 

_ Sarachik et al. 14 established a one -to -one corr~ spondence 

between the existence of dilute magnetic impuritie s in metals as 

implied by a strongly temperature dependent susceptibility and the 

appearance of a minimum in the resistance versus temperature curve . 

. Kondo 15 then calculated the scattering amplitude of the s -d exchange 

model in the second Born approximation and obtained a logarithmic 

divergence in the electrical re sistivity for an antiferromagnetic s-d 

interaction (J < 0). 

His result can be expressed by 

k T ] 
.6p == c P m [1 + 4N( O)J In ( ~ ) + ... (6 ) 

where c is the impurity concentration, and N( 0) is the density of states 
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in a flat band of width zn. Pm is the spin dependent part of the 

resistivity calculated from the first Born approximation. 16 Hamann 

has obtained Eq. (6) directly from the Anderson model where the 

anomalous term appears in the sixth order of the scattering probability 

expanded in powers of V sd. 

The logarithmic form of Eq. (6) was an exciting theoretical 

development that implied the s -d Hamiltonian repre s ents a true many­

body problem which cannot be explicitly solved by a perturbation theory 

approach. It was recognized immediately that the anomalous term 

results from a situation analogous to that encountered in supercon­

ductivity. Electrons scattered by the localized moment (by the 

phonon field) are not properly treated in a one -electron approximation, 

but an effective electron-electron interaction comes into play because 

the spin dependent scattering probability (wavevector dependent scat­

tering prob~bility) depends on whether a previous event of the opposite 

sign has taken place. There is a killd of pairing between itinerant 

electrons of opposite spin analogous to the pairing of electrons with 

opposite wavevectors which take s place in the BCS theory of super­

conductivity. Further theoretical studies of the Kondo singularity 

showed that perturbational approaches fail below a characteristic 

temperature T K and that below this temperature a many-body bound 

state appears with a nonanalytic binding energy of order kTK where 

J < 0 

analogous to the BCS equation for the superconducting transition 

temperature. The state so formed is commonly called a spin 

( 7) 

':01 
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compensated state because a coherent mixing takes place between the 

spin up and spin down states localized on the impurity through inter­

actions with the itinerant el~ctrons in such a way as to remove the 

degeneracy and the spin-flip scattering proces s associated with the 

levels. This is. a nonmagnetic ground state arid there is considerable 

1 t · 1,2,3,17 h . . h ... . th specu a lon t at 1t 1S t e nonmagnetlc 1mpurlty state 1n e 

Anderson model (see Fig. 2). If this is the case, then systems tradi-

tionally considered nonmagnetic in the Anderson sense are those with 

very high Kondo temperatures. This view is consistent with Eq. (7) 

because small changes in N( 0) I J I can result in large variations in T K' 

However, there are objections to applicability of the s -d exchange 

model to describe these high Kondo temperature systems. If the picture 

of a transition to a nondegenerate ground state is accepted, the transition 

must necessarily be broad because the condensation will be localized 

in real space around the impurity, and therefore a small, number of 

degrees of freedom will be operative in the transition. 

Early perturbation calculations showed that the Kondo divergence 

appears· in other physical quantitie s in a manner similar to its appearance 

in the resistivity. When it became obvious that the divergence was 

appearing in such fundamentally significant functions as the free energy, 

theoretical workers split into three groups. 

The first group has approached the problem by assuming the 

IInormal ll high temperature state of the metal when perturbed by the s-d 

Hamiltonian should provide an adequate representation of the low 

temperature ground state. The application of sophisticated mathematical 

techniques has allowed these workerS' ,to nlake- an analytic continuation 
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of the "normal state "solution valid at high tempe rature s ac ros s T K 

where perturbation theory diverges. This approach offers no guarantee 

that the continued solution is the one of lowest free energy but cal­

culations of this type have yielded detailed calculations in increasingly 

better agreement with experiment. 

The three most significant techniques are 1) Abrikosov's 

representation of the spin operators in a form making it possible to 

diagrammatically analyze an infinite perturbation series, 2) Suhl's 

application of Chew-Low scattering theory, and 3) the Nagaoka­

Hamman-Bloomfield theory based on the Nagaoka truncation of an infinite 

series of double time Green's functions. For a discussion of these 

theories and a complete list of references the reader is referred to the 

excellent theoretical review by Kondo. 5 For our purposes it is suf­

ficient to note that the two most refined technique s (2 and 3) are non­

perturbative and give the same answer in so far as the leading terms 

of physical quantities are concerned. Although these leading terms 

are not divergent at low temperatures and give results (such as the 

entropy) that are thermodynamically possible, they are still considered 

unphysical by most authors in the limit T -+ O. In general these theories 

fit the experimental results such as the g shift, the electrical resistivity, 

and (as we shall see) the heat capacity very well down to at least T K 

(0.1 T K in the case of our heat capacities). At lower temperatures, 

however, small deviations appear and get progres sively worse. 

Analytic solutions of physical parameters still have power s of In (T !TK ) 

.1: 
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appearing in them. 

A second group of theorists has approached the problem by 

trying to guess the ground state, often by analogy to the reasonably 

well understood superconducting state and Cooper pairs. The proposed 

ground state models are limited to T « T K and fall into two categorie s: 

namely, those that have powers of In (T/T
K

) appearing in all physical 

parameters derived from them and those that have only powers of 

T /T K appearing. 

Th h · d 1, 2 h d h .. . 1 e t lr group . as suggeste t at 1t 1S poss1b e to start 

from the Anderson (or Wolff) model in the limit where it is nonmagnetic 

in the Hartree-Yoek sense (Fig. 1c) and describe the destruction of the 

"nonmagnetic" ground state by the lifetime TO of localized spin fluctua­

tions.The postulate of this approach is 

where Q" is a constant of order unity and the representation of TO is 

conventional 

( 8a) 

( 8b) 

where ~d( 0) is defined by Eq. (4b). The localized spin fluctuation is 

described as the repeated scattering between an electron and hole of . 

opposite spin on the impurity site. 2 This picture implies that when the 

lifetime of this resonant scattering is long at kT « 1/T 0 the moment 

cannot be "seen", but as kT .... 1- thermal fluctuations gradually break 
"'0 

up, the resonance and the moment on the impurity "appears" and shows 

increasingly magnetic chara.cter. 
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The only justification for Eq. (8a) is contained in the fact that 

resistivities calCulated numerically from spin fluctuation theory 1 are 

. 18 . 
similar to Hamann's calculation based on the s -d exchange model 

and the experimental resistivities. Recently, very accurate measure-

19 
ments on the resistivity of Cu-Fe at very low concentrations have 

indicated 

D.p = Po (1 _ Q'T2) . T« TK ( 9) 

in agreement with the spin fluctuation predictions. Unfortunately no 

detailed specific heat predictions have been made by the spin fluctuation 

groups, but it is noted that all ground state proposals which give 

resistivities and susceptibilities of the same form as those of the spin 

fluctuatioll theories also give a specific heat proportional to TIT K. 

All the spin fluctuation predictions are well behaved in the limit of 

low temperatures·. 

4 5 .. 
In Table I selected theoretical re sults' of the three groups 

are summarized for the resistivity, the specific heat,·and the magnetic 

SJU;s.c~ptibiJitto/_ The resemblance of the Celli-Zuckermann-Klein (CZK) 

d 120, 21 "fl ". h " "k" "d" h mo e to sp1n uctuatlon t eory 1S str1 1ng conS1 enng t every 

different approaches involved, but it should be remembered that the 

NHB theory has been derived from three apparently unrelated approaches. 

22 
The Kondo -Appelbaum variational model for the ground state appears 

to be closely related to the NHB theory. 

The original (NHB) calculation by Nagaoka 23 yielded results of 

this same form for the resistivity, specific heat, and susceptibility. 
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It was later pointed out ~hat he had neglected the spin-flip component 

of the anomalous scattering. When calculations with this component 

included were made, 18,24 the theory assumed its present form. Suhl25 

has pointed out that far below T K spin-flip scattering is impos sible 

because the spin is quenched. On the other at T ..., T K spin-flip scatter­

ing presumably plays an essential role in the quenching. This argument 

implies that the result orginally obtained by Nagaoka neglecting the spin-

flip component should also be obtained from the theories including this . . 

component at T « T K' The fact that a small discrepancy exists and 

gets worse as T ... 0 suggests that the difficulty results from the fact 

that the full {NHB} calculation includes only the most divergent logarithmic 

terms and these do not uniquely determine the low-temperature properties 

when continued across T K' 

For a more extensive discussion of the various theoretical 

results and comparison with experiment the reader is referred to the 

recent review by Heeger. 4 

The detection of an additional contribution to the heat capacity 

of a metal which is proportional to the impurity concentration at all 

temperatures would be an important verification of the nondegenerate 

ground state theories •. We have measured this contribution for the 

systems Cu-Cr and Cu-Fe. The verification was not achieved earlier 

because of two significant difficulties. 

One problem is as sociated with the fact that the spin degeneracy 

can be removed by other mechanisms. Work on the more concentrated 

solutions of magnetic impurities in metals showed that the additional 

heat capacity was linear in temperature and independent of impurity 

I. 
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26 2728 29 ' 
concentration at low te:mperatures. " Marshall has shown 

that the well-known RKKY spin-spin coupling produces a distribution 

of effective fields on the localized :mo:ments. This produces a distri-

bution of Schottky type interactions which, when integrated, yield a 

heat capacity that is linear in te:mperature and independent of concen-

tration. ,At higher te:mperatures ~he behavior is :more co:mplex and a 

discussion will be delayed until section F. 3. 

'" 30 
The heat capacity :measure:mentsof Franck et al. on sa:mples 

of 0.2, 0.1, and 0.05 at. % Fe in eu suggests that below about 0.05 at. % 

the heat additional heat capacity is proportional to concentration and 

characteristic of the spin-co:mpensated stat~. 

The second difficulty associated with the :measure:ment of the 

heat capacity of the spin co:mpensated state is inherent in the large 

te:mperature range covered by the transition •. Thero,retical calculations 

by Bloo:mfield and Ha:mann
24 

which have been substantially confir:med 

by this work show that the additional heat capacity associated with the 

condensation is still 40% of its peak value a decade in temperature 

above and below the te:mperature at which the peak occurs. The necessity 

fo~ working at very low concentrations and the interference of the 

rapidly increasing lattice heat capacity at higher temperatures makes 

high precision :measure:ments in a wide temperature range essential 

to the experi:ment. 
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B. EXPERlMENTAL TECHNIQUES: 0.3K to 25K 

.1. Cryostat 

. 3 
The He cryostat used for heat capacity measurements in the 

temperature range 0.3K to 25K was similar to the one first described 

.. 31 
by N. M .. Senozan. and the reader should consult his work for 

design details. 

Care has been taken to reduce vibrational heat input to the sys ~ 

tern: the cryostat system itself is isolated from the room by Barry 

Isolation Mounts ;32 the pumping lines are connected to the system 

through flexible metal bellows. 

The cryostat consists of two concentric dewars containing liquid 

nitrogen and liquid helium and the all-metal cryostat "rig" used for 

cooling the sample to 0.3K and then breaking thermal contact. The 

sections of the dewar system and rig are shown schematically in 

Fig. 3. We use a Kinney pump Model KT -300 to pump the liquid He 
4 

bath down to below 1.2 K and a Consolidated Vacuum MCF-300 diffusion 

pump for subsequent pumping of liquid He 3 down to ..... 0.3 K. Thermal_ 

contact and isolation is achieved inside the rig vacuum space in three 

stages: 

a. Nitrogen exchange gas is pumped out of the vacuum space 

at 77 K. 

b. Mechanical heat switch No. 1 is opened at 1.1K to isolate 

the He 
3 

pot and sample support cage from the liquid He 
4 

bath. 

C" M~(':han.i~g.l h~~t ~wi.tc.h Nt). l is. QP~nt>d at O.3K to isolate the 

sample-sample holder for heat capacity measurements. 
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Heat capacities were taken with the heat pulse technique in 

which a measured amount of energy was put into a resistance heater 

attached to the sample -holder and the rise in temperature recorded 

potentiometrically from the resistance of a germanium thermometer. 

2. Thermometry 

Calibrated germanium resistance thermometer s are used 

exclusively in our laboratory for heat capacity measurements above 

0.3K. All our thermometers are calibrated against our temperature 

scale as represented by resistance vs.' temperature calibration (R-T) 

tables for two standard germanium thermometers. 

The R-T tables for these thermometers is based on the 

following: 

. 4 
a. 1958 He vapor pressure scale 1.0 to 4.ZK. 

b. Extrapolation to lower T using the magnetic susceptibility 

of single-crystal cerium magnesium nitrate (CMN) assuming 

a Curie law. 

c. Constant volume gas thermometer based on the HZ boiling 

point above 4. ZK. 

The germanium thermometers currently in use were calibrated 

. l' b . f' d d . 3 3 b d f dd" 1 k In a ca 1 rator rIg 0 Improve eSIgn te· e use or a Itlona· wor 

on our temperature scale at a later date. The lead system from room 

temperature to the interior of the vacuum space at 1K consists simply 

of two 1/8 "stainless steel tubes filled with 34 - .005u Formvar insulated 

34 . 
copper wires cast in the epoxy Stycast 2850 GT, which has almost 

the same thermal expansion properties as copper as well as excellent 
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thermal conductivity. Each of the lead tube s was fitted with a 31 pin 

Amphenol Series 48 connector at the room temperature terminal. With 

this system we obtain noise levels down to ~~01 microvolt and very 

constant thermals of a few tenths of a microvolt. 

The calibrator block consists primarily of2. 2 kilograms of 

.• 3 
copper and was thermally connected ·to the He chamber via gold plated 

brass bolts. The long thermal relaxation time of this arrangement 

resulted in cooling times on the order of three days to reach 0.3K, but 

provided excellent thermal stability. We used an electronic tempera-

ture regulator to hold the temperature constant to within 1 part in 10
4 

The thermometer calibration data is normally fit to a fourteen 

term equation 

1IT ( 10) 

by a computer and the temperature scale is assigned by drawing a 

smooth curve through the fractional deviations 6. from Eq. (10). 

The 6. values have peak-to -peak oscillations of approximately 0.001 for 

fits covering the range 0,3K to 25K. Temperatures are calculated from 

our germanium thermometer by multiplying the right side of Eq. (10) 

by (1 + 6.). It was necessary to do double precision calculations with 

an improved fitting routine 35 in order to get good fits over the entire 

two decade temperature range. 

3. Sample Holder 

The sample holder was certainly the key to success in these 

experiments and is a considerable improvement over earlier designs. 
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. 30 36 37 
Previous experunents ' , had shown that the Kondo con-

densationoccurs over a very br~ad range of temperature (at least three 

decades) and impurity-impurity interactions severely limit the maximum 

concentration in which one can hope to measure a dilute impurity effect. 

In addition, the work of Heeger et al. 38 indicated the desirability of 

doing measurements in various magnetic fields for the purpose of sup-

pressing interaction effects at low fields and degrading the Kondo state 

itself at higher fields. 

In designing the calorimeter the following requirements were 

kept in mind: 

a. Samples should be easy to mount and remove - -preferably 

without removing the sample holder from the cryostat. 

b. ' The thermometer should be positioned i~ a region of low 

magnetic field in order to maintain its calibration during in-

field measurements. 

c. The need for precise measurements requires that the heat 

leak be minimized and that excellent thermal contact between 

the sample, heater, and thermometer be maintained. 

d. The sample must be held rigid with respect to the magnetic 

field for in-field measurements in order to avoid eddy current 

heating induced by spatial displacement in a magnetic field. 

e. The experiments place a premium on reproducibility. The 

calorimeter should be durable and mounted permanently so that 

no alteration is required duri,ng the experime nts. 

The sample holder shown in Figure 4 met the above requirements. 

The stalk is a .0808" Formvar insulated copper wire. There are three 
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sections to the calorimeter: 

a. The heater bobbin, which was hard soldered to the bottom 

of the stalk. A 1/4"-20 thread 3/16" long was both the support 

and thermal contact element for the threaded sample s. This 

design for making thermal contact has been discussed by Suomi 

et al. ,39 and we have found it pos sible to m.ake excellent thermal 

contact to samples with either larger or smaller expansion 

coefficients. Just prior to an experimental run the samples 

were etched, washed, dried, and weighed before being screwed 

finger tight on the bobbin (which was held steady with a special 

. spanner wrench). We used no grease of any kind to facilitate 

contact between the sample and calorimeter. In addition to 

improving our reproducibility, this technique made excellent 

thermal contact resulting in relaxation times instantaneous com-

pared with the relaxation time of the chart recorder (less than 

0.3 seconds). A heater with about 7,000 n resistance was 

noninductivelywound from roughly 14 feet of .0009" platinum-

9% tungsten alloy wire. Thermal contact to the bobbin was 

obtained with Stycast 2850 GT. The heater was further anchored 

by adding 4" leads of . 0063" Formvar insulated copper wire 

(several inches were cast in the epoxy on the bobbin and several 

inches attached to the stalk immediately about the bobbin with 

General Electric 7031 insulating varnish.) 40 The bobbin has 

six .040" holes drilled in its upper rim to allow rigid mounting 

bf the calorimeter. 
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b. The germanium thermometer, Solitron No. 1609, was fitted 

snugly into a copper sleeve at the upper end of the stalk where 

the magnetic field would be about 100 Oeat our highest operating 

field (38 kOe). The magnetic field at the thermometer site was 

further reduced, to less than 1 Oe, by positioning the ther­

mometer inside a mu-metal shield 3/8" diameter by .030" wall, 

1-1/4" long. The shield was attached to the He 
3 

pot. 

We feel that shields of this type may be important- -not only to .. 

preserve the thermometer calibration but also to eliminate pickup 

caused by vibrational motion of the thermometer with respect to magnetic 

fields of 50 Oe and more. These shields will nominally exclude 300 Oe 

and can be redesigned to handle up to 1000 Oe - -beyond this region the 

ratio 6f the volume of mumetal required to the enclosed volume starts 

to go up quite rapidly because of the field distortion and the rapidly 

dropping permeability of the mu-metal as it approaches its saturation 

magnetization (about 8000 gauss). 

Thermal contact to the thermometer element was made through 

the four leads which were attached to four 4" long, .0063" Formvar 

insulated copper wires wound around the stalk and anchored with G.E . 

. h 40 varnlS .. 

c. The third and last part of the calorimeter is a .0508" bare 

copper wire hard soldered near the middle of the stalk .. The 

mechanical heatswitch jaws open and close on this wire for the 

purpose of making and breaking thermal contact. A disk with 

six. 040" holes has been hard soldered above the heat switc.h 

wire to facilitate rigid mounting. 
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The calorimeter was mounted with. 0086" nylon monofilament. 

,,.. The bridge structure was to provide durability as well as to minimize 

vibrational heating. No grease or glue was used on any point where 

the monofilament contacted the calorimeter. After mounting it was 

possible to push on the calorimeter hard enough to move it by stretching 

the monofilament and watch it relax back to near its original pos ition 

with a time constant of seconds. The temperature drifts with the heat 

switch open were very close to flat or slightly cooling even at the lowest 

experimental temperature of 0.3K. 

O h . hH 3 . n t e runs in tee rig, the samples were secured with 

additional monofilament strung through. 040" holes drilled near the 

edge of the samples. In ,the adiabatic runs to be discussed later, we 

dispensed with this procedure with no ill effects. It now seems possible 

to screw on any threadable sample and do a heat capacity run. The 

calorimeter weighed about 17.24 gms. 

All measurements were taken without removing or altering the 

calorimeter in any way. 0.0009" Pt- 9% W wire was used to make 

electrical contact to the calorimeter leads while still assuring 

satisfactory thermal isolation. A three -lead heater was. used. The heat 

developed in the leads was as sumed to divide equally between the sample 

and surroundings. 
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4. Superconducting Magnet 

The superconducting magnet used in these experiments and 

shown in Fig. 5 was designed and built by Mr. R. Hintz at the Lawrence 

Radiation Laboratory, Berkeley. 

This magnet has a maximum field inside its 2.015" bore of 

38 kOe and homogeneity of ± .01% in the 2" by .75" diameter cylindrical 

space in which samples were mounted (see Fig. 6). It was necessary 

to operate the magnet in the persistent mode--with only a small current 

through the leads - -in order to reduce the superfluid liquid He 
4 

loss to 

a rate that would allow experimental runtimes of six hours. In addition 

the persistent mode operation improved the field stability and resulted 

in lower noise levels on our thermometers~ We will discus s only the' 

last (and most successful) of three persistent mode switches built duririg 

the Kondo state experiments. 

The persisterit mode switch shown in Fig. 5 was made from 

Norton Nb -25% Ti T48S superconducting wire from which the copper 

plate had been removed. The· bare 0.016" conductor was 

coated with Stycast 2850 GT and wrapped with dacron woven insulation. 

The insulated wire was non-inductively wound over a bakelite spool 

in two layers. A 100 n heater of .006 II Formvar insulated manganin was 

*This improvement was most noticeable on the adiabatic runs to be 

described later -where the magnet in use had a low inductance and the 

sample was at low temperatures where heating effects produce more 

severe 'experimental problems. 
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wound between the two layers. The resulting switch had a no'rmal state 

resistance of 11 n and allowed rapid charging of the magnet with acceptable 

heat inputs to the helium bath. The switch could carry 50 amperes but 

was not tested at currents higher than this. In order to assure non­

resistive contacts all joi~ts in the persistent current loop were spot 

welded and then wound with bare copper wire and soldered for mechanical 

strength. 

The magnetic fields were determined by measuring the current 

flowing through a known r~sistance with a Hewlett Packard 2401C inte­

grating digital voltmeter. The field per ampere characteristic for the 

magnet was determined from the program "Coils" used by the Accelerator 

Study Group, UC LRL, Berkeley for calculating the field-current ratio 

more -accurately than can usually be determined with flux integrating 

d'evices. The probe of a Bell 120Hall-effect gaussmeter was mounted 

external to the dewar system and was used as a rough monitor of the 

field. Subsequent analysis of the nuclear Schottky anomaly from the 

copper nuclei indicated that, at least for the 38 kOe runs, the magnetic 

field was always set to better than 0.5 perG:ent. 
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C. EXPERIMENTAL TECHNIQUES: 0.06K to 1.0K 

1.· Apparatus and Sample Holder 

The adiabatic demagnetization cryostat used for the experiments 

. 41 42 
down to 0.060K was similar to those descnbed by Ho and O'Neal. , 

Figures 7 and 8 show the cryostat. The major changes included a 2.56" 

outer diameter vacuum can fitted with a superconducting solenoid allow-

ing application of magnetic fields up to 10 kOe. The magnet was operated 

in the persistent mode at currents up to 30 amperes. A mu-metal 

shield was used (see Fig. 7) to exclude the residual magnetiC field at 

the thermometer site. All electrical lead systems carrying less than 

2 amperes were fitted with Amphenol Series 48 or Bendix Pigmy Type 

PC connectors (see Section B. 2). 

:rhe isothermal magnetization and demagnetization procedures 

have been described elsewhere, 41 and we will confine our discussion . 

to the problems associated with using adiabatic demagnetization tech-

nique s for measurements to be made in a magnetic field. 

The salt magnetization field is applied with a room temperature 

iron core magnet having a maximum field of 12 kOe. It is not possible 

to apply the demagnetization field and the sample field simultaneously 

. because of the large force of the magnetic fields interacting with one 

another. The solenoid field on the sample is applied near the end of 

the demagnetization of the cooling salt. 

The sample solenoid was mounted with the bottom of its windings 

3.35" above the top of the demagnetization cooling salt; nevertheless, 

calculations indicated that the fringing field of the solenoid would warm 
.. 
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the cooling salt in the highest solenoid fields. For this reason a 

superconducting trirrim~r solenoid was centered about 1" above the 

top of the cooling salt for the purpose of compensating the fringing 

field. 

Unfortunately, the major limitation in attempting to reach low 

temperatures with this type of apparatus turned out to be eddy-current 

heating caused by raising the magnetic field on the sample after de­

magnetizing the cooling salt. It should be noted that the eddy currents 

were generated in the copper shield surrounding the sample as well as 

the sample itself. After additional warming which took place during 

opening of the superconducting heat switch, the lowe st tempe rature 

points were limited to . 060K in zero field, . 085K in 3kOe, and .13 K 

in 9kOe. 

The calorimeter itself was similar to the one described in 

Section B. 1 except that it was constructed of high-purity silver. 43 

(The low average nuclear moment of silver would make possi?le studies 

in high magnetic fields where the relahvely large nuclear Schottky 

anomaly in copper might prove troublesome.) Except for the silver 

construction the only significant difference between this calorimeter 

and the one previously described is the replacement of the (mechanical) 

heat switch wire with a superconducting high-purity lead wire. The 

.012" diameter by 1" long lead wire acts as a heat switch because of 

the very high normal state thermal conductivity of lead compared to 

the very low thermal conductivity of the superconducting state far below 

the transition temperature. Application of a magnetic field with the 
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superconducting heat switch solenoid shown in Fig. 7 closes the heat 

switch by driving it normal- -removal of this field allows the lead wire 

to go superconducting thus opening the switch. 

2. Thermometry: O.06K to 1.0K 

The thermometer used in the experiments with the adiabatic 

demagnetization calorimeter was a germanium thermometer, Cryocal 

No. 1751. calibrated against the magnetic susceptibility of cerium 

magnesium nitrate (CMN) which was in turn calibrated on the 1958 

·4 
He vapor pressure scale. 

Prior to this series of experiments only carbon re sistance 

thermometers 44 had been used in this laboratory below O.1K. These 

thermometers did not retain their calibrations on thermal cycling to the 

accuracy required by our experiments and it was found necessary to 

calibrate on a given experiment and take the heat capacities without 

allowing the thermometer to warm above 4.2K. After each warming 

to room temperature it was necessary to recalibrate by closing the 

superconducting thermal switch to make contact between the resistance 

thermometer mounted on the sample and the cerium magnesium nitrate 

magnetic thermometer mounted beneath the cooling salt (see Fig. 8). 

For some time we have been interested in extending the low 

temperature range of our calibrated germanium thermometers but 

there were two persistent problems that are discussed below. 

First, we were not able to find germanium thermometers that 

had R-T characteristics that would make them usable below O.1K, and 

it was difficult to pick promising candidates from high temperature 
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characteristics such as the resistance at 77K and 4.2K. All ther-

mometers tested in early experiments had resistances that would either 

rise far tocirapidly or tend to a constant value in the temperature range 

between 0.1 - O~ 5K. In recent years germanium thermometers have 

been obtained from Cryocal, Inc., 45 that have almost ideal R-T 

characteristics. It is speculated that this is because the germanium 

sensing elements have been made more homogeneous. In Table II 

resistances for various temperatures and thermometers are listed and 

the usefulness of these thermometers is characterized. The criteria 

for defining a useful operating range for the thermometer is based 

partly on the fact that too large a sensitivity will cause the thermometer 

resistance to increase to a point where it is not possible to rneasure 

the small current necessary to prevent heating effects in the thermom­

eter with a potentiomt;tric. system. Other measuring systems - - bridge s, 

etc. - -could be used to eliminate this problem but high sensitivity 

thermometers would still be inconvenient for measurements over large 

temperature ranges because of the necessity of changing the operating 

current often and because of zero shifts in our null detectors 46 that 

occur for high input impedances. 

On the low sensitivity side it is simply not possible to determine 

the change in resistance accurately without using so much power that 

the thermometer runs hot. 

Of the thermometers listed in Table II only the Cryocal No. 986 

and the Cryocal No. 1751 are satisfactory for use below O.1Kand 

both of them can be used down to much lower temperature s than the 

0.060K region necessary for these experiments. 47 The thermometer 
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Solitron No. 1477 displays a rapidly decreasing sensitivity below 0.10K 

and is apparently appr.oaching a constant resistance in a manner similar 

to the Cryocal No. 985. A characteristic that appears to indicate the 

behavior of thes'e thermometers is the ratio of the resistance at 4.2K to 

the resistance at 77K--values in the 5.0 to 7.0 range serve notice that 

the thermometer may be useful over a very wide range of temperature. 

The second problem related to the use of calibrated resistance 

thermometers at very 1Glw temperatures is that of obtaining an accurate 

calibration free from heating effects in the thermometer due to the 

measuring power input or rf piCkup. The thermometer is normally 

electrically insulated from the sample and the thermal contact to the 

sample is limited by a boundary resistance proportional to T -3. This 

problem by itself would not be too severe, as long as good, relatively 

reproducible thermal contact to the sample is maintained (so that heat 

generated in the thermometer will not produce an appreciable tempera-

ture gradient between the thermometer and sample holder - -sample 

system). Moreover, heating effects in the thermometer due to rf 

pickup 48, 49 has not been a problem in this laboratory as long as the 

thermometer resistance remains below about 5,000 D. Consequently, 

it was felt that the problem reduced to that of determining the calibration 

and proving that it was retained a) when the thermometer was mounted 

on the sample holder and b) under repeated thermal cycling. 

With these considerations in mind we calibrated Solitron No. 1477 

and C ryocal No. 1751 by attaching them directly to the copper thermal 

link as shown in Fig. 8. The thermometer leads consisted of 8" of 

. 0063" Formvar insulated copper wire anchored non--inductively around 
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the thermal link with GE 7031 varnish. In this way it was pos sible to 

assure much better thermal contact between. the CMN crystals and 

the thermometer than would be possible through the. 012" lead thermal 

switch. As previously mentioned, the Solitron No~ 1477 was not usable 

at very low temperatures, but its known R-T curve above 0,3K was used 

to establish the constants A, B for the equation relating the magnetic 

susceptibility of a dilute paramagnetic salt to temperature, 

= A + BIT ( 11) 

Extrapolation of this equation ~erved to define the temperatures from 

O. 058Kto 3. OK used in the calibration of the Cryocal No. 1751. This 

thermometer was then mounted in the silver sample holder described 

in Section C. 1 and was recalibrated in a different adiabatic demagneti­

zation rig with a differentCMN salt. Care was taken on both runs to 

as sure the magnetic susceptibility was independent of the measuring 

power at all temperatures. 

Excellent thermal contact to the sample holder was obtained by 

fitting the thermometer tightly into its silver mountingsle'eve and 

anchoring the. 0063" copper leads with Stycast 2850 GT. It is assumed 

that this epoxy, which seals superfluid leak tight to copper, resulted in 

thermal contact which does not decay with thermal cycling (this 

assumption will be checked in later experiments). Thermal contact 

between the sample holder and the thermal link was made with the lead 

switch and a copper clamp which connected the thermal leak to a dummy 

copper sample screwed on the sample holder. This calibration run 

agreed with the former to 1 part in '10
3 

below 0.1K and got increasingly 
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better at higher temperatures. The scatter in both runs was less than 

2 parts in 10
4 

and the peak to peak noise level of. 2 microvolt at .06K 

is more than an order of magnitude better than our best carbon 

thermometer at this temperature. The low noise level made it possible 

to avoid running the thermometer hot within our detection limits down 

. * to . 08K and only 1% hot at .06K The R-T curve was fit with an equa-

tion similar to Eq. ( 10) in Section B. 2. 

Why did it work so well? It seems probable that the answer 

lies in a combination of the following suggestions: 

a}A germanium single crystal is inherently superior to carbon 

resistance eiements. 

b} Lower resistance thermometers. (both carbon and germanium) . 

appear to be less susceptible to transient effects. Cryocal No. 

1751 has the lowe st resistance at .O'6K of any nonmetallic 

_·thermomete:r used lin this laboratory. 

*The carbon thermometers used previously were often run hot in order 

to obtaiIl maximum sensitivity over the noise in the measuring circuit.~ 
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D. SAMPLE PREPARATION AND ANALYSIS 

1. Preparation 

Dr. J. C. F. Brock and Mr. Gary P. Schwartz did the preliminary 

work on the Cu-Fe system and these samples were made under their 

direction. After melting the Cu and Fe under vacuum in an inducation 

furnace, the samples were chill cast, homogenized by annealing at 900°C 

for -24 hours, and quenched to prevent precipitation of the Fe from 

solution. Microprobe analysis of the samples failed to show any evidence 

for precipitation of Fe. 

Th k f h .. d th .. 50, 51 e wor 6 t ese lnvestlgators an 0 er communlcatlons 

indicated that high quality control and standard procedures were essential 

to ensure good homogeneous alloys free from extraneous impurities. 

For instance, careful wet analysis of the 99.999% llpure " Cominco copper 

used in the Cu-Fe samples showed the presence of 8.9 at ppm Fe. 

Cominco claimed less than 1 ppm in any impurity and this discrepancy 

was not noted until after the samples were made. 

Dilute Cu-Cr alloys are even more difficult to prepare than Cu-Fe 

alloys. Particularly troublesome is the high vapor pressure of Cr and 

its pronounced tendency to react with refractory materials, carbon, 

d . 11 .. 52 oxygen, an especla y nltrogen. Moreover, it has an even lower 

solubility in copper (less than 0.2% at 800°C) than Fe (approximately 1% 

at 800°C). 52 Both Cr and Fe have room temperature solubilities in 

copper of less than 10 ppm, but rapid quenching from high temperatures 

yields samples with solution concentrations up to the 800°C solubility. 
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The Cu.,.Cr alloys we.re a.ll :pr:epClired by Mr. Stanley Ross of 

UCLRL, Berkeley, The Cu and Cr were melted in an induction furnace 

~6 
in a vacuum of -1 X 10 mm. The copper used came from a single 

Asarco 99.999+% rod with a resistivity ratio of 950 indicating total mag-

netic impurities of about 2 ppm -- presumably mostly Fe. The Cr 

source was a 99.98% pure sample obtained from the U. S. Bureau of 

41 
Mines and previously studied in this laboratory. The sample melt 

was contain~d in high purity alumina crucibles, 53 covered to prevent 

loss of the volatile Cr. The Cr or master alloy chips with high Cr 

content were positioned between the Cu slugs contained inside the cruci-

ble to further minimize any loss of the Cr. 

Atta:rnpts to prepare a homogeneous master alloy with 0.5% Cr 

content were checked with x-ray fluorescence techniques. 54 The masters 

so prepared were consistently inhomogeneous until melt temperatures 

of 2000 0 C were held for 20 minutes. After obtaining a master with top 

and bottomc oncentration agreeing to within 5%, the master was cut in 

half. The interior showed Cr content about 10% higher than the outside 

and chips were cut from the center of the master and used to prepare the 

150 g. samples with nominal Cr concentrations of 50, 30, 20, and 13 

at ppm. Concentration analysis accurate to± 5% later showed that the 

Cr content in the samples differed from the nominal Cr content by 0.5, 

3.2, 1.2, and 2.9 at ppm, respectively, for the four samples. The true 

Cr content was always higher than the nominal value, presumably 

because the master chips were taken froin the highest Cr content section 

of that alloy. 

.•.. 
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. -6 
The four samples were sealed in quartz tube s evacuated to 10 mm 

at 400°C, homogenized at 950°C for 24 hours, and quenched by breaking 

the tube in a drop from the annealing furnace into water. At all stage s 

of the preparation the sample surfaces remained shiny. 

After slices and turnings were cut from the samples for analysis, 

the 1/4-20 mounting hole was tappedi" deep. The samples weighed 

from 90 to 60 g when the heat capacity measurements were taken. 

Evidence pertaining to the sample homogeneity and the extent of 

which the Cr is completely in solution is discussed in the next section. 

Heat capacities were measured for the samples with 50, 30, and 20 ppm 

nominal concentrations and the 13 ppm sample will not be discussed· 

further. 

2. Analysis and Resistivity Measurements 

Wet chemical analysis, neutron activation analysis, and resistivity 

measurements were used to determine the concentrations of the sam-

pIes. 55, 56 In Tables III and IV the concentration found for the Cu-Fe 

and Cu-Cr samples and the accuracy of the measurements are reported. 

Neutron activation analysis was not used for Cu-Fe because conventional 

use of the technique does not give results approaching the accuracy of 

the wet chemical analysis. 

The wet chemical analysis carried out by Mr. T. Morrison on 

Cu-Fe owes its accuracy to the fact that it was possible to chemically 

separate the Fe completely from the bulk of the Cu by standard analytical 

techniques. Analysis results for slices cut from the top and bottom of 
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the samples indicate that they were homogeneous to within a 4% and 

this limits the accuracy of our concentration values. 

Cu-Fe Analysis by Mr. T . Morrison 

Chemistry Dept., U. C., Berkeley 

1} The samples were etched with HN0
3

. 

2} Weighed samples were dissolved in HN0
3 

which was destroyed 

by boiling with 12 M HC!. 

3} After evaporation to small volume, the sample was transferred 

to a 50 ml volumetric flask with 6 M HC!. 

4} The FeCl
3 

was selectively separated from the 6 -8 M HCI solu­

tion with isopropyl ether. 

5} After complexing the Fe with 0 -phehantholine the optical density 

was read with a Coleman Junior spectrophotomete:r:. 

The estimated accuracy of ± 2% was based on the ability to correctly 

determine the Fe concentration in standard samples of Fe and Cu in 

solution. 

Some problems with the stability of the Fe complex were attributed 

to the extraction of small amounts of Cu from the acid solution. 

The wet chemical analysis for Cr in Cu was don~ by Mr. Robert 

Giauque. 55 Chemical separation of the Cu and Cr was not achieved and 

the expected accuracy of 5% is estimated from the scatter and reproduci-

bility of the optical density calibration curve. The calibration was done . . 

with standard samples of known Cr concentration taken into solution 

from Cu wire and Cr powder. The optical calibration points were 
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measured for standard samples with Cr concentrations of 6.2, 12.5; 

18.6, 24.8, 32.3, 43.5, and 62.1 at ppm Cr. The Cu background was 

kept constant by using solutinns of the same Cu concentration and the 

optical density contributed by the Cr was ~2% per at ppm. The blank 

used for pure Cu had a resistivity ratio of 2500. 

Cu-Cr Analysis' by Mr. Robert Giauque 

UC LRL, Berkeley 

1) The samples were etched with HN0
3

. 

2) Weighed samples were dissolved in a minimum of hot HN0
3 

and made to volume. Aliquots containing 250 mg of sample were 

used for the analysis. 

3) After adding 3.0 ml of a 10% solution of H
2
S04 solution and 

chilling in an ice bath, the Cr is oxidized to the +6 state with an 

excess of AgO. 

4) The excess AgO is reduced by heating and diluting the solution. 

5) The Cr +6 is complexed with a solution of a-diphenylcarbazide 

and the optical density read at 540 mf.1 on a Beckman Model B 

spectrophotometer. The readings must be taken within 2 minutes 

because the complex is unstable with the Cu pre sent. 

N .. l' 55 1 f h . eutron actlvatlon ana YS1S gave va ues or t e concentratlons 

that were 30% to 40% lower than the wet concentration results and con-

centrations inferred from the resistivity (based on the concentration 

values determined by other workers). Apparently, a systematic error 

is present in these measurements and further investigation with neutron 
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activation analysis is planned in an attempt to resolve the disc repancy. 

The nominal concentration for the samples are listed. The concen-

trations inferred from the analysis work are from 1 to 10% higher than 

the nominal value s. 

The electrical resistivity at low temperatures and low enough 

concentrations is a direct measure of the Kondo condensation and is pro-

portional to the concentration of a single magnetic species in solid solu-

tion. It is necessary to know the proportionality constant which charac-

terizes the given impurity and this value can only be known to the 

accuracy of somebody else's analysis, but the resistivity can always be· 

used to determine the ratio between sufficiently dilute concentrations. 

It is important to measure the re sistivity to see whether significant 

precipitation or oxidation of the magnetic species has occurred. In 

Table III the concentrations listed are obtained from the equation 

p(4.2 K) = 1.085X10- 3 ~-cm X c( ss. ) 
ppm . 

( 12) 

c( s s.) = concentration in solid solution 

which is in agreement with our data and that of Knook
57 

who determined 

his solid solution concentrations from the temperature coefficients Q' of 

. 57 58 the reSIstance at O~C and100°·C. ' The accuracy of the resistance 

... 
measurements was initially poor but the difficulty was shortly traced to 

the necessity of using point contact current leads to the cylindrical sam-

pIes which had lengths comparable to their diameters. Guarded circuitry 

was used with 2 volt storage batteries connected in parallel. An inte-

grating digital voltmeter was used to measure the current and our 
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. resistance thermometer circuitry to measure the voltage. Because of 

shrink holes in the samples it was not convenient to measure the resisti-

vity for the 81.4 and 195 ppm Cu-Fe samples and'the Cu-Cr samples, and 

it was derived from the resistance ratio R( 300K)/R( 4. 2K) using small 

corrections to the room temperature resistivity obt~ined from other 

works. 59 

A plot of the 4.2 K resistivity versus conceJ:1,tration (wet analysis) 

for the Cu:"Cr samples gave a straight line to withi~ 5%. A small cor-

rection to the resistivity for the resistivity measured for "pure" copper 

at 4.2 K did not make any noticeable difference in the scatter of the points 
, . 

or significantly change the slope of the line drawn through them. The 

resistivities of Daybell and Steyert60 (as estimated from. their graph) 

do not agree well with out graph except for the 50 ppm sample in which 

they report interaction effects. We see no evidence for deviation from 

a concentration proportional resistance .in our 51 ppm sample and sus-

" 

pect Daybell and Steyert must have underestimated the concentration 

values for their lower concentration samples by about 15% (they only 
i 

claim 10% accuracy). Neutron activation analysis ~as one of the analyti-

cal techniques used by these authors and use of this same technique on 

our samples gave results that were -40% low. 

i Since the resistivity measurements were more precise than the wet 
,I 

analysis, the relationship 

I 

p (4.2K) = (1.08 ± .05)X 10-3 p.;~~C'mXc(ss. ) 
ppm . 

( 13) 



-36-

obtained from the graph of .P (4.2K) vs. wet analysis and nominal con­

centration was used to assign c{ss.). Eq. (13) implies the Cu-Cr 

resistivity reported in Ref. 60. saturates near 1. 7 yf2-cm 
ppm 

... 



.. 
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E. RESULTS AND ,DATA ANALy'SIS 

1. Addenda and Pure Copper 

In order to determine the heat capacity due to the, fot;mation of the 

Kondo state, the heat capacity of the sample holder and, the background 

contributed by the copper matrix must be subtracted from the measured 

i 
value. The heat capacities of the sample holder and CO,minco copper 

, '" 3 
were measured in zero magnetic field and 2 7.9 kOein the He ; cryostat. 

A 'h f' (TO. S T T1.S T2 T3 T S T7 'T9),' 'h 'f ' I n elg t term lt " , , , , , Wlt a ractlona 
I ',I 

deviation (A) plot (see section B. 2) was used to represent theiheat 
, f i 

capacity of the sample holder in all magnetic fields and the ryJclear con-

tribution (proportional to the square of the magnetic field) was subtracted 

separately. 

-
After subtraction of the contribution from the sample holder, the 

heat capacity of the Cominco copper sample was fit 'with ,a: computer to 

the equation 

C(mJ /mole -K) 

( 14) 

-S 7 The fit with '{ = 0.6947, a
3 

=0.0492, as = -1.146x 10, a
7 

=1.326x 10- , 

and a
9 

= -1.404X 10-10 still had fractional deviations of .... o.Sro from a 

perfect fit. Previous efforts to fit the heat capacity of pure copper in this 

laboratory had experienced similar difficulties. Although the,re are some 

small bumps in our temperature scale, it was felt that the major problem 
i , 

could be traced to small amounts of magnetic impurities that resulted 
,I 

in Kondo state anomalies in the copper. 
, I 

For these reasons and also 
i I 
.. 'I 

,: I,! 

! ] 
j 
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because we wished to compare the fractional deviations of several copper 

samples with different purities, it was found convenient to use ~ plots 

together with Eq. (14) to represent the heat capacity of all copper sam-

pIes (0. 3K - 25K). 

For the silver adiabatic' empty,- the nuclear contribution was negli-

gible, but the heat capacity showed deviations that were magnetic field 

dependent by as much as 6% below 0.2 K. This sample holder was 

represented with a three term fit (T, T
3

, T 5) and different deviation plots 

in different fields. 

Since the nuclear spin contribution for pure copper agreed with 

that calculated from theory and could be represented bya single term 

proportional to H2/T2 where H is the applied magnetic field, it was 

pos sible in principle to subtract out all contributions to the heat capacity 

not associated with the localized mome'nt and its interactions to the pre-

cision of our data (about ± 0.1% of the total heat capacity above 0.4 K 

in the He
3 

rig -- more like ± 1% below 0.1 K in the adiabatic rig). 

The heat capacity of pure copper was measured for two samples, 

Cominco and Asarco. The Co'minco sample was melted from the 

Cominco copper used to make the Cu-Fe samples. The Asarco sample 

was cut from our highest purity Asarco copper rod and was measured 

as cut and then remeasured after annealing for 1 hour at 1000° C under 

-6 
a vacuum of -1 X 10 mm. 

There were two significant anomalies present in these "pure" 

copper samples. First, the Cominco copper contained 8.9 ppm Fe 

which contributed a Kondo state anomaly to the heat capacity. Measure-

ments on the 81.4 and 195 ppm Cu-Fe samples were analyzed by sub-

tracting the Cominco copper sample and dividing by the effective 
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concentrations, 72.5 and 184.1 at ppm Fe. The molar excess heat capacity 

derived in this way was concentration independent within the scatter of the 

data. Finally, the heat capas:ity contribution due t08. 9 ppm Fe was sub-

tracted from the Cominco copper to obtain a heat capacity representative 

of the copper matrix and impurities other than Fe. 

The Asarco rod contained only about 2 ppm Fe (estimated from the 

resistivity ratio and the assumption that Fe is the major magnetic 

impurity in this sample, as it is in most copper), but the unannealed rod 

exhibited a 10% anomaly sharply peaking near 1 K. This anomaly has 

been reported previously by Martin61 and attributed to the presence of 

hydrogen in solution with the copper. The rod was then annealed and 

remeasured (this time in the adiabatic rig). The anomaly had been reduced 

to less than 1% but not completely eliminated. The rod was then melted 

and remeasured in another He 
3 

rig by Howard Simon of this group. No 

trace of the original anomaly was found. 

In Fig. 9 the fractional deviations ~ from Eq. (14) are shown for 

the three heat capacity runs done by this author. The four sets of ~ 

values plotted are as follows: 

1) ~ (Cominco, 0 ppm Fe) -- the ~ value for the sample prepared 

from the Cominco copper after correction for the 8.9 ppm Fe 

present in the sample. 

2) .~ (Cominco, 2 ppm Fe)-- the ~ value for the Cominco copper 

.sample plus the heat c-apacity contribution of 2 ppm Fe. 

3) ~ (Asarco, 2 ppm Fe, unannealed) -- the ~ value for the 

Asarco copper sample containing -2 ppm Fe as estimated from the 

resistivity ratio. 
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4) ~ (Asarco, 2 ppm Fe, annealed) ,....,.. the ~ value for the Asarco 

copper sample after annealing. 

~,( C~~inco, 0 ppm Fe) -- the ~ value representing the copper 

matrix for the Cu-Fe samples and the smooth curve drawn through these 
- . , 

points was used in conjunction with Eq. (14) to define the matrix heat 

capacity subtrac.ted from the data for the eu-Fe sample. 

~ (Asarco, 2 ppm Fe, unannealed) and ~ (Asarco, 2 ppm Fe, 

annealed) are in excellent agreement with ~ (Cominco, 2 ppm Fe) except 

for the 1 K anomaly which was neglected and except for small 'deviations 

at high temperatures -- perhaps due to other magnetic impurities in the 

Cominco sample ,in addition to Fe. The curve drawn through these points 

(using the Asarco ~ values at high T) represents the material from which 

the Cu-Cr samples were made. This curve. was used with Eq. (14) to 

subtract out the matrix heat capacity for these samples. 

For the Asarco copper sample containing"" 2 ppm Fe, the heat 

capacity data below 0.3 K show no deviations within the scatter from the 

equation C = -yT + aT
3 

and this equation was used to represent pure 

copper for the runs done in the adiabatic rig. The coefficient of the 
. 2 

T term of the heat capacity, -y = 0.690 mJ /mole - K , is in excellent 

2 
agreement with the values -y = O.6915±0.034 (mJ/mole - K ) reported 

b · M t' 62 b f . 1 yar In on anum er 0 . very pure samp es. 

It was necessary to follow the self.:.consistent procedure described 

above in order to follow the concentration proportional contribution from 

the Kondo state up to the highest temperatures allowed by the ± 0.1% 

scatter in our data. For instance, the use of a heat capacity appropriate 
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to 0 ppm or 8.9 ppm Fe to represent the Cu-Cr matrix (which contained 

.... 2· ppm Fe) would lead to significant errors in the data above 5 K. 

2. The Nuclear Schottky Heat Capacity and 
Localized Moment Effects 

The application of magnetic fields up to 9 kOe in the adiabatic runs 

and 38 kOe in the runs in the He 3 calorimeter produces a heat capacity 

contribution from the removal of the spatial degene racy of the nuclear 

spin I as each nuclear level is split into its 21+1 components by the 

applied magnetic field. In pure copper th.,ere is no hyperfine interaction 

d h d 1 h 
.. 63 

an t e expecte nuc ear eat capacity is 

1 /(21+1)
4 

-1 4\ (B..)4 . .. (i5) 
- 240 \" 14 . fJ. / kT 

where R is the gas constant, and 

. /1+1 2) ~ \-r- fJ. - L 1.+1 
1 2 . A. 

1 1 -r- fJ.i 
1 

( 15a) 

with A., I, and fJ.. the fractional natural abundance, the nuclear spin, and 
1 . 1 

the nuclear moment, respectively, of isotope i of the element. The 

higher order terms are negligible for our measurements, and even 

the second term can be neglected unless fJ. is very large. For copper 

where I = 3/2 for both naturally abundant isotopes Eq. (15a) reduces to 

where fJ.N is the nuclear magneton. The second term of Eq. (15) is 

negligible and we observed no deviation from the value caculated from 
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the first term. to 0.3% in a test run on pure copper at 27. 9 ~Oe. 

Complications arise when the simple picture described above is 

applied to Cu-Fe or Cu-Cr. Firstly, there is the question of a "Knight 

shift" alteration of the field seen by the copper nuclei. Such shifts are 

observed for systems with dilute magnetic impurities and have not been 

satisfactorily explained. In general the Knight shift on a given nucleus 

can be related to the local electronic spin density at that nucleus. In the 

case of the dilute magnetic impurity, Knight shifts in the surrounding 

matrix and their temperature dependence are due to the changes in the 

spin density of the itinerant electrons resulting from interactions with 

the localized moment. Sugawara 64 has measured the Knight shifts for Cu 

with dilute Fe and Cr.impuritiesand found they are negative and less 

than 1 % at all temperatures. It should be kept in mind that the NMR 

techniques used to measure the Knight shift see only nuclei that are rela-

tively far from any impurity atpm and exposed to a reasonably homogeneous' 

field. 

Generally the localized moment will have some magnetization 

associated with it, either due to spin-spin interactions or from the appli-

cation of an external magnetic field. This magnetization induces spin 

density oscillations in the itinerant electrons of the RKKY type above the 

Kondo temperature, and at lower temperatures a-modified structure 

appears in which an oscillatory contribution persists far below T K (see 

Ref. 38 and other references discussed there). 

In any case itis necessary.to consider spin polarization and 

electric -field gradient effects from the oscillations and Kondo structure. 

.~ 
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The electric -field gradient effect has been calculated for Fe impurities65 

to be of order 10-2 of the magnetic hyperfine contribution and this sum 

will be referred to as a single .,component. These important effects are 

also small except for T < 0.1 K in low fields. For our runs in magnetic 

fields> 20 kOe, the nuclear heat capacities of our samples exceeded 

those calculated for pure copper by less than 1% for all Cu-Fe and Cu-Cr 

samples. 

The nuclear heat capacity calculated for pure copper in the applied 

magnetic field was subtracted from our data. Any remnant contribution 

was considered to be a reflection of the localized moment and its inter-

actions and is the refore dealt with in the discus sion sections. 

The last contribution to the nuclear heat capacity that we might 

consider troublesome is a large hyperfine interaction on the impurity 

atoms due to spin~orbit coupling - - the spin on the impurity moment 

appearing as the externally applied magnetic field or spin-spin inter-

actions destroy correlations with the electron gas. Because of the small 

nuclear moments of the naturally abundant Fe and Cr isotope s, the hyper­

fine interaction would have to be ':::: 10
10 

Oe for Fe or :::: 3 X 10
7 

Oe for Cr 

in order to be detected. The expected hyperfine fields on Cr or Fe should 

be -< 10
6 

Oe and the possibility of contribution from this source can be 

discounted. 
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3. Data 

This section contains the heat capacity points taken by this author 

on the Cu'-Cr and Cu-Fe samples. In addition the data taken by Dr. J. C. 

F. Brock on the 640 ppm Cu-Fesample in zero magnetic field are listed. 

The width of the data points is about T /10. 

The temperature scale' for the runs in the He 3 rig is not well defined, 

for heat capacity purposes, below 0.4 K. This situation results from 

rapid oscillations in the computer fit to the R-T characteristic curve 

near the end of the calibrated region. For this reason heat capacities 

are reported for T < 0.4 K in this rig only for runs where an overlapping 

adiabatic run was not made. 'The effect of this errors is most noticeable 

for runs in high magnetic fields where the excess heat capacity is very 

small due to the large nuclear contribution. The error is on the order 

of 0.5% of the total heat capacity below 0.4 K. 

Three heat capacities are presented: 

a) .6C(mJ /mole -K) is the excess molar heat capacity of the sam­

ple after subtraction of the heat capacity of the copper matrix (for runs 

in a magnetic field the nuclear contribution C
N 

calculated for pure copper 

has been subtracted out). 

b) .6C/ c (J /K-mole impurity) is the excess heat capacity calculated 

from .6C by dividing by concentr'atlon. This reduced heat capacity is the 

quantity which is pre sumably due to the formation of the Kondo state if 

the concent'ration is low enough. 

'. 
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c) CCu (H=O) (mJ/mole-K) is the heat capacity used for the copper 

matrix as discussed in the previous section. 
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Data Section Contents 

1. Cu-Cr 51.04 ppm .06 K - .6 K Zero Field ------------ 48 

2. " " .3 K - 12 K " ------------- 49 
-, 

:> ..;. " " .08 K- .9 K 3 kOe = .-, 

4. " " .2 K- .9 K 9 kOe ----------- 51 

5. " " .3 K- 12 K 10kOe ------------ 52 

6. " " " 20 kOe ------------ 53 

7. " " " 30 kOe ------------ 54 

8. " " " 38 kOe ------------ 55 

9. " 33.62 ppm .3 K - 12 K Zero Field ------------ 56 

10. " " " 38 kOe ------------ 57 

11. " 21.160 ppm .06 K - .6 K Zero Field ----------- 58 

12. " " .3 K - 7 K " ------------ 60 

13. " " .08 K - .9 K :3 kOe ------------ 61 

14. " " .3 K - 7 K 38 kOe ------------ 62 

15. Cu-Fe 81.4 ppm .3 K- 25 K Zero Field -----------~ 
63 

16. " " .3 K - 2.5 K 20 kOe ------------ 65 

17. " " " 30 kOe ------------ 66 

18. " " .3 K - 25 K 38 kOe ----------- 67 

19. " 195 ppm " Zero Field ----------- 68 

20 .. " " .3 K - 2.5 K 20 kOe --------:----- 69 

21. " " " 30 kOe 70 ------------

22. " " ." 38 kOe 70 " .-----------

23. " 640 ppm .06 K- 1 K Zero Field ----------- 71 

24. " " .3 K - 25 K " ----------- 73 

25. " " .3 K - 1 K 1 kOe ------------ 74 
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26. Cu-Fe 640 ppm .3 K - 8 K 3 kOe 

27. ft " .3 K- 25 K 10 kOe 

28. " " .3 K- 1 K 18 kOe 

29. " " ~3 K - 3 K 24 kOe 

30. Ii " .3 K-2K 30 kOe 

3l. " " " 33 kOe 

32. " " .3 K - 25 K 36 kOe 

33. " " .3K -.2 K 38 kOe 

34. " 2560 ppm .3 K - 25 K Zero Field 

35. " " " 38 kOe 

Summary 

T(K) = mean terrperature 

~ (mJ/K-Iro1e Cu) = 3.19733 If X 10~5 H in kOe 

~C (mJ/mo1e-K) = C(raw) - C(samp1e ho1der)-CN-CCu(~=0) 

~C/c (J/K-mo1e irrpurity) = . ~C(mJ/mo1e";'K) 
c(at .ppm) X 10-3 

------------ 75 

------------ 76 

------------ 77 

------------ 78 

------------ 79 

------.... ----- 80 

----------- 81 

--------'---- 82 

---------- 83 

----------- 84 
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1. Cu-Cr 51.04 ppm .06 K - .6 K Zero Field 

N T fjC LIC/c Ceu(H=O) 

l. • (' 71 It 7 ."8131 1 • 593f~l) .049S7 
1 .'1'3477 .0747.9 l.lt5(:j5~ .05874 
4 • 1 (' (~n 4 .JH14~) 1. 59479 .('6976 

" • 113: 1 .:'857q 1 .6 k('94 .\'7~21 

6 • 1 2'" 31 .':'9(1/+6 1.77231 • r, >,31-) 71 
7 ."743h .1"728C 1.42f.YI ."51')6 
R .:'R441 .,)735Q 1 .44181) .~5~4q 

q · lC701 .')8345 1.634Q4 • ,~, 7,+ r, " 

In • L~ ;'41 .'cil14 1.785"if) · :; g',"? 2 

1 1 • 11, 't h ., · ~q"i I::) 7 1.-372'17 • le'-''''/-, 
17. .169('3 .1(049 1.9[,,3::3 .116'Hl 
l.~ • J 9 441 .1C',41 ? .. :' f, ':i 27 • 13,; J 11 

14 .15214 • ,")9767 1.91364 .1r'~lb 

1 I) .1 7rA 7 .10~n1 2.(';/r:1,<" • 1 2 '~ '3 7 
1 r1 .2"11H • 1CH{2 ?CY2'j:J • 14:-:59 
1 7 .~?7?? .1116'~ ·?.ltit3C7 .15714 
J 'l .25274 .1l5~1 2.~6514 .174'~8 

19 .?,>.I914 .11789 2.3f:971 .?"r28 
? (~, • ~2!'\?'9 .111"1g 2.1f26C) .1523? 
?l .? 464;) .11~38 ? • 2 6 ,')I:) 'J • 1 7047 
?~ .2 7 731 .11542 ;~ • 2f: 11+ 1 .19201 
73 .?9473 .17C73 :?31)566 .2"419 
?4 .13'370 ~1?'312 ?.41731 .23155 
25 • :\73""'3 .121(1'3 Z.4UJ'3~ .1')917 
?t., .41537 .l?524 2.4"374 .?~q4? 

27 • I.t., 3 (t4 .129Fl4 ?~4V~4 .37384 
?~ .311')1. .1117.6 2.37537. .717311 
29 • .~ ') ,t:'i) 7 .1239C 2.42751 .24734 
31" • '39711 .12497 2.448'+1 .2764 '3 
31 • lt43 1 c; .12699 2 .4f1·~0'3 • ':1.(,,)2 8 

12 .494'i4 .12::.91 Z.I+8A4Fl • 34(,f)6 
: ) .5211'5 .1 3( 9 "i 7..')6567 .'36558 
14 .1-j,)0i'l9 .13?11 2.5892>1 .41f>7(1 

41 .nrq41 • C7/+?2 1.45416 .n5643 

42 • ('I()5(,? .(~7~'-I2 1 • ')/, h 21 • ('658r'1 
It 3 • 1 :'H) 2 q .09')21 1.66'.}42 .!J756f) 
4/. .1,;>116 .'~879? 1.722f-..S .('8453 
4<> .13'352 .()9401 1 • ~4 18:) .09137 
4h .(\6241 • ,~9",84 1 .:33862 .C'43~3 

47. .07nll • C'H487 1.b62fh .°4363 
48 .(A2 1/t .1('786 2.11321 .('4354 
1.9 .n~4n7 • r,797'1 1.')6323 • ( 450 1 
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2. Cu-Cr 51.04 ppm .3 K -12 K Zero Field 

,-
N T !::.C LC/c (' (LJ-C) \ "Cu ,1.-', ) 

S .39355 .1;>761 ?5Ctll7 .;>742B 
1-) • 44 /t2 '5 .12304 2.50856 .31045 
7 .'5,)459 .l3!)?2 2.'55125 .35392 
~ .')67..77 .13113 ?56907 .39632 
9 .61l:72 .13192 2.58470 .43166 

In .67756 .1111)9 2.5694(: .491'>8 
11 .7C;4CI) .13051 2.55873 .'53977 
12 .83'121 .1302'5 2.5'51f34 .6C~r,3 

L~ .TH06 .12909 2.')2918 .6R431 
14 1.C5392 .125R4 2.46557 .1i3171 
1'5 1. 17 4( :3 .12148 2.38~C6 .88578 
16 1.38762 .12112 2.37V'4 1.0fl7?2 
17 1.42944 .118~5 1..32276 1.12535 
18 1. :'A 7 6.3 .11465 2.24623 1. lid,) 2 
19 .1. 7(1"142 • 11516 '1...2561.9 1.41577 
?() 1.87619 .11290 2.?l205 1 • 61 ~V'" 
21 2. tFHJ 2 9 • l11't i3 .2.1R425 1.9r2'5h 
22 2.36nY5 .10623 2.I')A134 2.271331 
?~ ?6457R .10492 2.I')'556Q 7...74125 
24 2.9624') • ('<)'5 R6 1.B7R1.0 1.3?(H2 
2') 3.2fJ.;.n4 .08<)69 1.75731 4.('491(, 
2h 3.64875 • C''3t> 11 1.~fJ7t17 4.91638 
27 4.{}2311 .('101(' 1.549R:l 5.9g9f35 
28 4.44373 .('I67dA 1.32949 7.:!q n 23 
2 9 4.91717 • ("169''+'' 1.35977 9.23714 
"J /'\ 5.41167 .06271 1.2786] 11.C:;Rf!91 J'_' 

31 6.(ll()~5 .05259 1.'13027 1 Lt. 7 1 =J 2 3 
32 6. '36 l'+4 .05463 1. t)1('1 ') 6 lQ.2I)SI)("\ 

33 7.1AIA6 .85103 • q9'~ ~n 22.i3(;219 
34 7.763("\1 .04268 .'33619 ?A. 1"'3(' 3 
35 8.47133 .03481 .6821f'l 3,).4192~ 

31) 9.33220 .02821 .55274 46.Cq~52 

37 10.25340 .C5937 1.16227 6().07934 
33 11.1.5231 -.05336 -1.045 / • .13 78.39818 
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3. Cu-Cr 51.04 ppm .08 K "- .9 K 3 kOe 

CN = O.OOO28776/T2 
(mJ/K-mole cu) 

N T /}C /}c/c Ceu(E==O) 

3 .096 na .09901 1.93991 .06654 
'5 .12906 .09206 1.80363 .08929 
9 .11615 .08970 1.75746 .08038 

10 .13362 .09701 1.90G64 .(,9244 
11 .13727 .09595 1.d798q '.09496 
12 .15405 .. 10472 2.0517/+ .10653 
13 • 1 72 58 .11110 2.17681 .11931 
14 .19"181 .11451 2.:?4362 .1 B91 
1 5 .21599 .122'")0 2.40016 .14'1-34 
16 .14398 .10102 l.9792'-1 • ocn 5 H 
17 .1.6313 .10618 ,2.08(·27 • 112 79 
18 • 18528 .11265 2.20706 • 12 nO 7 

1 9 .20596 .11948 "l.341)9'5 .14238 
20 .22873 .12366 2.4lLO:) .15b19· 
21 .25037 .12815 2.51470 .17~23. 

22 .27548 .12861 2.51984 .19(;73 
l3 .21876 .12044 2.35978 · ~t)12b 
24 .23848 .12413 2.43208 .1 fA9A 

2S .26295 .1.2928 2.532H2 , :. 81 qq 

26 · 29080 .. 13771 2.69801 .20144 
28 .33331 .14165 2.77518 • rJ.l28 
19 .36697 .• 14368 1._81SCO ",2')')(;4 

3r"· .4()129 ,14t~45 2. • 86939 .7.7939 

"n .450')2 .14989 2.93677 .31456 
3? .50585 .15099 2.95819 .35446 
33 • 54745 .15639 3.06412 .38476 
34 .62242 .15799 3.09544 .44009 
35 .7053"3 .15753 3.08635 .50249 
36 .80087 .16024 3.13955 .57618 
37 .90029 .16069 3.14835 .65504 
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Cu-Cr 51.04 ppm .2 K - .9 K 

CN = O. 002590/T2 
(mJ /K-rnole Cu) 

T 

.30"5(\'3 

.~h4 n 

.42372 

./t H960 

.'5/~041 

.'5312') 

.625cl? 

.72:>90 
• H311 7 
.21817 
.2h'563 
• ??C 70 
.25915 
.2971() 
.342B 
.311942 
• 4't 11 3 
.4991C) 
.53 7 95 
.6::';lRg 
.6 f,522 
• 72705 
• 79~C) >3 
.8Ao45 

6C 

.11146 

.1338C 

.14244 

.15697 

.15669 
.lh183 
.17422 
.1~~6;J') 

.19763 

.09491 

.11111 

.!)9B!)1 

.1078~ 

.11775 

.12677 
• 11 7(1 It 

.148(')') 
.11)1:>06 
.16534 
.17')34 
.18/'76 
.1SHeo 
.19154 
.19R~4 

6C/c 

2.?23::;? 
2.62150 
2.79('H'1 
3.·17')5~ 

3.(_'6'185 
3.17"73 
3.41146 
'3. f>4 ',0 7 
1.'37?0·S 
1 • q5 71)') 
2.21656 
1.<)?035 
2. 1 12 tt9 
~.3(7(\'1 

2.48382 
2.1,8497 
?. 'K067 
3.('15756 
3.2395') 
3.4:' 51") 
3.'54151 
3.68341 
3. 75268 
1.'3S6iY3 

9 kOe, 

CCl./:i=O) 

.21144 

.25346 

.79538 

.34270 

.37967 

.3nqo 

.44?62 

.'51A19 

.59997 
• 1 5086 
.18386 
• 15261 
.17949 
.20SaS 
.23806 

..• 27.')96 

.307R3 

.1'+964 

.37787 

.42631 

.41212 

.51901 

.":7314 

.62993 
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5. Cu-Cr 51.04 ppm .3 K - 12 K 10 kOe 

SJ= O.OO31973n2 m;/K-mo1e. Cu) 

N T I:1C b.:C!c Cc (H=O)· 
.u 

1 .34517 .12,,12 2.45137 .24001 
2 .37847 .13216 2.58926 .26357 
3 .41743 .13957 2.7345:) .29128 
4 .46161 .14772_ 2.89 t+17 .32291 
'5 .50Q08 .153C8 2.99920 .35645 
6 .55637 .16220 3.1779q .39163 
7 .60675 .16817 3.29492 .42871 
8 .67372 .17149 3.35983 .47870 
9 .74876 .17598 3.44779 .53571 

10 .82582 .18119 3.56116 .59550 
11 .89224 .18313 3.58789 .64815 
12 .913010 .18146 3.5551 g .71954 
13 1.0:3364 • 17b49 3.457(}3 .80651 
14 1.19773 .17613 3.45073 .90636 
1'5 1.31579 .17491 3. f.2700 1.01494 
16 1.4A05A .169R 1 3.32710 1.15658 
17 1.63915 .16692 3.21031 1.34446 
18 1.8f+472 .16207 3.17544 1.57996 
19 2.05(,6~ .15354 3.0CR27 1.83902 
70 2.25831 .14510 2.R4296 2.12637 
21 2.47041 .13961 2.73527 2.4 f+948 
22 2.69121 .13176 2.58159 2.82061 
23 2.92475 .12193 2.38882 3.25536 
24 3.18638 .11037 2.16238 3.79828 
25 3.45176 .10740 2.1C422 4.41441 
26 3.14185 .10399 2.03745 5.18639 
27 4.09900 .09169 1.79644 6.22680 
:'13 ' •• 4 "'661 .(,qr12 1.56911 1. ~n~q5 
2 'J 4.~7;~?~ .06183 1.25157 9.073l6 
30 5.2 tW67 .07236 1.41768 10.85638 
31 5.18924 .05556 1.08850 13.44115 
32 6.31945 .05431 1.06515 16.63896 
33 A.91391 .06919 1.35563 20.83176 
34 7.49011 .03201 .62751 25.60139 
35 B. 1 tt2 25 .Q5309 1.(')4022 31.86623 
36 8.93583 .O33~2 .65R61 4C.91843 
37 9.81'15') .04422 .~6541 53.44554 
38 I·J.870(,9 .0441d .R6563 70.99405 
39 11.893C'B .00431 .0844/) 92.03593 



6. 

N 

1 
2 
'3 
4 
I) 

6 
7 
8 
9 

10 
1 1 
12 
11 
lit 

15 
16 
17 
18 
19 
?0, 

21 
.?2 
r~ 

24 
2') 
?I., 

27 
2R 
29 
~:1 

31 
~? 
1, 
~4 

35 
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Cu-Cr 51.04 ppm .3 K - 12 K 

CN =0.0127893/T2 (mJ/K-mole Cu) 

T 

• 3'''9 2() 
.37('1'1 
• It 1 ('\ 9'+ 
.45772 
.5113'3 
.56'50) 
.6) 411 
.6 ao(, '5 
.7A3CQ 
• H4975 
.9?R(~7 

1.01757 
1.lt:569 
1.29272 
1.43555 
1.5A1('9 
1.71/+77 
1.8K36R 
7.07550 
2.3:644 
?611S1 
2.90321 
3.1q4?3 
3. 1+'38'+6 
3.7'H41 
4.15739 
1+.')4831 
5.0 00 61 
5.5f'A76 
h.'')~712 

6.6 /+960 
7.10461 
~.OR13q 

8.87799 
1~76A3'5' 

I'1C 

• NJ'J 5 1 
.C8471 
.(,9320 

• H' '303 
.115 H4 
.12707 
.13617 
.14698 
.15~99 

.171 36 

.18019 

.18844 

.19606 

.20262 

.?(,-696 

.21111 

.213"'6 

.21418 

.20749 
• :?"2 "4 
.1977(' 
.18550 
.,17102 
.15613 
• 15'~(,5 
.13366 
.11779 
.1rB13 
.107 (,6 
.06579 
.08762 
.06633 
.094(:6 
.()4? 4 7 
.i)C)416 

!::.C/c 

1.'57743 
1.A5976 
1.1-\2592 
2.~1f35q 

2.2695B 
2.481'i,~ 

2.67177 
'2.. ~179 61 
3.115(B 
3.35728 
3.53031 
'3.6921'4 
1.84128 
3. Y6<HVJ 
4.054'1/+ 
4.13617 
4.17436 
4.19623 
4.,16'D 3 
3.75-845 
3.R733'5 
3. 634't T 
3.1:-C69 
1, .1)5 M~'1 
3.01827 
2.61861 
2. 1C 773 
2.11B 4 6 
2. lCq 24 
1.2RB90 
1.71669 
1.29953 
1.34286 

• B32 04 
1.94479 

20 kOe 

CCu(H=O) 
.23516 
.25784 
.2861)"1 
.32Ql1 
.35~Hn 

.39796 

.43417 

.48391 

.C)4673 

.61434 

.67701 

.76741 

.877115 

.99324 
1.13145 
1.26115 
1.42f!57 
1.62712 
1.87201 
2.24175 
2.71664 
3.21336 
3.81554 
4.'50517 
5.31)786 
6.41375 
7.771~3 
9.5<)')16 

11.964">5 
15.17684 
18.88577 
2~.q9374 

31.2,<)05 
4().20124 
'52.36369 
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7. Cu-Cr 51.04 ppm ? K ""'" 12 K 30 kOe • .J 

C'J = O.028776/T2 (mJ/K-.. mo1e Cu) 
l' 

N T !::'C !::'C/c CCu(H=O) 

1 .1471f, .05504 1.811335 .21-t142 
2 .:1FH'6 .:)5859 1.14197 • 7.·6'399 
~ .4179? .06431 1.2tq135 • 291.11 5 
4 .4f,<:;£) 1 .O731~ 1.43176 .~2571 

:; .~32)37 • ':" g 641 1 • .119290 .37447 
.11 • ,)Q1l9 .09634 . . 1.8<11'31+ .41722 
7 • 64':>c.p .1C'SA3 2. ('16 9,,4 .45785 
,~ .7 i"11)4 6 .11455 2.2'+4:'1 .SC267 
q .7f,sn6 .12311 2.41217 .54'386 

1 I' .~3519 .11417 2.61H7? • ,<' ?136 
1 1 .'111"6 .146'12 '2 • jJ f,'"I '~5 .66111 
17 .99'3'.7 .15614 3.G591() • p,',)'59 

13 1 • n 7 g 7't .16')n4 3.23156 .80232 
1 It 1. 1"591 .17341 '3. VH6 '3 '. '3(~690. 
15 1.21l>33h .18'546 3.f)3'357 .98918 
16 1. Itlq 1 2. .19816 3.>3H?41 1 • 11410. 
1 7 1.5611+ 7 • 7.0747 4.')fAR) 1.26(191 

1 '1 1.71071 .2PH 7 1-t.27453 1.43417 
1 '} I.FF)?2 /+ • 2256? it. 41 r9 7 1.637Ar:' 
20 7. • 07 P 4 .23'165 4.5777'3 1. <J6633 
21 ? 2 62'~'J .23379 4.57 0 64 2.131'36 
::?2 2. It fJ 2 t36 .23103 4.'52652 2.48"i')C:; 

? 3 2. 7~ It 4 /-t .2~250 4.555:3') 2."19177 
~ / 
t' '-t 3.1')('11..6 .?2()'j7 1-t.32747 j. 4 r ~ 1 7 
2? 3.32Q'l4 .7.1'+ 5 ') It.,Zr?,4'} ·~.1180f, 

26 3.6')776 .2 Ig 'H3 4.27271 4."14170 
')7 1+01')2124 .2 r t93 3.9"63') '5. QQO?h 

2~ It. l-t~) 3 ">2 .1 iH 79 3.67929 7. 2't 7'3 /:) 
29 4.85/118 .18851 3.6933S d.9S:l954 
3') ':) • 3/} 144 • 15 /-t72 3 .. ·J 31 '3 9 11.7. ,,·n 2 

" 1 5.q'~H<J7 .1?140 2.96141 14.1?VH 
.. 7 6.I .. hl·_~4 .12832 ?':i23'LS 17.57741 
.. 3 7.(:7"61 .1')216 ? 'f92(H ? 2. (' 6" 1 r, 
~ I. 7.7202/) .1?633 ? I .. 7512 7.7.J!"51? 
~5 g.41121 .151 /+4 2.1A711 '14 • 7 4 .) 0 1· 

36 9.220tJl .16S'3R '.250rg 44.<)9191 

37 lO.112'3Q .17?72 3.44212 S7.761(}6 .> 

in 11.'i6:n"3 .18767 ".6769·~ 74.7797 l t 



8. 

N 

1 
? 
3 
4 
') 

7 
q 
q 

1 Q. 
1 1 
12 
1 3 
14 

, 15 
1~ 

11 
1 ~ 
14 
2') 

21 
22 
73 
2/1-

25 
2~ 

2 7 
?'i 
2 'J 
30 
j 1 
32 
31 
34 
35 
36 
37 
~q 

'3 I) 
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Cu-Cr 51.04 ppm .3 K - 12 K· 

C = O.0461694/~ (mJ/K-rnole Cu) 
N 

T 

.3::;169 
.388S,) 
.lt278~ 

.46QVt 
• 514 7(~ 
• ,)f,r,) 1 
• (y~ A" q 
.67,)n4 
• 7/+G5 C) 

• R).697 
.8'737 f) 

• 9h al:)o 
1 •. 059'J6 
1.IC;O'J9 
1.25252 
1.37438 
1.5144 R 
1.6f1C4? 
1.85'-,74 
I.ClA51 
2..23965 
1.4')741 
7.698J.3 
?9A7R5 
3.27(-'2 1+ 
·~.644!11'1 

4.0153, 
4.3~4:>q 

4.R574A 
').,41R3 
5.R672') 
f:,.~6747 

6.'Flg75 
7.4')889 
B. 1"944 
q.97158 
9.3':i}5~ 

1 0 .R55()h 
11.~9')H4 

.(,5441 

.1'15617 

.1'15853 

.C+346 

.1"691;1 

.C75.gQ 

.OR276 
• (j<)0i)9 . 

• 09g97 
.11)90';­
• 118 /

t 9 
.1269G 
.13596 
.14508 
.15'3138 
.171g4 
.184R8 
.19904 
.21?h4 
.22'361 
.22906 
.23841 
.2432('< 
• 2455f:-
• ?Y}45 
• 24(Jl6 
.23192 
.22616 
.1.1999 
.2111R 
.17~6R 

.17759 

.175Aq 

.17143 

.182B1 

.1~677. 

.16963 

.22507 

.16514 

(}C/c 

1.06607 
1.l(.'4~4 

1.14A61 
1 •. ?434r) 
1..3554'3 
1.486'11 
1.67.154 
1.776'11 
1.939('4 
2.13645 
2.32153 
2 • 4 86 7. '5 
'2. h6 3 A,) 
2.R5432 
3.11290 
3.16872 
1.62225 
3.89'173 
4.16619 
4.38114 
4.43777 
4.67111-
4.764g6 
1+.R11f16 

.4.69149 
4.~8161 

4.543R'5 
4.43('96 
4.3lC'22 
4.1376,) 
3.')(,GIB 
3.47949 
3.44hZ!,) 
3.3586'J. 
3.58175· 
3.2(,641 
3.1234~ 
4.4(067 
3.2":\541.' 

.2446? 

.27~72 

.29~74 

.j?t~47 

.'H.ll'3? 
• ~ 9466 
.I+? 11 23 
.471)93 
• "2945 
.'.idH'S7 
.fl4932 
.71('133 
.7 H63 2 
.86410 
.95602 

1.07114 
1.72211 
1.19~)()1 

1.58719 
1.H?':3"9 
7.(9'::141 
1.4?876 
2.83292 
3. 3 ItC 5 8 
3.9<)929 
4.9(722 
5.96595 
7.17H'51 
g.93654 

11.14578 
11.AR477 
Ih.95'1C\9 
2(.72152 
.2').61'3540 
32.46393 
41.36650 
'53.61475 
70.72462 
91.9S,)4R 



, ". 9. 

N 

7 
R 
q 

1 'I 
1 1 
12 
1 "\ 
1 't 
1 'J 
1 ~) 
17 
J '1 
19 
2'"' 
71 
22 
13 
201+ 
2'5 
2t, 
27 
?R 
29 
~(\ 

? I 
12 

40 
I~ 1 

Cu-Cr 

• 3 d4? It 

.47 rq 7 

.'1'7(46 
• "i ') 307 
.5 >} 121 
• 6·:) 5~!0 
• 6f; 91"'\ 1 
.7.17313 
.qI42? 
.,'1526 
• -psH '5 
• q r; iV' fJ 

J.(.~o~1 

1.1~694 

1. ? It 2') 1 
1.~h()31 

1.511tA5 
1.6'+82') 
1.d~q66 

? ""46'-} 
).2-::'214 
?4('RQ4 
Z.6.H }57 
'2.S9772 
·~.137·19 

3.S19Q6 
~.R~57;> 

It. 2'" 412 
4.6':'31h 
5 •. '! < :3 1't 
').5188 0 

6.'"\7164 
6.5Q8'11 
7.1~.:-g57 

7.i32613 
'1."~468 
q.3·~f,?3 

1 i'. 237'"\? 
11 • ? C 7/t 6 
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33.62 ppm 

6C 

.r:'1i6 /t9 
• f .. ' 8 723 
.':'8618 
.n!-(gl~\ 

.('8':168 

.08682 

.r'873:) 

.CRS('6 

.r,,,r,l? 

.(8-:74 

.0R3')7 

.!)~193 

.f'7CJ7d 

.07755 
• 1)7 i3 ') 1 
.07435 
.07(')38 
.n7?'l9 
.I} 7 7 f:-,9 
• '"\ 7 /t'? 1 
.()6634 
.(,7120 
.j6?97 
.07033 
.05"04 
• (,6659 
.03974 

• :J520b 
.,)Sl'i3 
.n('600 
.03960 
.1"'2974 
.00998 
• C'OH48 
.07419 

-.')7346 
- • 1 ('3 7 1:J 

."573 0 

-.2f,~72 

.3 K - 12 K 

·6C/c 

2.57?71 
2.5<-)46') 
?')633~ 

2.65('13 
2.,)7R~3 

2 • ') 82 "i 1 
7.,)9674 
2."i3013 
2.'56145 
?~r1'5'+ 

?4856"i 
?.lt37r,.~ 

?37?ql 
2.3(675 
2.33')2 =\ 

2.211'52 
7.2.7177 
2.1f.f1"5 
2.31:',>97 
2.216'31 
1.98811 
2 .11 -(P.,f) 

1 • !1 73 C' .>1 

2.r.9P~<:' 

1.48R]") 
1.9~H'81 

1.1t119" 
1.'54H59 
1.51785 

.170,"6 
1.177 He' 

• q g47,,,) 
.• ?9693 
.25?2'"' 

2.2 ('66 C) 

-2.11150 0 

-l.r.S62'5 
1 • 51) ') 5 It 

'-7.97H11 

Zero Field 

C (H==O) 
Cu 

.2676A 

.~Y323 

.12927 

.:11)731 

.4:~9q7 

.42 7 /t 2 

.4751') 

.52699 

.511642 

.64257 

.f:'3AB9 
•. 7r.143 
• 7f:, d 97 
.852')0 
• '-1 It 72 '3 

1.(-1:,,622 
1.211''12 
1.",')448 
1 • ') -1 i3 2't 
1.77YCH 
2.f"'459? 
7.3S2hO 
2.73('<)2 
3.20271 
:3. K\' 1 6 (\ 
4.'5R3'3Y 
'5.491"'6 
f,. Sob') '3 
7.':)774"5 
1.750,'36 

1?.~152q 

1'5.,'Ja2iJ9 
lrl.52733 
23.11277 
?8.7C9'?,0 
35.79478 
41-:.01499 
'5 9 • d (: .:; Ii 3 
77.')n19Q 



10. 

N 

1 
2 
j 

4 

7 
i"\ 
q 

H' 
11 
1 2 
I 3 
14 
Pi 
1 {) 
17 
1H 
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Cu-Cr 33.62 ppm .3 K - 12 K 

CN = 0.0461694/T2 (mJ/K-mole Cu) 

T 

• 3'+ '503 
.~(4)16. 

.42981 
• 4:3t~6 7 
.5421 7 
.6,",1('2 

~. 67230 
• 7/.1 '3 CJ 
.glQS9 
.9"4'51 
.9;~"ill~ 

1.1".77/5 
1. 1 ,p 3'1 
1.-:/'1071 
1.43 n 4H 
1.57f.,(';Q 

1.747.78 
1.<)2410 
?11('43 
~.3?317 
). t;6fl44 
2.87?81 
3. 1 ~n?4 
3.4B"24 
3.791::)3 
4-.15')79 
4. :>71 /) (\ 
c::.t'116,j3 
5.'517(-:11 
A.1"176 
h.";h9f,l 
7. 3C 1 ~.0 
7. :n4<)') 
~. r::lsq 
"J.5('\':l,89 

lr~.4119,) 

11.3tl'564 

t,C 

.C2S7<J 

.rl2f:,44 
• ;;29 /+.'3 

'.(")3656 
.C 1+36Q 
.C4852 
.(",)')61 

.061? 1 

.G6'h)3 

.07518 

.(,8173 

.r,::J] J J 

.nQ750. 

.1('451 

.11694 

.124,)9 

.136')2 

.14419 

.15441 

.15442 

.156"!A 

.16768 

.14571 

.15d23 

.16:49 

.11474 

.13693 
• ('P18 '] ') 
.11736 
.11657 
.::>83'11 
.077A9 
• :)'5452 
• 14914 

-.(;210.7 
.137CJ7 

-.1'5665 

t,C/c 

• 76h97 
• 7 R ~/~ 7 
.S7hH? 

1.GH745 
1.29<)65 
1.44109 
1.6545A 
1.790R? 
2.,176<)7 
2.23624 
? • I t 3 09'5 
2.711')44 
? '-?t, 0 14 
3.10%7 
3~4782q 

3.7f)S72 
4.06,'173 
4.2R~91 
It. Cj 92 67 
t~. 59318 
4.66'573 
4.C)P,760 
4.334f4 
4.7(:646 
4.71'377 

'1.41ZQ6 
4.:")72B7 
2.642~9 
3.490130 
3.4A715 
2.49576 
?31G97 
1.62177 
4.4361.'3 
-.65"53 
4.1(';375 

-4.65946 

38 kOe 

.2'l.991 

.2631 n 

.3cr13 

.33952 

.3R125 

.43040 

.47762 
• S'H)44 
• S'?J6? 
.f,4Q97 
.rrno 
• RC 1 n4 
• Or)! 5R 

1. 0 101'5 
1.1<638 
1.27643 
1.46':'46 
1.67694 
1.91H97 
2.??lQ6 
2.~)ccH~ 

3.15475 
3.Rl~34 

4.49716 
'). 3')Q3 4 
6.4C'856 
7.g5R61 
0.66200 

12.C'IC78 
15.2660Q 
19.02H64 
,23.96568 
30.16 /.35 
V~.('71;H 

4R.4B857 
h2.772Cj~ 

31el0648 



11. 

N 

2 
~ 

4 

'" f-, 

q 

l,} 

1 1 
12 
1 -:I, 
I4 
] Ci 

1:., 
17 
1 " 
2 'J 
27 
21 
l4 
75 
?h 
27 
7q 
;1 

?9 
4'"1 

4] 
42 
43 
44 
{..5 
it r, 
47 
4R 
4q 

5l 
52 
51 

Cu-Cr 

T 

.i~g'3l)l 

• ,='94CT 
.]('H"3 
.124~O 

• 141'H' 
• 'J 'q ') (3 ,£, 

.1(':)53 

.llql:::' 

.1~S'-I(' 

• 1 ,. ,j r; :3 
.ll~q4 

_1.~4~7 

• nqq17 
.ltr-'51 
• l'~ 81 I) 
• 1~ 5'3 ("; 
.1')15,1 
.ll456 
.152 P 3 
.17341 
• 1 ()C:;61 
.217Hl 
• 1 :1,4 It 7 
• 1',1 ? "i 
.l')C 4 2 
.]71,)1 

• 1 '11 ~ r 
.2"255 
.22:349 
.2,'''1618 
.21141 
.2,,1')5 
.7'-1')'11 
.71122 
• 2'+()2 7, 
.2735? 
.3el?2 
.140 7 3 
.3H166 
• 4~ 31 q 

.4gl11 

.">5687 
• V'~92 
.3394 (: 
.1193Q 
.3')8')3 
• {.. 1 ("I 1 1 
.46 9 (~(1 
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21.160 ppm 

6.C 

."'3J14 

.03::42 
• ,"\ 3~ 46 
• (':' 4~' 1 
.'::'l,q6~ 

.J31l.4 
• (3 1+91 
• ,~ 3:~ (..q 

." ';), ~"':i 2 

.r~!O<j 

.,' '3 r.; 1 7 
• ,'3R~d 
• (, '31 ,) 2 
.C3177 
.(:3249 
.:']3416 
.n4028 
.('37"3<") 
• '~4 1 r, '5 
.,;4293 
.04'341 
• rll.~)'~ B 
• '"'37 It! 
.11:',)6 

• ,'4C16 
."4391 
• °41 q~-, 
.(,4493 
.04567 
.0456 /t 
.04:'H'? 
.04367 
.('5043 
.')4~}9 

.(,4333 

.(.47'56 

.(51)')9 

.~5112 

• (" 5 l(~ () 
.0r;1;>8 
.05"52 
."'527~ 

.("1')056 

.('\5121 
• ']5 r '97 
.,"'15112 
.-"51"'2 
• ,"'\50 'J7 

.06 K - .6 K 

6.C/c 

1.426(:,1 
1.437114 
1.5P15f) 
1.:S r 71 7 
1.~2 j ') ') 

1.4763A 
1 • 6/~ ':)() 1 
1. "'K264 
1.'-12(:32 
L ",1446 
1.662,"'11 
1 • 1995;~ 
1. 4fJ 61 '3 
1.59574 
1.')3551 
1.61'+15 
1.9C":\72 
1.7q073 
1.P:tR1 
7.,J28'lg 
2.05174 
2.17275 
1.71:0777 
1.~g965 

1.()r7V~ 

'?074g3 
2.07 l t71 
;).12333 
;~.15>31" 
2.15673 
2.2(-,934 
2. Y'''11 
2.3813') 
2.17341 
2.2P41'J 
2.2477Q 
2.'.(984 
2.42511 
2.41r12 
2.42311 
2.3f375b 
2.4949C} 
2.3?922 
2.42013 
2.4(,)Q3 
~.42514 

2.43499 
2.4C'362 

Zero Field 

.0647h 

.('651") 

."7512 
• 'J ~6 ':\ 5 
.(_9774 
.-'66] q 

.(,7')Hl 

.r:l24~ 

.'~:j4('\2 

.:-6Q2r~ 

• ' ~ 231 
• ""9?Q6 
.1.'':>38(' 
.(';7669 
• C 74<16 
.08670 
.1,)4g4 
.-;93n9 
.lC56") 
.11-188 
.13521 
.15')61 
.OQ3C3 
• (1t);, in 
• 1 r i+;13 
.118S8 
.13262 
.1411G2 
• 15::\('\ 2 
.14?S7 
.lh':'<'5 
.1>lU'? 
~ ?:J4 75 
• 1 /-t6:) 3 
• 1662 1 
.18016 
.2'~874 

.236')1 

.26h87 

.3f'.?29 

.34179 
• 30167 
.2(\H5'3 
.235')7 
.27149 
.2491")8 
.28567 
.32849 
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11. (continued) 

N T t-.C t-.C/c CCU(H=O) 

5' ,t .5"'), 626 • rJ 5 2 l) I, 2.46"0~ .37"5A 
'15 .5-:9ZS .(,5~nl 2.SU41 .::H141 
')6 • b 182 7 .('541H ?5t017 .4"'),700 

.. 7 • Hel17 • 0') '.49 2.5751'. .51319 

5'3 • '~1q22 .C'5I)b9 2.63164 .6')632 
1)9 .52112 • 'jS2 R3 2.49681 .367')1 
6 ;~ .6:7"" .r."}')1 2. 52 R7f~ .42863 

'» .6561·~ .C~499 2 .598 'lC .465,3 

6? .7/+561 .(,5"3,)7 2.5f809 .53332 
:':>3 .dr.;O~4 .·-:'5647 ?66Q"iS .61552 
St, .r·t.,765 .('2258 1.CA723 • (46",n 
6" .(,6604 .C?2Qr; 1.17744 .04582 
66 •. "'\~')55 • ()24 0 2 1. 135M~ .,~ 454 '3 
(-.7 .06579 • "24/+ 5 1. 15'132 • (;451) 5 
AK .('6669 .1"22.66 l. rn"R7 .04627 
~:») ."'171?7 .... 2416 1.141H" .04943 
7 i' • ('69'.;6 • 024 0 2 1 • 13497 .. n479(' 

71 .'~f,R21 .024":"11 1.16635 .('.4733 
71 .0(/)?h .r:2;>~1 1 • r: 7'HV .04804 
73 • ." 7 q,)? .'12dQQ 1.3 7e 14 • OS4 70 
74 • 1):3.j.; 9 .021H~6 1. T6,96 .('blO3 
7s · 1 0 1 1 () .0 '31 21 1 .1+ 7566 • ('. 70;)4 
7 i, .1In") .03174 1.59471 .ORl?1 
77 .13Hlr • 'J 37'39 1 • 76·71 C .09553 
78 • ('.73(' 2 .1;2')" q 1.1A550 .C'5('64 
7q· .!,d'+97 .:)2')'-'7 1.17397 .C59QR 
'H • ."'\ t1144 .(')2848 1.~4612 .(;5645 
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12. Cu-Cr 21.l60 ppm .3 K - 7 K Zero Field 
, 

N T /::,c /::,C/c Ceu(H=O) 

1+ .45975 .0,)1)06 7.64940 .32158 
5 .52216 .~5<376 2.75334 .36668 
6 .5H361 .0'56r1" 2.6844R .41163 
7 .63115 .051Qr 2.73983 .44683 
8 .7('000 .0'5736 2.71101 .49854 
() .77996 .053R9 2.78294 .55976 

1(' .116698 .05142 2.71353 .62AOe 
11. • 96 1 1 1 .OSfl8f) 2.68817 .1i)193 
1 ? 1."77'"1/- • 0 ~j:) Id~ 2.66~2.6 • Wi:1'13 
1 \ 1 • 1 ~ (j /:'.; .(,5421 2.561d2 .r3=i942 

1 '+ 1.3 r 7d6 .(,5315 2.51196 1.C0146 
15 1.43993 .05489 2.59413 1.13583 
16 1.58641 .05268 2.48951 1.28744 
17 1.7r;111 .05466 2.58339 1.47001 
1 R 1.92905 .054gB 2.598(19 1.68311 
1 <) 7.11399 .0/+9" 2.35489 1.92379 
20 2.~0740 .0526 Q 2.490?1:> 2.19838 
71 ).'52222 .05A3'3 2. /.)6427 2.53329 
)? .• t. .. 7.7"('('7 .03704 1.75(')')3 2.91600 
13 7.9')715 .(,4834 2.28441 3.3~935 
Zit 3.?SCJ73 .('33~4 1.599C'9 1.96178 
25 ].'5"308 • r)/t82 ') 2.28 0 11 ~.6A826 

z6 ~.R9q--\~ .03334 1.57583 5.61793 
27 i+.2qr85 • ("39 34 1 .8 5H94 6.85~40 

2 '3 It. 7? 2 P, n .S4411 2.nA443 d.44(,07 
29 5.21 '),':'!C • rr 551 .~t017 If:. '56983 
<0 S.7d73~ .(217,' 1.{)2564 13.43713 
31 G. 4("425 .01135 • -J ~ 6't6 17.1':}656 
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Cu-Cr 21.160 ppm .08 K - ;9 K 

CN ::; O.00028776/T2 (mJ/K-mole Cu) 

T 

• r g't4 7 
• ,-,9991 
• 11779 
• (' fn (,g 

.1.331.5 
• ('/1,)h 
• 1 1 )CF} 

.12147 
• 1 -~ "i A 7 
• nu q ~ 7 
• 1 ::->671 
.t237C:; 
.1~824 

.16441 
• 13093 
.15?C8 
.171)17 
.\9861 
.23255 
• 15419 
.176'"10 
.1<)94'5 
.22"i(ln 
.20551 
• 23M:'+ 
.272P.h 
.32('20 
.19B75 

• 2? 6f~ 5 
.?h16q 
.30351 
.3"261 
.'349A5 
.40246 
.4:'878 
.527?'5 
.59631 
.V154,J 
.31:;994 
./+1933 
• 4~412 
.SA1!"''} 

• 531"46 
.61604 
.71416 
.~1802 

.54(183 

.631('6 

.7233.8 

.BZc)02 

!::.C 

.)3443 

.'1,)<)7 
.r'43?2 
.'"'31H"; 
.,4 :L? 'i 
• .):\ ~H~ 2 
• .- 4~ -~ H 

.'::4277 

.~)416 

• '~'5611 
.1"'387'5 
.03<397 
.C'424R 
.(I~597 

~('\4?79 

• C't66 1 
.1"4797 
• n')2.?g 
.()38?'5 
.('4386 
.('478(: 
.r5127 
• Qli iF'7 
•• '"14929 

.• 04'1(;0 
• C 5 It:, 6 
."451"3 
.04473 
.(', "i0 ~C 

.05e-39 

.(·55(',9 

.,)'58C"9 

.~58i')B 

."'5341 

.:)5832 

.(,5980 

.05 /+56 
.05'155 
.f"~754 

• '':'5131R 
.('\6 ()4 7 

.(,5'S9 

.(628(" 

.r·«~B2 

.059':',2 

.06155 

.1621")R 

.'.)63'59 
• ('\5 0 24 

!::.C/c 

1. f)2 69(1 

1.~9(/71 

~.1"471') 

1 • '),. ') 2 " 
7.\'4 /tl') 

1.~R?():) 

!.)C)r'''~ 

1.~r23~' 

!. • ~; £' 1 4~ 
1 • 1-) 1/~2 ? 
1.7"; 04(-, 
1 • c1:3,t 11 
1.114177 
2.('l(761 
1.f)919] 
2.022;lA 
2.2(1296 
2.26701-., 
2 .4711 '} 
1.'3C78 0 

2.07297 
??')C)OS 
2.423'")') 
2.2715'1 
2.32q5 1) 

2.31591 
2.'5':471 
2.13285 
2.11371 
1.37714 
2.6tC)f"1 
2.A('36A 
2. 74c,4 It 

?74"i"1 
2.76'}52 
2.75608 
2.82h27 
~.57856 

2.6252 /t 
2.71',('.7 
?7495=J 
2.8578') 
2.·cH59R 
2.967133 
3.C159C; 
2.78q(l7 
2. '1C'~71 
2.93387 
3.00516 
2.7CJ97,) 

3kOe 

CCu(H=O) 

.05'153 

.n69tH 
• ,~~H41 
• ;;57') (3 
• .-. Q 21 ~~ 
• ~. t., 7'5 (, 
.-, 7 t) fH) 

.r:34(,5 
~ rq3i3~ 

JJ:191 
.07381 I 

• r. B 5.6 3 
.r9563 
.11368 
.0Cl(l'5A 
.IC'5UI 
.1211C 
.1372q 
.16(94 
.1('A63 
.12233 
.137.'37 
.1'>560 
.142')7 
.1h327 
• 181n(' 
.22706 
.11739 
.15h74 
.18111 
.21;')34 
.7('971 
.242g0 
.?AC?3 
.32C49 
.37("02 
.42071 
.2ll66 
.2r;"1J7 
.29224 
.33R74 
• V~4 7 6 
.37236 
.4V534 
.5t;922 
.'1R962 
.37992· 
.44652 
.')1626 
.59C;13 
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Cu-Cr 2'1. 160 ~)pm • 3 K - 7 1\ 

CN = o. 0461694/r (mJ/K-rno1e Cu) 

T 

.~')142 

• 1 0 -3 ,)C 
.1 .. 4511 
."irSll 
• 5':d73 
.59H'>7 
.6 l)/:)61 

.74754 

.8 V':)6 

.9(1919 
1.c,'7ey3 
1. p 773 
1.75342 
1. • 39:F'l/+ 

1.5'>676 
1.72qRi3 
1. 9;~9~6 
2.142"32 
7. -36 9 n 1 
? I)r' 522 
2.>lf,177 
1.1'1419 
-:::·.4 ?i~4 2 
\.F-~16C2 

4.19:'39 
~.(I(.'3q2 

S.f5912 
'5.6 ('f),:}(, 
6.21'36( 

/;,C 

.(7234 

.02115 

.':2314 
• ()?78':1 
."2d>33 
.('3216 
.~~3702 

.('\4176 

.~4;F)9 

.C,)226 

.:= <; 8"6 

.06311 
• ('7('97 
• (. 7 6('1.'~ 

• f'f3f:d 6 
.091!'>1 
.1:'19>35 

.lf21? 

.1C'd71 

.lCSQ2 

.1l24R 

.n9547 

.1(348 

.11"32 

.'JA151 

.091R5 

.(1':)962 

.(HC'~7 

.Jfc3'57 

/;,C/c 

l.fl"'i51 
.99)'.0 

1. ")9157 

1.31513 
1 • '3{',2 37 
1.51993 
1.74963 
1. 'H35"i 
2.3151R 
2.46 0 84 
7.74404 
?,)QlQl 
3.35398 
3.'1'1529 
1 ... OA13'.. 
4.32141 
4. 7l~96 
(+ei~26n5 

5.14()57 
<).}r588 
5.1154(.) 
4.5117') 
4. ,QQ(·1 .. 5 
5.~1371 

1.'35189 
If. 34'165 
:>.81773 
~.31143 

J .. 11 (,412 

,38 1;Oe 

CCU(H=O) 

• ?/t 44 3 
.274?4 
.?1121 
• ~S43C 
.3'YB6 
.42267 
.47335 
.53477 
• 5-'F~ 'l3 
.66193 
.741'35 
.R4("21 
.956d5 

l.r<:;"'17 
1.7")5'14 
1.'+4572 
1. tens» 
1.91',258 
2.791"9 
2 • ~) 11 70 
1.13167 
3. 72tH 3 
4.4(,('43 
5,.37744 
b.5 /+252 
7.Q0924 
c).A"',)3') 

1 ? • I .. t, 813 
15.'1<.)255 



-63-

15. Cu-Fe 81.4 ppm .3 K - 25 K Zero Field 

Two runs - before and ·after exposure to 38 kOe 

N T D.C D.C/c CCu(H=O) 

1 .3t332 .C3C53 .. 375C6 .2520~ ... 
2 .3285C .0297C .364<;1 .22753 
3 .36647 .C307C ·.37710 .2';)427 
4 .4C827 .03269 .4015<; .28381 
5 .47<;71 .03754 .461.18 .33493 
6 .39564 .03235 .39741 .27491 
7 .453(7 .03517 .43942 .31582 
8 .4<j7~<; .03948 .48502 .34782 
C; .55255 .04416 .542~5 .38771 

Ie. .tC670 .04805 .59027 .42747 
11 .66722 .05214 .64.(51 .41250 
12 .745€3 .05832 .11 t,4 7 .53203 
13 .82931 .06461 .79449 .59668 
14 .90551 .06C;45 .85319 .65712 
15 .98565 .07205 .88519 .72228 
16 1.0l11S .07823 .<;6110 .79943 
18 1.25254 .08927 1.09666 .95322 
1<; 1.382<;5 .09971 1.22496 1.01662 
20 1.52253 .10559 1.2<;120 1.2173" 
21 1.66311 .11509 1.41386 1.36815 
23 1.71382 .121C9 1.48165 1.4935<; 
24 1.93737 .13384 1.644~3 1.6<;C75 
25 2.116~S .14110 1.73342 1.<;2454 
26 2.29<;71 .147<;5 1.€1758 2.18416 
27 2.51233 .15472 1.90076 2.';142C 
2E 2.71117 .16712 2.05302 2 • .85297 
29 2.97615 .16622 2.C41<;8 3.3537~ 

3C 3.2710; .11816 2.19609 3.98312 
31 3.5'76C5 .19438 2.387<;2 4.77475 
32 3.926t2 .200~1 2.46395 5.6<;351 
33 ~.368S4 .20203 2.482CI) 1.12C19 
34 4.86331 .20316 2.4S5E1 <;.01C79 
35 ~.374C;1 .1<;558 2.40264 11.32483 
36 5.92371 .1<;154 2.42675 14.251A2 
31 6.51'tC2 .20046 2~46271 17.Sl691 
38 1.1324S .21913 2.69205 22.60700 
39 7.ti053C .21069 2.58833 28.:65G5 
40 8.485(0 .20200 2.48153 35.65363 
41 G.24874 .19155 2.35325 45.06654 
42 lC.10ge1 .23299 2.86227 51.81621 
43 11.0~2C;3 .28402 3.48919 74.7379C 
44 12.0619<; .25191 3.09467 <1£.03647 
45 13.18321 .11758 1.44444 125.02366 
46 14.';134: -.01457 -.119C5 167.56426 
47 1';.9335<; -.197<;6 -2.43188 224.40743 
48 17.52544 .34319 4.22351 304.31381 
4<; 19.2455C 1.43428 l1.62Cll 412.(;5319 
5G 21.08:)CC .01425 .17503 5~5.48715 



-64-

15. (continued) 

N T 6C tC/c CCu(H=O) 

'::> 1 2': .• 275C7 .. I.C8345 13.31016 76<;.<;0809 
1 .3/~1·4g .C2914 .3c531 .23t67 
:3 • 41065 .(,3358 .41255 .285~6 

... 
5 .49504 .0 3'B 5 .48341 .34597 
7 .60190 .04692 .57646 .42392 
S .12131 .Cc;S4S .68166 .513]3 

11. .d691C .06615 .8126{; .62E07 
1 : I.CI7<;6 .01482 .91922 .74905 
15 1.21851 .08593 1.C556C .92239 
1 7 1.46456 .10211· 1.26177 1.1578B 
1<; 1.78173 .12203 1.499C9 1.50279 
23 2.67646 .17000 2.0883<) 2.79163 
21 2.1711C .14024 1.72284 1.99955 
25 3.311~5 .19144 2.35185 4.0901 e 
27 4.C4255 .21139 2.596<;6 6.C4481 
2<; 4.84C3C .r3429 2.81823 8.91542 
31 :.68160 .20641 2.53c;78 12.90057 
~2 (;'C421t .18324 2.25106 14.94<;03 
33 f..59479 .1~921 2.4413C 18.53182 
~4 1.1624( .20688 2.54146 22.85(<;<; 
35 7.77748 .24656 3.029(1 28.29945 
36 8.462~4 .199C8 2.44561 35.40099 
37 S.201<;1 .13066 1.60511 44.44161 
32 lC.11G15 .~1351 3.360C3 51 .• B 3354 
39 11.12914 .]3944 4.17CC7 7t.e3eC / .. 
4C 12.15057 .33531 4.12002 90.12019 
41 13.3C352 .2 Ie 5 7 3.32390 128.48726 
It 2 14.61915 .• 3.,902 4.65628 171.36492 
43 16.(3179 .24818 3.04885 228.823<:15 
44 11.5<:1211 .61429 1.54661 308.06C83 
4~ 1<;.42940 .05816 10.54245 425.01081 
46 21.30t32 .58013 7.12688 575.5C167 
47 23.4058<; .83322 10.23611. 7110. 13 C tj 3 



16. Cu-Fe 81.4 ppm. .3 K -2.5 K 20 l{()e 

CN = 0.0127893/T2 (mJ/K-mo1e Cu) 

N T !::,c !::,C/c CCu(H=O) 

3 .3(:6't't .C280C .343<;9 .2542~ 

4 .3C;7<;1 .02824 .34688 .27652 
5 .43263 .C2<;78 .365·91 .30121 
6 .46737 .03485 .42EIO .32607 
7 .50762 .C3850 .47293 .35506 
8 .55249 .04538 .55753 .36766 
9 .591G4 .04686 .57573 .41~92 

Ie .64741 .05050 .62043 .45768 
11 .70721 .05428 .66678 .50264 
12 .77195 .0611 7 .75150 .5521C 
13 .845~3 .C6663 .81851 .60943 
14 .915~O .07332 .90070 .66515 
15 .99413 .OH:49 .93962 .72<128 
16 1.08223 .08032 .98678 .80321 
17 1.19CSP- .OB835 1.08532 .89744 
18 . 1.32547 .09957 1.22328 1.02114 
Ie:; 1.48257 .10956 1.34599 1.1762C 
2C 1.63764 .118<17 1.46153 1.34016 
21 1.81924 .13268 1.629<;;4 1.54688 
22 1.<;<127<; .14208 1.74547 1.7610e 
23 2.17999 .15572 1.913CB 2.0119(: 
24 2.38013 .160(8 1.96659 2.30526 



-66-

17. Cu-Fe 81.4 ppm .3 K - 2.5 K 30 kOe 

CN ~ O.028776/T2 (mJIK-mo1e Cu) 

N T I1C I1C/c CCu(H=O) 

1 .3CC;71· .02~29 .359tlB .21435 
2 .3267(; • C2<17 5 

~ 

.36'551 .22631 
3 .35077 .03136 .38529 .2432C 
4 • 37<;44 .02920 . .35e75 .~6344 

5 .41376 .C2960 .36363 .28777 
6 .4551C .03172 .38<;68 .31727 
7 .50513 .C'3582 .44008 .35326 
8 .55766 .04041 .49642 • 3<114.3 
<j .6CG63 .C4382 .53831 .42299 

10 .65617 .047C8 .57833 .46423 
11 .714C6 .05145 .63204 v.50783 
12 .783C2 .05617 .69001 .56065 
13 .85544 .06182 .75941 .61725 
14 .<;24:<; .06683 .82103 .67248 
15 1.00787 .07239 .8893l: .74.066 
16 1.0<;71<1 .01765 .953<j4 .8160C 
17 1.2C4<;8 .08188 I.CC585 .91027 
18 1.34217 .09514 1.16876 1.0370<1 
Ie; 1.4e;850 .10598 1.30198 1.19253 
2(; 1.66076 .11612 1.;42£:54 1.?t556 
21 1.':j49C7 .13017 1.59'.108 1.5824E 
22 2.C35t2 .14233 1.74855 1.81l:52 
23 2.22037 .14777 1.81538 2.C689<; 
24 - 2.4264: .15886 1.95156 2.37704 
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18. Cu-Fe 81.4 ppm .3K - 25 K 38 kOe 

CN = O.O461694/~ (mJ/K,..mo1e eu) 

N T 6C 6C/c Ceu(H=O) 

.3 .35135 .03025 .37167 .24784 
4 .37984 .02H83 .35421 .26372 
!; .40<:l3C .02923 .35911 .2E461 
6 .44312 .C3030 .37220 .3C81C 
7 .48359 .03328 .40883 .33772 
8 .5333.6 .0365'1 .44948 .37373 
9 .57~e2 .03<i96 .490'16 .40473 

10 .t:2<;26 .04395 .531187 .44418 
11 .t'72c6 .04744 .S82el .49163 
12 .77286 .05374 .66019 .5528C 
13 .A6EC3 .C6047 • 74285 .62122 
14 .96028 .06573 .80748 .70146 
15 1.04tC5 .07152 .87859 .71258 
16 1.14645 .07624 .93c61 .858S8 
17 1.2648C .08629 1.06009 .96445 
18 1.31154<; .0(H;22 1.18?OI 1.C8894 
19 1.53211 .10369 1.21378 1.22738 
20 1.(;<;786 .11807 1.45047 1.40685 
21 1.83648 .12754 1.S6685 1.56739 
22 1.99954 .13730 1.68678 1. 76 '107 
23 2.18941 .14499 1.78122 2.C2526 
24 2.41802 .15765 1.93c74 2.36386 
25 2.61151 .16593 2.03839 2.78296 
2(; 2.961c9 .17344 2.13076 3.32488 
27 3.31253 .18925 2.32489 4.07875 
2E .3.67746 .19672 2.41671 4.98995 
29 Lj.03458 .2C997 2.57950 6.C2C15 
3C 4.41848 .20830 2.5~895 7.29500 
31 Lj.E24S8 .21713 2.66738 ,8.85068 
32 5.2t531 .20316 2.49584 10.79692 
33 ~. 757C6 .. .20803 2.S5561 13.31130 
34 6.23678 .20246 2.48723 16.14826 
3~ (;.71829 .21105 2.59280 IS.86033 
36 7.35937 .21873 2.93275 24.50522 
31 7.99157 .24518 3.012C3 30.3(n15 
38 E.68542 .24811 3.04804 37.96625 
39 <;.524C5 .33«;71 4.17340 48.88435 
40 1C.47756 .31264 3.84078 63.99065 
41 11.3«;917 .25116 3.08551 81.46Y05 
42 12.373tl .34113 4.19074 103.51«;3E 
43 1:!.5635C .12533 1.53<;68 136.22522 .. 
44 14.86104 .12819 1.51483 180.31174 
45 1(;.31889 .30168 3.7C620 242.11714 
4(; 17.913C3 .29523 3.626<14 326.56712 
47 1<;.811C7 .91412 11.23002 452.8573<1 

.48 21.95167 1.45899 17.923(;5 635.6e597 
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19. Cu-Fe 195 ppm .3 K - 25 K Zero Field 

N T 8.C 8.C/c Ceu (I-I=O) 

1 .35372 .01443 .38171 .24528 
2 .3<718C .(7839 .402Cl .27219 
~ .44001 .08562 .43SC8 .30648 .J 

4 .49('2'7 .09545 .4SQ51 .342')5 
5 .546t;C .10554 .54121 .38359 

-7 .38871 • C 17 39 .39686 .27COO 
8 .42447 .08361 .42815 .295'tC 
<J .4666C .09043 .46312 .32551 

10 .5112e .CC,'750 .51021 .35165 
11 .555C5 .10764 .552CO .38953 
12 .59653 .11466 .5a8el .41996 
13 .648Ce .12346 .63312 .45818 
14 .72CC8 .13526 .f:93~7 .51240 
15 .802C8 .15064 .77253 .57543 
It .87570 .16152 .82833 .63331 
17 .95164 .17423 .893S0 .69442 
18 1.C2983 .18664 .95714 .75896 
19 1.11831 .19827 1.01t74 .83417 
20 1.22529 .21618 1.10863 .'7285C 
21 1.33292 .235C3 1.20530 1.02824 
22 1.44574 .25615 1.31358 1.13888 
23 1.565S4 .26f44 1.36637 1.26298 
24 1.73111 .29CC2 1.48730 1.44446 
25 1.9C846 .31023 1.59092 1.65481 
26 2.09616 .33058 1.69527 1.89711 
27 2.32338 .34955 1.7'7258 2.21934 
28 2~55764 .3.75<74 1;.92788 2.58874· 
29 2.d15€l .3St29 2.03226 3.04315 
3C 3.08184 .41137 2.10961 3.57C35 
31 3.3615t .4~186 2.21468 4.19335 
32 3.65078 .45301 2.32310 4.91865 
33 3.99717 .46289 2.373AO 5.90543 
34 4.38004, .48906 2.50802 7.15909. 
35 4.75764 .49206 2.52336 8.57891 
36 ':.16<;2E .49623 2.54477 10.34912 
37 5.68710 .47856 2.45417 12.93C17 " 
38 6.18454 .49945 2.56127 15.81911 
3'1 t..744C4 .47767 2.44<;58 19.60835 
40 7.31541 .51211 2.62619 24.12874 
41 7.964tl .54857 2.81320 30.12106 
42 E.749C4 .603~2 3.C91C4 38.7228e 
43 S.6352<; .47d83 2.4'>554 50.4989<1 
44 lC.5791C .5BS8<7 3.00451 I 65.17033 
45 11.5655<; .47312 2.42624 84.96043 
46 12.62<;C4 .5060Q 2.59531 109.<;7328 
47 13.844E4 .29574 1. 5 1.6 f: 3 144.<;<1481 
48 15.066g4 .44160 2.26462 188.2078C 
4<; 1t.3<;8<;5 .46105 2.36435 245.92482 
50 17.89905 • 26016 1.33121 325.744qg . 

1"1 51 1<;.50356 -.81688 -4.18914 43C.32019 
I 
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20. Cu-Fe 195 ppm .3 K - 2.5 K 20 kOe 

CN = 0.0127893/T2 (mIlK-mole Cu) 

" b.Clc CCu(H=O) N T b.C 

1 .33923 .C6607 .33883 .23514 
2 .35752 .C1120 .36510 .24795 
':I .38117 .01306 .37407 .26Lt66 -' 

Lt .40717 .0.1660 .3S2€4 .28309 
5 .4"150<; .08111 .41594 .3C297 
(: ~4665C .08586 .44032 .32544 
1 .5073 € .C9560 .49024 .35489 
8 . .55148 .10529 .53«;93 .39131 
S .615f:4 .11307 .57981 .43422 

10 .67935 .129C7 .66188 .48161 
1 1 .749<;5 .14286 .73263 .53519 
12 .82881 .157<.17 .81012 .59629 
13 .92387 .17499 .89740 .6718<; 
14 i.CIGCe .1884(; .96646 .14243 
15 1.107~1 .20294 1.0407C .8248(; 
16 1.21950 .22130 1.13487 .<j2329 
17 1.353e3 .24230 1.24255 1.04831 
18 1.498C3 .2633tl 1.35065 1.19205 
IS 1.64<;3C .28581 1.4656<; 1.35294 
2C I.822E7 .31146 1.59726 1.5511S 
21 2.01657 .33540 1.72000 1.7917C 
22 ~.218tq .3'3642 1.82778 2.06659 
23 2.43441 .37777 1.93728 2.38952 
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21. Cu-Fe 195 ppm .3 K - 2.5 K 30 kOe 

CN = 0.O287761¥ (mJ/K-mole Cu) 

N T fjC fjC/c CCu(H=O) 

1 • .33C1€ .06571 .336<16 .2287?. 
2 .34617 .066<14 .34326 .23<;<16 
.3 .36473 .06778 .34758 .25305 
4 .38628 .C6.813 .35246 .26828 
5 .4122<; .07270 .37282 .28673 
t .• 44 C3 S .07748 .3(17 31 .30675 
7 .47213 .08281 .42468 .32<14<; 
8 .51229 .09065 .4648<1 .35844 
<1 .5634C .09<164 .51CSQ .39563 

10 .61876 .10974 .56275 .43639 
~ 1 .67728 .12056 .61827 .48005 
12 .74512 .13250 .67947 .53149 
13 .A2849 .14921 .76518 .5<1604 
14 .SIE37 .16180 .82973 .66746 
15 .<;983C .17440 .8g435 .73273 
16 1.0<1009 ;.1~793 .96374 .809<12 
17 1.20tl:8 .2C584 1.C5557 .91179 
18 1.33420 .22790 1.16874 1.02946 
1«.] 1.46287 .24690 1.2661tl 1.15617 
2C 1.60228 .26796 1.37417 1.3C181 
21 1.77C58 .29383 1.50681 1.4B.982 
22 1.96214, .32170 ' 1.64<172 1.72193 
23 2.19411 .34759 1.78252 2.03263 
24 2.44274 .377C8 1.93376 2.40265 
25 2 • 6 <;,1 S. 1 .40361 2.06<;19 2.81882 

22. Cu-Fe 195 ppm .3 K - 2.5 K 38 kOe 

cN = 0.0461694~ (mIlK-mole eu) 

N T fjC fjC/c Ceu(H=O) 

1 .33167 .06318 .324(}2 .22<;76 .. 
£ .3441C • 06793 .34834 .23850 
3 .35947 .0668.4 .~4276 .24<133 
4 .37ti58 .06868 .35221 .262A3 
5 .4C837 .07082 .36320 .2A394 
6 .44348 .07567 .38807 .3C896 
7 .4873<; .Otl303 .42579 .34046 
8 .54618 .092<17 .47679 .38306 
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23. Cu-Fe 640 ppm .06 K - 1 K Zero Field 

by J. C. F. Brock 

N T ,I1C I1C/c CCu(H=O) 

!" 1 .06619 .11916 .18619 .04596 
1,1 .06682 .11414 .11834 .04598 

2 .01216 .12819 .20029 .04966 
12 .01211, .12612 .lq801 .04967 

3 .01768 .13636 .21306 .05346 
4 .0,8305 .14011 .21902 • ~5116 
5 .08819 .14173 .23083, .06070 

15 .08821, .14512 .22169 .06012 
6 .09609 .16009 .25013 .06615 
1 .10381 .11036 .26619 .07151 
8 .11144 .11930 .28016 .01613 
9 .11936 .18922 .29566 .08219 

10 .12912 .20169 .31')13 .08892 
12 .15156 .22640 .35314 .10441 
13 .16512 .23921 .37385 .11420 
14 .18136 .25239 .39437 .12502 
15 .19198 .26259 .41030 .13652 
16 .21103 .21306 .42665 .14913 
11 .23842 .28521 .44564 .16459 
18 .21118 .30112, .41143 .18141 
19 .30116 .31588 .49356 .20819 
20 .33634 .33330 .52019 .23304 
21 .31291 .35241 .55064 .25882 
22 .01903 .13645 .21320 .05440 
23 .08628 .14626 .. 22,8 53 .05939 
24 .09294 .15505 .24221 .06397 
25 .12549 .19111 .30198 .08641 
26 .13561 .20163 .32443 .09340 
28 .15860 .23211 .36360 .10928 
29 .11083 .23164 .31131 .11113 
30 .18544 .25304 .39531 .12184 
31 .19920 .26136 .40838 .13131 
32 .21429 .21002 .42190 .14183 
33 .23210 .28169 .44014 .16020 
34 .25002 .28950' .45234 .11266 
35 .21019 .30229 .41234 .18672 
36 .29464 .31264 .48850 .20380 
31 .32314 .32643 .51005 .22419 
38 .36344 .34551 .539<)6 .25213 
39 .41316 .31056 .57900 .28718 
40 .46868 .39948 .62419 .32101 
41 .53221 .43398 .67809 .31289 
42 .60635 .41489 .14201 .42120 
43 .70051 .52496 .82026 .49161 
44 .19641 .51310 .89640 .57102 
45 .93451 .63134 .99585 .68054 
46 1.08648 .69563 1.08692 .80684 
41 .33215 .32904 .51412 .23052 
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23. (continued) 

N T llC !::.C/c CCu(H=O) 

48 .36651 .34636 .54119 .25430 ... 
4q .4012Q .36557 .51120 • 218Q2 
50 .43Qll .38451 .60089 .30584 

:52 .52514 .43123 .67380 .36775 
53 .51944 .46092 .12018 .40739 
54 .63929 .• 49056 .76650 .45164 
55 .71206 .52748 .82419 .50630 
56 .78871 . .56804 .88751 .56505 
57 .86418 .60529 .·Q4511 .62416 
58 .94910 .64659 1.01030 .69235 
59 1.04198 .69390 1.08421 .16915 
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24. Cu-Fe 640 ppm .3 K - 25 K Zero Field 

N T 6C 6C/c CCu(H=O) 

1 .34844 .33775 .52773 .24156 
2 .4·0072 .36243 .56629 .27851 
3 .34097 .32706 .51103 .23630 
'4 .39316 .35911 .56110 .27315 
5 .43750 .38135 .59586 .30469 
6 .49275 .41111 .64236 .34432 
7 • 55469 .44500 . .69530 .38927 
8 .60253 .47106 .73603 .42439 
9 .66182 .50157 .78310 .46846 

10 .72229 .53370 .83391 .51407 
11 .18369 .56530 .88329 .56116 
12 .84552 .598(:0 .93438 .60942 
13 .91836 .63296 .98900 .66745 
14 .99902 .67187 1.04919 .73332 
15 1.10316 .71857 1.12276 .82112 
16 1.21872 .76656 1.19715 .92258 
17 1.33992 .81841 1.27885 1.03494 
18 1.48881 .87898 1.37341 1.18258 
19 1.61162 .92741 1.44908 1.,31188 
20 1.75583 .98002 1.53128 1.47278 
21 1.91893 1.03202 1.61253 1.66777 
22 2.09655 1.08644 1.69756 1.89744 
23 2.31002 1.14050 1.78204 2.19943 
24 2.53611 1.19667 1.86919 2.55312 
25 2.12923 1.23115 1.92368 2.88527 
26 3.00883 1.27779 1.99655 3.41964 
27 3.32564, 1.34096 2.09526 4.10916 
28 3.88809 1.41313 2.20802 5.58019 
29 4.30862 1.45232 2.26926 6.91155 
30 4.71227 1.49324 2.33319 8.63780 
31 5.30179 1.52119 2.31685 10.97061 
32 5.88948 1.50907 2.35193 14.05481 
33 6.39291 1.55762 2.43378 11.16015 
34 6.94826 1.58022 2.46909 21.14605 
35 1.58263 1.62669 2.54110 26.48260 
36 8.21790 1.69914 2.65491 33.31343 
31 9.03051 1.61578 2.52466 42.20651 
38 9.87367 1065211 2.58142 54.09343 
39 10.77472 1.70466 2 .. 66354 69.29146 
40 11.75409 1.50622 2.35341 89.04777 
41 12.84711 1.65294 2.58271 115.71981 
42 14.12415 1.22554 1.91491 154.14080 
43 15.53176 1.44281 2.25440 207.01492 
44 17.08614 1.14805 1.19383 280.43749 
45 18.92689 2.34868 3.66981 390.29789 
46 21.12296 .22191 .34613 559.24511 
47 23.53355 -.21140 -.33969 797.34384 
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25. Cu-Fe 640 ppm .3 K "'- 1 K 1 kOe 

CN = 0.00003197IT 2 (mJ/K-ITDle Cu) 

N T /:c,.C /:c,.C/c CCu(H=O) 

1 .33149 .34907 .54542 .23386 
2 .33680 .34671 • 54173 .23331 .. 
::\ .38092 .37063 .57912 .26448 
4 .42481 .39273 .61364 .29564 
5 .46811 .41478 .64810 .32660 
6 .51348 .44004 .68756 .35931 
7 .54931 .45812 .71581 .38539 
8 .59904 .48391 .75612 .42181 
9 .65303 .51112 .79863 .46188 

10 •. 71688 .54391 .84981 .50997 
11 .79339 .58270 .91046 .56868 
12 .87614 .62301 .91345 .63413 
13 .97628 .61069 1.04195 .71457 . 
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26. Cu-Fe 640 ppm .3 K - 8 K 3 kOe 

~ = 0.00028776/T2 (mJ/K-mole eu) 

N T f1C f1c/c Ceu(H=O) 

1 .36318 .36847 .57574 .25195 
2 .40792 .39689 .62015 .28362 
3 .44587 .42082 .65753 .31061 
4 .35990 .36675 .57304 .24964 
5 .39796 .38955 .60861 .27656 
6 .43857 .41550 .64922 .30545 
7 .48035 .44139 .68968 .33539 
8 .51922 .46636 .12869 .36346 
9 .56558 .49408 .77200 .39723 

10 .62246 .52699 .82343 .43913 
11 .68743 .56127 .87698 .48769 
12 .76257 .60003 .93751) .54488 
13 .85109 .64760 1.01187 .61381 
14 .95546 .69668 1.08857 .69753 
15 1.05451 .73840 1.15376 .77970 
16 1.17161 .78812 1.23238 .88065 
17 1.29704 .84206 1.31571 .99431 
18 1.52732 .93158 1.45560 1.22238 
19 1.42299 .88672 1.38550 1.11614 
20 1.59871 .94939 . 1.48342 1.29797 
21 1.76915 1.01543 1.58660 1.48818 
22 1.98124 1.07910 1.68610 1.74621 
23 2.21180 1.13723 1.77692 2.05679 
24 2.47682 1.20513 1.88396 2.45683 
25 2.75179 1.26005 1.96883 2.92597 
26 2.98839 1.30372 2.03107 3.31832 
27 3.30341 1.35274 2.11366 4.05170 
28 3.64314 1.41422 2.20911 4.89831 
29 3.99854 1.45828 2.21856 5.90961 
30 4.40886 1.49530 2.33641 1.26083 
31 4.86730 1.52619 2.38467 9.02736 
32 5.37365 1.54252 2.41019 11.31862 
33 5.91630 1.54188 2.41857 14.2Q902 
34 6.42281 1.55306 2.42665 11.35958 
35 1.02225 1.59815 2.49805 21.72432 
36 1.64271 1.68944 2.63974 21.03351 
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27. Cu-Fe 640 ppm .3 K - 25 K 10 kOe 

~ = 0.00319731!2 (mJ/K-mo1e Cu) 

N T I1C I1C/c . Cc (H=O) u . 

1 • 32654 '. .28819 .45029 .22616 
2 .37979 · .32804 .51256 .26369 
3 .42811 .36352 .56800 .29803 
4 .41512 · • '39932 .62393 .33201 
5 .52932 .44082 .6Sg18 .31019 
6 .59519 .48134 .76148 .41898 
7 .68801 .54991 .85923 .48813 

11 .73228 · .51915 .90586 .52168 
12 .81622 .63296 .98901 .58644 
13 .91219 .69041 1.01616 .66248 
14 1.02769 .15361 1.11152 .15111 
15 1.15494 .81743 1.21123 .86601 
16 1.26996 .87113 1.36114 .• 96919 
11 1.40180 .• 93224 1.4566~ 1.09516 
18 1.54105 .99020 1.54119 1.24303 
19 1.10685 1.05540 1.64901 1.41691 
20 . 1.86153 1.10586 1.72190 1.60475 
21 2.02424 1.15614 1.80141 1.80161 
22 2.20531 1.20064 1.81599 . 2.04760 
23 2.36385 1.24326 1.94259 2.28038 
24 2.58365 1.29284 2.02006 2.63224 
25 2.82603 1.33981 2.09354 3.06286 
26 3.08512 1.37832 2.15363 3.51849 
21 3.31015 1.42971 2.23392 4.21361 
28 4.03056 1.50990 2.35922 6.00111" 
29 3.69485 1.46722 2.29253 5.03684 
30 4.03102 1.50931 2.35830 6.02169 
31 4.44051 1.54554 2.41491 1.31375 
32 4.88162 1.56103 2.44849 9.08116 
33 5.31992 1.59353 2.48990 11.05110 
34 5.81112 1.55307 2.42668 13.61468 
35 6.33451 1.62601 2.54064 16.11636 
36 7.01523 1.63861 2.56033 21.66896 
31 1.17014 1.69520 2.64816 28.22949 
38 8.59181 1.6'5159 2.58998 36.81218 
39 9.45305 1.64522 2.57066 47.81630 
40 10.34486 1.66140 2.60532 61.71633 
41 11.34148 1.79350 2.80234 80.40643 
42 12.38914 1.75379 2.14030 103.90358 
43 13.62521 1.64367 2.56824 138.11319 
44 15.11916 1.91699 2.99529 190.21630 
45 16.82868 1.87351 2.92745 261.11201 
46 18.19718 2.14062 3.34412 381.72166 . 
47 21.00295 2.16545 3.38352 548.79492 
48 23.18052 3.04238 4.75312 159.95651 
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28. Cu-Fe 640 ppm .3 K -1 K 18 kOe 

CN = 0.010359/T
2 (mJ/K~rrole Cu) 

N T llC llC/c CCu (H=O) 

1 .3152C .24669 .38546 .21820 
2 .34471 .26481 .41376 .23893 
3 .39933 .30175 .47149 .27752 
4 .45064 .33727 .526<;9 .31408 
5 .49612 .3!:944 .57725 .34(:75 
6 .543 S2 .40417 .63151 .38141 
tl .34013 .26092 .4C770 .23571 
<; .37609 .28618 .44716 .26101 

10 .41385 .31136 .48650 .28784 
11 .45341 .33916 .529<;3 .3160 t 
12 .49422 .36789 .57483 .34538 
13 .54315 .40373 .63C83 .3eC85 
14 .59926 .44336 .69275 .42198 
15 .65544 .48041 .75C64 .46368 
16 .72392 .52678 .82309 .51532 
17 .8C4~3 .57985 .90601 .57734 

,'I 
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29. Cu-Fe 640 ppm .3 K - 3 K 24 kOe 

CN = O. 018417;ri (mJ/K~mole Cu) 

f:..C/c Ceu(H=O) '. N T f:..C 

1 .32967 .23797 .37183 .22836 
2 .35625 .25459 .39780 .24706 
3 .38944 .27424 .42850 .27051 
4 .42143 .29602 .46253 .29324 
5 .45843 .31910 .49860 .31966 
6 .50449 .35128 .54887 .35280 
7 .54611 .37973 .59333 .38301 
8 .33896 .24071 .31621 .23489 
9 .36770 .26224 .40975 .25514 

10 .40364 ~28361 .44315 .28059 
11 .44017 .30806 .48134 .30660 
12 .5887'5 .40810 .63860 .41423 
13 .64254 .44246 .69134 .45405 
14 .69975 .41917 .14870 .49699 
15 .76298 .51937 .81152 .54519 
16 .84481 .51211 .89402 .60891 
17 .92579 .62181 .97158 .61344 
18 1.01404 .67285 1.05132 .74579 
19 1.10593 .72405 1.13133 .82350 
20 ,1.21872 .78109 1.22045 .92258 
21 1.35815 .85567 1.33698 1.05248 
22 1.51185 .93266 1.45728 1.21253 
23 1.69842 1.01701 1.58908 1.40749 
24 1.91707 1.10928 1.73325 1.66545 
25 2.16864 1.20115 1.81680 1.99613 
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30. Cu-Fe 640 ppm .3 K- 2 K 30 kOe 

C1J = o. 028776/~ (mJ/K-mole Cu) 

N T !::.C !::.c/c CCu(H=O) 

1 .32112 .18444 .29819 .22651 
2 .• 34118 .19455 , .30399 ,.24061 
3 .31294 .20158 .32434 .25884 
4 .40082 .22210 .34196 .2.1858 
5 .43012 .23899 .37343 .29985 
6 .46225 .25637 .40051 .3224C 
1 .49275 .27532 .43018 .34432 
8 .52801 .29533 .46146 .36984 
9 .56141 .31864 .49788 .39857 

10 .60924 .34356 .53681 .42934 
11 .66405 .37419 .58467 .41012 
12 .70681 .39799 .62186 .50238 
13 .75634 .42664 .66663 .54009 
14 .82114 .46285 .12320 .59029 
15 .88112 .49934 .78021 .64240 
16 .96420 .54000 .84315 .10467 
11 1.05347 .58736 .91776 .77883 
18 1.15339 .63508 .99231 .86465 
19 1.26199 .68982 1.07785 .96187 
20 1.38259 .75112 1.11363 1.01621 
21 1.50853 .79988 1.24981 1.20288 
22 1.65289 .81126 1.36134 1.35688 
23 1.80205 .93841 1.46636 1.52658 
24 1.96924 1.00450 1.56954 1.73093 
25 2.16008 1.06829 1.66921 1.98423 
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c 

31- Cu-Fe 640 ppm .3 K - 2 K 33 kOe 

C == N 
O.034819/T2 (mJ/K-rnole CU) 

'. 
N T /),c /),c/c Ceu(H=O) 

1 .30834 ' .15829 .24732 , .21340 
2 .33185 .18311 ,.28611 .22989 
3 .36006 .19602 .30628 .24975 
4 .39350 .21320 .33312 .2733'9 
5 .43189 " .23325 .36446 .30068 
6 .47237 .25552 .39925 .32966 
7 .51983 .28300 .44219 .36391 
8 .51739 .31446 .49134 .40588 
9 .66204 .36193 .56551 .46862 

10 .74762 .40932 .63956 .53341 
11 .82914 ' .45450 .71015 .59655 
12 .92719 .50815 .79398 .61457 
13 1.01671 .55348 .86481 .74806 
14 1.11581 .60273 .94176 .83201 
15 t.21279 .64194 1.01241 .91726 
16 1.31565, .70131 1.09579 1.01183 
17 1.42127 .75223 1.17536 1.11443 
19 1.66637 .86914 1.35804 1.31176 
20 1.80554 .92506 1.44540 1.53069 
21 1.95103 .98165 1.53384 1.10790 
22 2.11385 1.09690 1.71391 1.92082 
23 2.29361 1.09327 1.70824 2.17515 
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32. Cu-Fe 640 ppm .3 K - 25 K 36 kOe 

~ = 0.04l438/T2 (mIlK-mole Cu) 

N T I1C I1C/c CCu(H=O) 

·1 .31560 .16539 .25842 •. 21848 
2 .35129 .22450 .35019 .24351 
3 .39142 .24113 .38107 .27192 
4 .43334 .21109 .42358 .30172 
5 .48414 .30110 .41041 .33812 
6 .54463 .33851 .52902 .38193 
7 .59666 .36994 .51803 .42006 
8 .65129 .40544 .63350 .46506 
9 .71695 .43925 .68632 .51002 

10 .78241 ·.47808 .14699 .56018 
11 .85564 .52011 .81361 .61140 
12 .92617 .56001 .87501 .61375 
13 1.01057 .60500 .94531 .74290 
14 1.09652 .64833 1.01302 .81542 
15 1.19277 .69999 1.09314 .89939 
16 1.30188 .75815 1.18460 .99884 
17 1.43638 .82579 1.29029 1.12950 
18 1.58050 .89450 1.39166 1.27846 
19 1.74880 .q1534 1.52397 1.46469 
20 1.91632 1.04942 1.63972 1.66453 
21 2.08196 1.10931 1.73329 1.81785 
22 2.30821 1.19346 1.86418 2.19675 
23 2.48636 1.25603 1.96254 2.41215 
24 2.12907 1.33412 2.08456 2.88498 
25 2.99498 1.40526 2.19513 3.39161 
26 3.21365 1.46999 2.29685 3.98954 
27 3.56960 1.53108 2.40169 4.10635 
28 3.88540 1.59481 2.49189 5.51234 
29 4.21280 1.63363 2.55255 6.58941 
30 4.58284 1.68218 2.62934 1.89798 
31 4.91593 1.70956 2.61119 9.48818 
32 5.39954 1.13345 2.70851 11.44593 
33 5.88090 1.72141 2.68979 14.00571 
34 6.40484 1.11270 2.16984 17.23931 
35 1.C9205 1.82212 2.84706 22.28023 

\. 36 7.82295 1.87084 2.92318 28.73602 
37 8.54501 1.83646 2.86941 36.33555 
38 9.31537 1.83121 2.86126 45.96854 
39 10.18610 1.88419 2.94405 59.01073 
40 11.19150 1.91772 2.99643 11.26183 
41 12.19319 1.96411 3.06892 99.15014 
42 13.28112 1.84816 2.88869 127.85388 
43 14.60318 1.69615 2.65117 170.80794 
44 16.14912 1.67115 2.62148 234.21612 
45 17.84580 1.90146 2.98040 322.62529 
46 19.85685 1.45179 2.26841 456.28655 
41 21.98920 1.33755 2.08992 639.31749 
48 23.88557 .58751 .911qq 835.18179 
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33· Cu-Fe 640 ppm .3 K .... 2 x 38 kOe 

CN = 0.0461694/~ (mJ/K-mole Cu) 

N T !:;'c !:;'c/c Ceu(H=O) 
1 .30't43 .13611 ' .21310 .21065 
2 .32110 .17653 .21583 .22234 

,3 .34124 .18231 .28481 •. 23649 
4 .36501 .19256 .30088 .25324 
5 - .40212 .20630 .32235 .21993 
6 .43186 .22515 .35180 .30495 
7 .41154 .24606 .38446 .33331 
8 .52811 .27531 .43017 .36991 
9 .59001 .30876 .48244 .41520 

10 .65224 .34063 .53223 .46129 
11 .71416 .37325 .58320 .50790 
12 .78529 .41146 .64290 .56240 
13 .86211 .45236 .70681 .62300 
14 .92078 .4tU90 .7,5297 .66940 
15 1.00006 .52239 .81623 .73418 
16 1.08645 .56251 .87893 .80682 
17 1.19088 .61453 .96020 .89770 
18 1.30051 .66758 1.04310 .99756 
19 1.41983 .72383 1.13098 1.11300 
20 1.56861 .78773 1.23083 1.26580 
21 1.70559 .85543 1.33661 1.41555 
22 1.85295 .91621 1.43158 1.58714 

'23 1.99212 ' .97391 1.52183 1.76091 
24 2.14441 1.02658- 1.60403 1.96259 
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34. Cu-Fe 2560 ppm .3 K - 25 K Zero Field 

N T !1C !1C/c. CCu(H=O) 
, 

1 .48325 1.28208 .50081 .33748 
2 .53003 1.41308 .55199 .37131 
3 .59176 1.51955 .61701 .41645 
4 .65350 1.74655 .68225 .46223 
5 .72219 1.93670 .75652 .51400 
6 .80192 2.15845 .• 84315 .57531 
7 .88477 2.38881 .93313 .64053 
8 .96325 2.60094 1.01599 .70389 
9 1.04330 2.81710 1.10043 .77026 

10 1.14751 3.09344 1.20838 .85951 
11 1.27780 3.43569 1.34201 .97643 
12 1.41249 3.79339 1.48179 1.10572 
13 1.54447 4.12274 1.61045 1.24032 
14 1.68858 4.46586 1.74448 1.39646 
15 1.86539 4.85972 1.89833 1.60215 
16 2.06237 5.26149 2.05527 1.85176 
17 2.28671 5.60907 2.19104 2.16500 
18 2.55007 5.84284. 2.28236 2.57618 
19 2.83487 5.95155 2.32482 3.07945 
20 3.15668 5.96334 2.32943 3.72984 
21 3.52228 5.95417, 2.32585 4.58577 
22 3.88422 5.92228 2.31339 5.56889 
23 4.26225 5.86429 2.29074 6.75426 
24 4.66999 5.80330 2.26691 8.232Jl 
25 5.07016 5.74597 2.24452 9.90110 
26 5.52007 5.65238 2.20796 12.05222 
27 5.92147 5.56171 2.17254 14.27360 
28 6.46137 5.49476 2.14639 17.61832 
29 7.01969 5.44299 2.12611 21.7041(' 
30 7.65614 5.40661 2.11196 27.15790 
31 8.32285 5.32774 2.08115 33.85904 
32 9.05537 5.33576 2.08428 42.52510 
33 9.93974 5.33983 2.08587 55.12176 
34 10.88230 5.34907 2.08948 71.29357 
35 11.81358 5.33514 2.08404 90.36771 

'" 36 12.85416 5.01376 1 .. 95850 115.90913 
37 13.92113 4.49240 1.75484 147.44563 
38 15.23656 4.58735 1.79193 194.91144 
39 16.95886 4.23074 1.65263 273.78780 
40 18.78536 4.25874 1.66357 380.91047 
41 20.69696 3.67364 1.43501 522.79947 
42 22.80264 4.61785 1.80385 720.68889 
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35. Cu-Fe 2560 ppm .3 K- 25 K 38 kOe 

CN = 0.0461694;¥ (mJ/K-roole Cu) 

N 'T t:.c t:.c/c CCu(H=O) 
1 .35426 .79179 .31164 .24566 
2 .38440 .84863 .33150 .26694 
3 .42145 .90599 .35390 .29325 
4 .45865 .98744 .38572 .31982 
5 .50456 1.08138 .42242 .35285 
6 .55986 1.20012 .46880 .39304 
7 .62079 1.32940 .51930 .43789 
8 .68210 1.45111 .56107 .48361 
q .75561 1.61083 .62923 .53953 

10 .82353 1.14671 .68231 .59216 
11 .90904 1.91179 .74619 .65995 
12 1.00521 2.10169 .82091 .13845 
13 1.10216 2.21418 .88858 .82021 
14 1.20911 2.4,1261 .96589 .91396 
15 1.33186 2.10220 1.05555 1.03296 
16 1.44891 ,2.89504 1.13081 1.14208 
17 1.58191 3.11016 1.21490 1.28003 
18 1.11348 3.30855 1.29240 1.42446 
19 1.84986 3.51910 1.31465 1.58342 
20 2.00991 3.13381 1.45852 1.18314 
21 2.1181,7, 3.94061 1.53933 2.00941 
23 2.33849 4.11631 1.60193 2.24200 
24 2.54873 4.35314 1.70045 2.51396 
25 2.80248 4.60130 1.19738 3.01895 
26 '3.08864 4.834,05 1.88830 3.58463 
27 3.38261 5.01612 1.98286 4.24341 
28 3.71308 5.30463 2.07212 5.08636 
29 4.09654 5.51182 2.15305 .6.21316 
30 4.49928 5.11686 2.23315 7.58691 
31 4.93158 5.89399 2.30234 9.29804 
32 5.42266 6.04319 2.36086 11.56048 
33 5.90560 6.13146 2.39510 14.14731 
34 6.43822 ' 6.23141 2.43649 11.46238 
35 1.00560 6.36234 2.48529 21.59321 
36 7.58111 6.46901 2.52698 26.52936 
37 8.22199 6.48536 2.53334 32.84013 
38 8.98180 6.58962 2.51401 41.66322 

.., 

39 9.89808 6.63964 2~59361 54.41175 
40 10.93158 6.63630 2.59230 12.22158 
41 11.94695 6.55165 ' 2.55924 93.37926 
42 13.05121 6.23994 2.43148 121.30248 
43 14.34151 5.11395 2.23201 161.52224 
44 15.83956 5.92224 2.31331 220.24081 
45 17.42018 5.22801 2.04221 298.46264 
46 19.26105 5.11643 2.25642 413.13715 
41 21.56548 5.09198 1.99140 599.11311 
48 23.18026 2.19898 1.09335 823.81398 
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F. RESULTS AND DISCUSSION 

1. Kondo State Heat Capacity in Cu-Cr 

The heat. capacity of the Kondo state was determined by plotting 

!:!.C/c (J /mole -impurity) versus log T. This representation is convenient 

because it allows graphical integration to obtain the entropy associated 

with the peak while compressing the very broad transition. Moreover, 

theoretical calculations indicated the approximate symmetry of !)'C/c 

as a function of log T. The zero field data for all three Cu-Cr samples 

are pre sented in Fig. 10 with the theoretical curve of Bloomfield and 

24 .. . 5 
Hamann (curve b of Ref. 24, D = 10 K and" = -0.105 calculated for 

spin 1/2). The Bloomfield-Hamann curve has been scaled vertically to 

agree with the peak height of the experimental data and then shifted to 

give a best fit to the data. The Kondo temperature determined by the fit 

is T K = 2.11 K in excellent agreement with the recent estimate 
4 

T K = 2.2 ~'K based on analysis of the resistivity measurements. 66 

Also shown in Fig. 10 is the extrapolation of !)'C/c as a functi~:>n 

proportional to T at low T. This behavior, predicted by the CZK model 

and inferred for spin fluctuation theory, is observed in our measurements 

on very dilute Cu-Fe and also for Au- V. 67 For the above reasons and 

additional evidence to be presented later, we will assume the linear 

behavior is the correct dependence at very low T and represent the heat 

capacity in the Cu-Cr system above 0.1 T K by the numerical results of 

the scaled BH curve and below 0.03 TK by the extrapolation of !:::.C/c 

linear in temperature. The interpolation of !)'C/c in the region 
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0.03 TK< T < 0.1 TK is based on ,the Cu-Cr data. The error bars shown 

in Fig. 10 represent the effect of a 0.1% error in the total heat capacity 

on the Kondo heat capacity of the 51 ppm sample. Interaction effects· 

start to appear in the 51 ppm sample near 0.1 K, and the magnetization 

building up on the impurity site induces a hyperfine interaction on the 

copper nuclei as described in section E. 2. Except for this effect .6.C 

is proportional to conc entration at all T to ± 5%. The magnitude of the 

hyperfine term is in excellent agreement with the hyperfine terms mea­

sured for Cu-Fe samples 36 showing interaction effects· near the same 

reduced temperature (TIT K "'" b.05). 

It is apparent that interaction effects are very easy to detect with 

low temperature heat capacities because of the nuciear hyperfine contri­

bution. The 21 ppm sample is seen to be free from interaction effects 

down to our lowest operating temperature. Analysis of our Cu-Fe data 

to be presented later shows that the temperature at which interaction 

effects produce a detectable influence on the heat capacity is approxi-

mately proportional to concentration in the tempe rature region near the 

Kondo peak. This implies interaction effects in the 21 ppm sample 

will not appear until T <, 0.04 K. 

Our data agree within the scatter of the measurements reported by 

DaybeU, Pratt, and Steyert
3 

7 on a single Cu-Cr sample up to 0.3 K. Above 

this temperature the data disagree with their extrapolation and 1.05 R In 4 

is obtainedfo r the entropy under the anomaly instead of 0.79 Rln 4. 

(The authors of Ref. 37 do .not indicate whether their conc entration 

was determined from their resistivity - - conc entration relation in 
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Ref. 60. If this were the case, it would not remove the present dis-

crepancy but contribute an additional 15% difference. ) 

The BH curve is based on, the NHB theory which is known to ade-

quately describe experimental results for T >T
K 
.. The theory is also 

known to be incorrect at low temperatures where it violates the Mattis 

singlet ground state theorem. 68, 69 The NHB calculations for the resisti­

vity 18 agree well with experiment only to T --: T K and we must regard 

the fact that they fit the heat capacity to T ..... 1 T K as fortuitous. The 

peak height of the experimental data is twice the height of BH curve if 

the curve is normalized to give the R In Z value for the entropy expected 

for spin 1/2. (The ratio R In4/R InZ = 2). Since the fit to theory is very 

good at high T and there is little difference in entropy between all low 

T extrapolations indicated by theory and experiment, the entropy value 

1. 05 R In 4 is felt to be accurate to ± 10% with half of this error resulting 

from the uncertainty in the concentration. 

It is very gratifying to see that the spin 1/Z results can be scaled 

to give good agreement with experiment since theoretical work indicates 

that the compensation of larger spins is not properly described by current 

models which permit only s -wave scattering. Schrief£er 17 has suggested 

generalization of the models to take accouht of the d-like character of 

the scattering potential J. In his simple model d-wave scattering of 

conduction electrons occurs only between conduction electrons and localized 

moment electrons with the same magnetic quantum number. There are 

as many independent d':"wave channels as there are localized moment 

electrons (each having a different magnetic quantum number). Conse-

quently, the resistivity should be composed of three independent channels 
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for spin 3/2 - - each contributing additively and giving a total resistivity 

which saturate s at three time s the unitarity limit for spin 1/2. Heat 

capacitie s or entropies are not expected to be additive like transport 

properties, but the higher spin functions should still be similar to their 

spin 1/2 counterpart (cf., Schottky peaks for higher spins). 

The data for all three Cu-Cr samples in 38 kOe are shown in Fig. 

11 with the theoretical Schottky curve for an ideal paramagnet with 

S = 3/2. The experimental peak height is .... 80% of that for the full S·chottky 

peak and intermediate field data (see section F. 4) indicate that sub-

stantially higher f1elds will be necessary to completely destroy the Kondo 

state. At lower temperatures strong correlations still appear to exist 

and the dotted curve in Fig. 11 indicate s the difference between the ex-

perimental data and 80% of the theoretical Schottky. This excess heat 

capacity peaks at the same temperature as the zero field Kondo heat 

capacity (also shown in Fig. 11) but is definitely more· sharply peaked. . . 

The accuracy and precision of the heat capacity points in Fig. 11 

begins to deteriorate at low temperatures because of the very large con-

tribution from the nuclear heat capacity of copper. The data for the three 

samples show a spread of ,.., o. 5% of the total heat capacity below 0.4 K --

comparable to the precision with which the magnetic field was set. 

2. Kondo State Heat Capacity in Cu-Fe 

The data for the 81.4 and 195 ppm Cu-Fe samples were used for 

determination of the Kondo heat capacity for this system. The data are 

shown in Fig. 12. The situation is very difficult experimentally because 
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the rapidly increasing lattice heat capacity does not allow an accurate 

determination of AC in the vicinity of the peak. Some information can 

be obtained in this region by applying magnetic fields above 30 kOe to 

suppress low temperature interaction effects in very concentrated alloys 

and these measurements (see section F. 3 and Fig. 17) show that AC is 

comparable with its peak value up to 20 K. (These data are not displayed 

, ' 

in Fig. 12 because of questions about the temperature dependence of 

residual contributions from interactions at high temperatures. ) 

In any case the total entropy measured for the 2560 ppm sample 

is ( 1.0 ± 0.05) R In 4 for either zero field ,or 38 kOe based on a BH 

extrapolation of either of these sets of data to higher temperature. In 

Fig. 12 the characteristic-.;curve (c) f'or the Kondo state in Cu-Cr is 

shown fitted to the data. The fit is poor and curve s (a) and (b) repre sent 

attempts to get a better fit by scaling curve (c) by factors of 1.22 and 

1.12 respectively. The Kondo temperatures of curves (a), (b), and (c) 

are 47.3 K; 42.2 K, and 38.9 K. These values should be compared with 

the estimate 4 T K = 34 K based on the resistivity. 70 Even though curve (a) 

fits the data adequately at low :temperatures, it gives an unreasonably 

high entropy and indicates a T K that is not in good agreement with the 

estimate from the resistivity. We feel forced to conclude that the Kondo 

heat capacity curve for Cu-Fe does not appear to be identical in shape 

to the Kondo curve for Cu-Cr. Perhaps this should have been anticipated 

because the "universal curve" for the resistivity shows '4.0% deviations 

from a universal behavior below T K. Curve (d) in Fig. 12 is the BH 

curve with T K = 28 K and the peak value of Cu-Cr. Deviations from this 
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curve appear slightly above T = 0.1 T K and are more pronounced than 

in the case of Cu-Cr. A combination of curve (d) above 4 K and curve (a) 

below 4 K gives a good fit to the data and an entropy of 1.01 R ln4. This 

curve is also in much better agreement with the high field measurements 

on the 2560 ppm sample (see Fig. 17). 

The type of behavior described by the deviations of the Cu-Cr and 

Cu-Fe data ·fro·m the BH curve is predicted by th CZK model and the 

Nagaoka calculation for the Kondo state neglecting spin-flip scattering. 

Both of the se calculations predict 

( 16) 

The i~portant point here is that J;: -0.8 ev in Cu-Fe compared with 

J :::: -0.6 ev in Cu-Cr, therefore deviations from the. BH curve are pre­

dicted to be more severe in the case of Cu-Fe. In Fig .. 13 f).C/c is plotted 

vs. T on a. log -log sGale in order to emphasize the difference in the low 

T behavior predicted by the BH curves (solid lines) and the Nagaoka-

CZK calculations represented schematically by dashed lines for various 

choice s of J. 

If Eq .. (16) is assumed to be valid, T K in the NHB theory can be 

estimated for Cu-Fe from T K for Cu-Cr. Now 6.C/c :::: 1.0 T for Cu-Fe, 

T < 0.03 TK and f).C/c ~17.6 T for Cu-Cr, where the value 17.6 may be 

a low estimate because our data do not extend to low enough T to allow 

. an accurate estimate for the coefficient of the linear term. In any case 

TK (CuFe) ~(17.6/1. 0)(0.6/0.8)(2.11 K) - 28 K. 

... 
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It is important to note the difference between the phys ical inter-

pretation of the full NHB theory and the Nagaoka calculation. The Nagaoka 

calculation is certainly wrong at high temperatures because, it neglects 

the spin-flip scattering confribution of the localized moment. On the other 

hand, at very low temperatures spin-flip scattering is impossible because 

the localized moment is completely compensated (assuming the singlet 

ground state theore~ 70 is accepted). The complete NHB theory violates 

the ground state theorem 71 and predicts an overcompensation of the 

localized moment at T = 0 for spin 1/2. This situation implies that the 

spin-flip contributions which give the anomalous low T behavior in the 

complete NHB theory would disappear as T -- 0 in a correct treatment. 
, , 

The compensation of the localized moment occurs continuously 

as T -+ 0 and is never complete at T > 0, it must be expected that an 

exactly linear behavior for the heat capacity will never be attained. 

It is possible to artificially suppress spin flip scattering at low 

temperatures by applying a magnetic field fl.H »kT. Figure 1~ shows 

AC/cT for the Cu-Fe samples with 81.4, 195, 640, and 2560 at. ppm Fe 

in a magnetic field of 38 kOe. In the temperature region 0.4 K < T < 4 K, 

where the excess heat capacity is substantial, the data are identical to 

± 5%. Interaction effects have been pushed up to T ~ 4 K. The data 

should be compared with the solid curve representing the zero field heat 

capacities on the interaction free samples (81.4 and 195 ppm), AC/cT 

has been decreased by less than 15% at all temperatures and reasonably 

uniformly. This variation with field looks remarkably similar to the 

decrease of the resistivity in magnetic fields of comparable magnitude. 
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This latter effect has already been show~ to be adequately correlated 

. h h . . .., h· . . 71,60 . WIt t e Increase In magnetization on t e ImpurIty sIte or, equl-

valently, the reduction in the resonant scattering that produces cancella-

tion of the localized magnetic moment. 

Figure 15 shows f:::&C/cT for the 640 ppm eu-Fe sample in fields 

of 1, 3, 10, 18, 24, 30, and 38 kOe. At low temperatures and low fields 

the heat capacity increases with increasing field. Since the field 

dependence of the heat capacity is related to the' temperature dependence 

of the susceptibility by 

these measurements correspond to least qualitatively to the anomalous 

T- 1/ 2 susceptibility. 72 The zero field he~t capacity for the 81.4 and 

195 ppm samples is represe'nted by the dashed curve in Fig. 15. In 20 kOe 

the heat capacity for the se samples is identical within the scatter to the 

zero field data. In 30 and 38 kOe the heat capacity decreases slightly in 

good agreement with the measurements on the 640 ppm sample. It seems 

that fields of -30 kOe are required to suppress interaction effects at 

these temperatures and the low field increase in ~C/c with applied field 

and the T -1/2 susceptibility are associated with Fe -Fe interactions rather 

than the Kondo effect. 

38 ' 
Golibersuch and Heeger (GH) have analyzed their NMR data for 

Cu-Fe in a manner consistent with the susceptibility analysis reported 

in Ref. 72. Basically they see an NMR line width that increases rapidly 

as a function of field for fields less than 3 kOe, more slowly at fields up 
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to 30 kOe, and linearly at an even slower rate above 30 kOe. They sub­

tract off the rapid low field dependence and call it the interaction contri­

bution. The linear high field contribution is certainly as sociated with 

the RKKY oscillations induced by the inc reasing magnetization on the 

impurity and they discard this also and suggest that the intermediate 

region represents the destruction of the quasi-bound state -- a destruction 

essentially complete at 40 kOe. 

There is a serious objection to this reasoning. H the condensed 

state were destroyed at ..... 40 kOe, then a small excess field should saturate 

the moment and a field independent linewidth (such as observed in Cu-Mn) 

would be found. Moreover our results indicate that interaction effects are 

not suppressed until fields of .... 30 kOe are applied and that this field doe s 

little damage to the Kondo state. The interpretation is obvious. Appar­

ently the entire anomalous linewidth (which is in agreement with the 

Mossbauer hyperfine field) maybe associated with Fe -Fe interactions 

and only the RKKY linewidth can be used to represent the destruction of 

the Kondo state in a magnetic field. The approximate size of the field 

necessary to destroy the Kondo state can be estimated from the fact that 

38 kOe does considerable damage to the c,ondensed state in Cu-Cr. 

Multiplying 38 kOe by the ratio of the Kondo temperatures gives a value 

.... 600 kOe. 

At first sight, it would seem that the anomalous NMR contribution 

interpreted by GH to represent the thermal destruction of the "quasi­

particle amplitude" originates from interaction effects also. On closer 

investigation, however, it appears that this is not the case and our 

measurements appear to confirm parts of their interpretation. 
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The basis of their argurrl,ent is an interpretation of the published 

Mossbauerand bulk susceptibility data in which they conclude that the 

Mossbauer data and the high temperature susceptibility are in agreement 
~ 

and represent the local-d spin susceptibility. The low temperature sus-

ceptibility m.reaS'.l!lrrernents of Daybell and Steyert saturate (if a small field 

is applied) at a value twice as .large as that predicted by the high tempera­

ture measurements of Hurd. 73 Since this anomalous increase occurs 

in the temp'erature range where the Kondo state is forming, it is reason-

able to associate it with the formation of an extended spin polarization 

having a susceptibility. This part of the GH interpretation seems to cer-

tainly be incorrect. The excess susceptibility reported by Daybell and 

Steyert appears to be associated with interactions, and if their Cu-Cr 

results are any indication, the application of a magnetic field such that 

H/T K ,., 1 kOe/K should result in the saturation value 

2 
f-L eff 

X (Cu-Fe) = 3ke where e = 34 K 

in agreement with the value anticipated from Hurd's high temperature work. 

In Fig. 16 our entropy values for Cu-Cr (see Fig. 21 for a graph 

of the zero field entropies) are plotted on a linear scale for (S Z )/H. 

The points for a given temperature have been plotted by assuming 

2 
f-L eff 

xoc(SZ)/HCX: 3k{T+S) ( 17) 

38 
after Golibersuch and Heeger. The value e = T K = 2.11 K has been used 

to be consistent with Cu-Fe where e = T K = 34 K. This value of e is in 

agreement with the data of Daybell and Steyert
37 

in 4.6 kOe or a linear 
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extrapolation of their higher field data to zero field. The agreement of 

Fig. 16 with Figs. 13 and 14 in GH is striking. The slope of the field 

dependence of the NMR linewidth and the entropies are in agreement within 

.. ) 

the scatter of the NMR points. The Cu-Fe entropies would give essentially 

the same curve as long as the Bloomfield-Hamann extrapolation to high 

temperature is made with T K = 8 = (32 ± 5) K. 

The "anomalous" rise in the curve in Fig. 16 for high value s of 

(5 Z >/H is sensitive to the choice of 8, and in view of the uncertainty in 

the value of 8 in the :absence of interactions, it is worth considering 

whether an appropriate choice of 8 will give a straight line in Fig. 16. 

A "best choice i' for 8 for this purpose is8 = 0.65 K. The data do not 

give a very good straight line but it might be argued that this is due to 

uncertainties in the extrapolation of the heat capacity curve, etc. Once 

a straight line through the data is defined, a heat capacity representative 

of this line can be calculated and used to make a more sensitive test of 

the adequacy of the fit. The solution for 8 = 0.65 K is given by 

C (J /K-mole Cr) = _1_0_.0_T---r-Z 
( T+0.65) 

and is not a good representation of our data. 

The significance of the linear extrapolation: of 5( T) giving a value 

""0. 5 R In 4 is not understood by the author although it may be related to 

the division of the spin polarization into local RKKY type effects and the 

nonlocal "quasiparticle" formation near T K (see Golibersuch and Heeger
38 

and references contained therein). 
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One further point should be mentioned in connection with the use 

of the susceptibility to interpret Kondo state experiments. Calculations 

of " magnetic susceptibility in the NHB theory predict 

2 . 
X = po eff 

3k(T+4.5 T
K

) T >T _ K ( 18) 

that is, e = 4.5 TKinstead of e = TK as observed experimentally. The 

source of this discrepancy is 'not known. 
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3. Interactions 

N k 74 . t d t th t . t· f th . l· ·t agao a has pOln e ou a devla lons rom e slng. e lmpurl y 

limit are expected to occlJrwhen the concentration of magnetic impurities 

reaches a critical concentration 

* k TK 
c ~ 

This condition is obtained by comparing the electron mean free path with 

the coherence length of the quasibound state, ~ = livF/k TK, where vF is 

the Fermi velocity. Nagaoka's general conclusions have been assumed to 

be qualitatively correct, and the argument can be described by noting 

that there are only a finite number of electron states that can be used 

20 
to compensate the local moment. Since only electron states within 

-kT
K 

of the Fermi surface are available for compensation, this implies a 

range of the order ~ =l1v
F

/kT
K 

for the coherent state they form and a limit 

proportional to TK/TF to the moments that can be compensated. This restric­

tion sets Eq. 19 as a lower limit to the allowed impurity concentration 

in the dilute impurity problem. 
20 

Star and Boerstoel have offered experi-

mental evidence for the existence of this coherence length and concentra-

tion limit by observing changes in the resistivity slope, dp/dT, in three 

different systems: Au-V, Pd-Cr, and Cu-Fe. 

Since TK is not a "sharply" defined transition temperature, it must 

be expected that neither the coherence length nor the critical concentra-

tion will be sharp either. In Fig. 17 deviations from the dilute impurity 

limit appear near 10 K for 2560 ppm.~u-Fe and near 1 K for 640 ppm eu-Fe. 

The curves (a) and (d) represent the curveS drawn through the heat capa-

city data for the 81.4 and 195 ppm samples. A field of 38 kOe is effective 
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in pushing the Fe-Fe interact~on effects up to high temperature. The data 

for the 2560 ppm sample ln 38 kOe offer support for our choice of (d) as 

the best description of the high temperature data for the dilute impurity 

limit, and the data f<;>r both zero field and 38 kOe support 1.0 R In 4 for 

the entropy -:assuming the validity of the BH curve at high temperatures. 

. 30 
Our measurements agree well with those of Frank et a1. ,up to 6 K. 

At temperatures above this the excess heat capacity becomes small 3nd 

they see a rapidly decreasing value of D.C which goes negative. Our 

higher precision measurements ihdicate their data in this region are in 

error and their reported value for the entropy, S = 0.5 R In 4 is conside-

rably low. 

Even though the Kondo condensation occurs over a very wide range of 

temperature and heat capacity deviations from the dilute impurity limit 

occur at different temperatures for different concentrations, Eq. (19) 

should always be valid for T « TK (where « means at least two decades 

in this case). The critical concentrations for. Cu-Fe and Cu-Cr in this 

limit are estimated to be - 130 ppm and ~ 8.4 ppm respectively. 

At very low temperatures « .1 K) th~ size of the magnetic moment on 

* impurity sites with c > c can be characterized from the size of the {lucle? r 

Schottky contribution indtaced by the RKKY oscillatlons. This term is 

comparable for the 51 ppm Cu-Cr sample and the 640 ppm Cu-Fe sample 

which both show deviations fran the dilute impurity limit near T/T
K 

~ .03 

(note that 640 ppm/51 ppm~ 34 K/ 2.2 K).The size of the nuclear hyper-

* fine term is expected to be roughly proportional to c - c , thus tending 

* to a concentration proportional behavior for c » c . 
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The interaction region is characterized by a heat capacity linear in 

T in the low T limit and roughly independent of concentration. The RKKY 

Hamiltonian has been used by Marshal129 and others to explain the intera c-

tion region observed in several dilute magnetic alloy systems. Souletie 

and Tournier75 have recently reexamined the molecular field model formu-

lated by Marshall and we will follow their presentation. The authors of 

Ref. 75 point out that because the long range part of the RKKY oscillations 

decrease as the cube of the distance, it is possible to rewrite the mole-

cular field equation in a reduced form 

J.1 
cos (2~ r .. +¢) 

A L:: /-L. 
. lJ 

1 
j* i J 3 r .. 

lJ 

(20) 

/!/c 
cos (2~ r .. + ¢) 

A L:: /-L. 
lJ 

1 
j*i J 3 c r .. 

lJ 

(21) 

where the molecular field ~ has been written in reduced form I!/c in 
1· 1 

Eq. (21). The point is that an alloy of concentration c can be represented 

by one of concentration c' merely by changing the distance, 

3 I 3 
c' r' c r 

The cos function in Eq. (21) will always be characterized by a mean value 

and higher order moments as long as the .distance between impurities is 

Jarge compared with the wavelength of the oscillating term. Thus the 

solutions -JA/c of Eq. (21) are possible solutions for any other low con-

centration. 

The energy of the magnetic impurities can be expressed 

E (22) 
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where pclf, T) is the molecula.r field distribution fUnction and B is the s 

Brillouin function. Equation (22) can be rewritten as 

~(J1/c) 
E = kT 

After integration over all values of the molecular field we obtain 

t£/c = 9 (E/c) 
dT = r (T/c) (24 ) 

where r is a universal concentration independent function of Tic (if 

boC = "If, then Eq. (24) implies 'Y is independent of concentration). 

In Fig. 18 our data for the four Cu-Fe samples are plotted with smooth 

curves approximating the data of Hill and Pickett.
28 

t:£/c for the more 

concentrated samples (above 1900 at. ppm) is roughly described by a 

universal function of the reduced temperature T/c, but significant devia-

tions still occur and are most apparent near the peak in Fig. 18. 

A glance back to Fig. 17 will serve to clarify the reason for this 

behavior. The 38 kOe data for the 640 and 2560 at. ppm samples show 

the Kondo state is well formed even in these samples showing strong inter-

action effects. The important point is that the Kondo heat capacity will 

+ 
become approximately concentration independent at some concentration c 

because there are no more electron states available for spin compensation 

+ * (c - 2000 at. ppm Fe and is not the same as c where interaction effects 

first start to appear in the limit of very low T). Thus there are two 

contributions to the heat capacity at high concentrations: (a) The Kondo 

+ 
heat capacity t£/c is a universal function of T. (b) Interaction 

effects make a contribution - t£/c which is a universal function of T/c. 

Both (a) and (b) make contributions which are approximately linear in T 

at low T and independent of concentration giving a total value of t:£/T 

.' 
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which is also roughly independent of cpncentrationat low T. Measurements 

on Ag-Mn (see Ref .75) show much smaller deviations from a universal 

+ 
behavior because TK andc are very much smaller than in Cu-Fe. 

The spin-spin interactions can be thought of as the sum of a distri-

bution of Schottky type interactions centered arourtd zero molecular field. 

The application Of a magnetic field pushes these weak, coupled ef.fects 

up to kT ~ ~ but leaves the strongly correlated Kondo contribution rela-

tively undisturbed as long as ~ «kTK. Technically, these two contri­

butions should not be treated together; however, accurate decomposition 

into the two components is difficult and we will represent the total 

interaction of a localized moment with its environment by an effective 

distribution function P(R
M

) and Eg. (23) with P(R
M

) substituted for the 

spin-spin distribution function p(RM). 

Since 1::£ a: T at low T, I::£/Tc is proportional to the distribution 

If the weak temperature dependence of p(~) 

is neglected, We can make the association p(~) ~ b.C/Tc and IHMI ~ kT/giJ.
B

' 

Such an association surely breaks down at high T, but it at least allows 

a qualitative sketch of p(~). In Fig. 19 P(R
M

) is sketched for .640, 2560, 

and 5600 at. ppm Fe in Cu. The solid curve shown for comparison is the 

dilute impurity limit . 

. In Fig. 20 the total effective distribution function peRt) for the 640 

and 2560 ppm samples in 38 kOe is compared with the zero field result where 

-=t -t R has been defined by assuming R = kT/giJ.B so that 

lit =1~lin zero external field. 

One fact immediately apparent from Fig. 20 is that the major 

contribution to the total effective distribution function for zero field 
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near nt == Irrl~ 0 comes from the Kondo state in the 2560 ppm sample. 

M Equation (21) implies that cp(R) is a universal concentration inde-

pendent function of J'l/c. Consequently, p(~ == 0) will be proportional 

. M 
to l/c and peR) will have a breadth proportional to c. Because of the 

interference of the Kondo state, c in the molecular field equations should 

, * 
be replaced by (c-c). Such a correction makes little difference for 

* c » c ,but explains the large narrow spin-:-spin interaction contributions 

for rr --+ 0 in the 640 ppm sample as well as the nonlinear concentration 

dependence of the RKKY hyperfine contribution observed in this work for 

Cu..;Cr and Ref. 36 for Cu-Fe. 

The discussion above should serve to demonstrate the necessity of 

avoiding the measurement of interaction effects in a temperature region 

where the Kondo condensation will make a large contribution to the excess 

heat capacity. Systems with very low Kondo temperatures are the most 

sUitable. 

If the problems discussed above Were not enough, mention should also 

be made of additional complications associated with the interpretation of 

measurements made in a magnetic field. The magnetic field will have some 

effect on the partially compensated localized moments, and the fraction 

of bare moment exposed will be a function of both magnetic field and 

concentration. 

-t 
We have defined H in terms of temperature without attempting to 

relate this quantity to HM and H for non-zero field. Some authors have 

-t ~M .... 
assumed H == H + H consistent with a one-dimensional model. We note tl~at 

such an assumption implies that the application of a magnetic field will 

increase the number of local moments exposed to zero total effective field 

,I 
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for some value of H. This assumption seems to be unphysical and is not 

in "agreement with our data which imply that the excess heat capacity at 

T :: 0 always decreases with increasing H (see Fig. 15). An assumption 

consistent with the data is~=lrfl + IHI for all spins - the spins re-

ordering their spatial orientation distribution to take advantage of the 

lower ground state energy made possible by the applicat ion of the magnetic 

field. The picture alluded to above is not the usual regular lattice 

Ising approximation and a word of clarification is in order. 

Instead of a unique orientation axis Z for all spins, we are suggesting 

an ensemble of orientation axis Z. for each spin where the oZ. will be 
1 1 " 

"randomly" oriented in zero field. The spin on site i is sub-

jected to an effective field If. in the Z. direction from its interaction 
1 1 

with all near neighbors. The application of a magnetic field along the 

Y axis will result in a redistribution of the Z. axes distributed preferenti-
1 

ally around the Y axis. 

In any case, the field dependence of the Kondo state will surely alter 

the functional dependence of P(Ht) on HM and make an accurate description 
/ 

of the situation exceedingly complicated. (This statement may be less 

true for the more concentrated alloys studied by Hill and Pickett -

increasing field and increasing Fe concentration are both effective in 

destroying the spin-compensated state and the effect of a magnetic field 

on a state already substantially suppressed may well be negligible.) 

. 4. Magnet ic Degradat ion of the Kondo Sta t e 
In Cu-Cr 

Since Cu-Cr has a much lower TK than Cu-Fe, it is expected that ma~letic 

fields up to 38 kOe would at least partially break up the correlat:ions 
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bet\'leen the local moment and the itinerant electrons. Moreover, by 

making use of the NMR results for other sY,stems and our own work on inter-

action effects, the destruction of the correlated state is expected to 

proceed linearly with field at high fields until the chromium moment 

approaches free spin behavior. In Fig. 21 the heat capacity data for the 

51 at ppm sample is shown for 10, 20, 30 and 38 kOe. The data show the 

. gradual transformation from the' correlated Kondo state represented by 

the dashed curve toward the free spin, Schottky peak (see Fig. 11 for a 

comparison of the theoretical Schottky w,ith the 38 kOe results). The 

.. peak position for a given field identifies the Cr spin state as S = 3/2 ± 

10% in agreement with susceptibility measurements 76 (the g value for Cr 

in eu has been measured and is less than 1% greater than 2.0 at 211 

temperatures) . 

In Fig. 22 the entropy is plotted on a log T scale for the 51 ppm 

sample. in 0, 10, 20, 30 and 38 kOe. 

Decomposition of the Schottky and Kondo contribution has not been 

attempted except for the 38 kOe results (Fig. 11). 
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G. CONCLUSION 

The experimental results presented in this work appear to res91ve 

the two particularly puzzling features of the recent experimental data 

which have been associated with the formation of the quasibound 3tatein 

dilute alloys, namely, the low entropy and T-
l

/
2 

susceptibility. 

Previous reports30,37 that heat capacity results indicate considerably 

less than the R In 4 entropy expected for spin 3/2 systems appear to be 

in error. The difficulty has been associated ",ith the extrapolations 

made to describe ~C at very high temperatures. Our data give excellent 

agreement with tl i e Bloomfield-Hamann theoretical curve for the heat 

capacity of Cu-Cr above 0.1 TK. At lower temperatures the theory is 

known to be incorrect and our data for Cu-Fe indicate the heat capacity 

for T < .03TK is approximately linear in T in the absence of Fe-Fe 

interactions. Our estimate for the entropy of Cu-Cr is (1.05±.10) 

R In 4. For Cu-Fe we estimate (1.01-1.12) R In 4 based on the assumption 

Measurements on Cil-Fe samples in magnetic fields indicate that the 

-1/2 divergent susceptibility X 0:: T and the strongly field dependent 

susceptibility for low fields are associated with Fe-Fe interactions. 

Interaction effects can be suppressed with the application of a large magnetic 

field apparently without significant damage to the Kondo state correlations . 

Below T ~ 3K the 38 kOe heat capacity of Cu-Fe samples showing interactions 

effects is essentially identical to the zero field heat capacity in the. 

dilute impurity limit. Anomalous contributions to the NMR and Mossbauer 

measurements for H < 30 kOe are also indicated to be of interaction origin 
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allowing a very simple interpretation for the magnetic destruction of the 

Kondo state. On the other hand, our measurements appear to substantiallY 

confirm the interpretation of the NMR data representing the thermal 

destruction of the spin-compensated state. 

.-



Resistivity 

T «TK 

Specific heat 
T - T K 

Specific heat 

T « TK 

.. 

Magnetic susceptibility 

T« TK 

" 

Table 1. Selected theoretical results. 

·Group 1 

Nagaoka Hamann­
Bloomfield (NHB) 
Refs. 18.23.24 

Unitarity limit 

~ 1 [ 11'
2 

S( S +1) ] l 
Po l - 41'n2 (T/TK) \ 

Numerical results 
br.oad peak in 6.C 

2 
11' S(S+1) :::: aTO.57 

In 
4 

(T/T K ) 

Negative 

Group 2. 

Ground State Models 

A 
Kondo -Appelbaum 

Ref. 22 

B 
Celli-Zuckermann Klein 

(CZK) Refs. 20.21 

Unitarity limit Unitarity limit 

Po {1 ,.a~ TIT K)ln( T IT K~ 2} Po [1 - a( TIT K)2J 

Anomaly implied Anomaly implied 

T T -In(-) 
TK TK 

2 
2JN(O)' k'TK 

81Tk .T 
9JN(0) TK 

2 2 ] 5.4 flb [ 11' --.I... ) 2 
, ~ K ~ -r(T

K 

, 

Group 3 

Spin fluctuation theory 
Refs. 1,2 

Unitarity limit 

Po [1 - a( T ITK)2] 

)2 2 
a(gflb [1 -!- 13(.!-lJ 
11'kTK 3 TK 

---------------------------~-------------------------- ---------------------------------------------------------

a. 13 are not determined in most results-. 
T K isa characteristic temperature that appears in each theory - T K in one theory is normally 

not directly comparable to T K· in another. 
'T 0 =: 1/T K has been assumed in writing down the spin fluctuation results. 
See Refs. 2l~ 5 for a complete list of references. 

I 
f-J 
o 
~ 
I 



Table II. Germanium thermometer characteristic s 

R R R R 
at 77K at 4.2K at 0.3K at.060K R{4.2} R1o.3} R{ 0.06} 

Thermometer n n n n R( 77. ) R( 4.2) R(0.3) Utility 

Solitron No. 644 3.4 36.00 379. . >100,000 10.55 10.55 - - - -- . not usable 
below O.1K 

Solitron No. 1477 6.62 39.8 114.6 - 340. 6.01 2.88 .... 3. going metallic-
not usable 
below .1K 

Cryocal No. 985 5.38 16.03 17.5 'V 17.5 2.98 '1.09 .... 1.0 metallic -not 
usable 

Cryocal No. 986 6.88 43.0 150.0 -1000. 6.25 3.5 -6.7 usable down 
to .030K 

Cryocal No.· 1751 8.02 45.48 227.8 1093.5 5.67 5.00 4.81 usable down 
to . 030K (est. ) I 

I-' 
0 
ex> 
I 

.t :..: 



... 

'. 

-109-

Table III. Composition of Cu-Fe samples, Fe concentrations 
are listed in atomic ppm. 

Cu-Fe 
sample. 

Top 
No. 1 

Bottom 

Top 
No. 2 

Bottom 

Top 
No. 3 

Bottom 

Top 
No. 4 

Bott0m 

. b Top 
No.5 

Bottom 

Accuracy 

C onc entration 
from wet analysis 

2620 

2500 

615 

660 

198 

191 

80.8 

81.9 

8.9 

±2% or .5 ppm 

Concentration 
inferred from 

resistivity 

2417± 10% 

Value 
useda 

2560 

706 ± 10% 640 

195 ±2% 195 

83.9±2% 81.4 

8.9 

aConcentration values used were based on the wet analysis. 
b 

Sample No.5 is the Cominco "pure" copper used in the preparation of 
samples No. 1-4. 



Table IV. Composition of Cu-Cr samples, Cr concentrations are listed in atomic ppm. 

Concentration Concentration 
Concentration from neutron inferred from 

Cu-Cr from wet activation resistivity Nominal Value 
analysis a sample analysis ratio c onc entr ation used 

Top .51.3 35.4 
No. 1 51.04 50.47 51.04 

Bottom 51.3 26.1 

Top 35.5 19.7 
No.2 33.62 30.407 33.62 

Bottom .33.9 17.3 

I 

Top 23.2 9.8 
I--' 
I--' 

No. 3 21.16 20.004 21.16 
0 
I 

Bottom 20.8 12.1 

Accuracy ± 5% or 1 ppm 

----~------------------------------------------------- ----------------"----------------

aValue used was based on the higher precision values inferred from the resistivity ratio. 

-: 
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FIGURE CAPl'IONS 

Fig. 1. Anderson model (after P. W. Anderson, Phys. Rev. 124, 41 (1961))" 

Fig. la Unperturbed energy levels in the absence of s-d admixture. 

Fig. Ib Density of state distributions in a magnetic case. 

at Ed + U (nJ and Ed + U (~+> are the virtual d "levels" of 

width 2 f, for up and down spins, respectively~ The numbers 

of electrons (11 > and (n > occupying them are to be computed 
+ 

from the area of the unshaded portion, below the Fermi surface. 

Fig. lc Density of state distributions in a non--:magnetic case, 

(n+> ~ (n_> ~ 1/2. 

Fig. 2. Shaded zone represents the magnetic state (from P. W. Anderson, 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 

Fig. 8. 

Phys. Rev. 124, 41 (1961). 

The lower 

Deta il of 

part of the He3 cryostat. 

3 the sample holder for the He 

Persistent mode switch and solenoid. 

cryostat. 

Field profile of the superconducting solenoid. 

The silver calorimeter and the ,adiabatic cryostat. 

The demagnetization cooling salt and magnetic thermometer showing 

Ge thermometers mounted for calibration. 

Fig. 9. .6 plot of deviations from the original fit to Cominco copper 

containing 8.9 at. ppm Fe. The data shown for the Cominco 

sample have been corrected to 0 and 2 at. ppm Fe. The data shown 

for the Asarco sample are uncorrected. 

Fig.10. The heat capacities of dilute solutions of Cr in Cu. Measurements 

in different cryostats on the same sample are distinguished by 

different symbols. The error bars represent the effect of 0.1% 
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error in the total heat capacity for the 51 at. ppm sample. 

Fig. 11. The heat capacities of Cr in Cu in a magnetic field of 38 kOe. 

The solid curve represents the Schottky peak for spin 3/2 and 

g =: 2.0. The dot-dash curve shows the behavior in zero magnetic 

field. The dotted curve indicates the Cu-Cr heat capacity in 

38 kOe after 80% of the theoretical Schottky has been subtrac-

, ted from the experimental data (taken to be represented by the 

dashed curve). 

Fig. 12. The heat capacities of dilute solutions of Fe in Cu. The error 

bars represffl t the effect of a 0.1% error in total heat capacity 

for the 195 at. ppm sample. 

Fig. 13. The Bloomfield-Hamann calculation for the excess heat capacity 

(solid curves) compared with the behavior predicted by the 

Nagaoka - CZK calculations (dashed curves) on a log-log scale. 

Fig. 14. The heat capacities of all Fe in Cu samples in a magnetic field 

of 38 kOe. Curves (a) and (d) correspond to the curves so 

labeled in Fig. 12. The error bar represent the effect of i:l 

0.1% error in the total heat capaCity for the 195 Cit. ppm 

sampLe. 

Fig. 15. The heat capacities of 640 at. ppm Fe in eu in magnetic fields. 

Fig. 16. The zero field entropy of dilute Cr":in CLl plotted versus X a: 

(8 )/H in arbitrary units. The entropy scale has been inverted 
z 

to facilitate comparisons with Figs. 13 and 14 of Ref. 38. 

Fig. 17. The heat capacities of 640 and 2560 ppm Fe in Cu in zero field 

and 38 kOe. The, curves (a) and (d) correspond to the curves 

so labeled in Fig. 12. 
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Fig. 18. The "reduced" heat capacity of Fe in Cu versus "reduced" 

temperature. The figure shows the transition of ~/c fr~m 

a universal function of T at low concentrations to a universal 

function of T/c at high concentrations. The dashed curve 

represents the behavior of Hill and Pickett's 1900 at. ppm 

Cu-Fe sample. The solid curves represent their 2900, 3300, 

5600, and 9700 a,t. ppm Cu-Fesamples. 

Fig. 19. Schematic molecular field distribution functions for the 640 

and 2560 at. ppm Cu-Fe samples and Hill and Pickett's 5600 at. 

ppm sample in zero external field. The dilute impurity limit 

is shown for comparison. 

Fig. 20. Schematic distribution functions for the total effective field 

appropriate for the 640 and 2560 at. ppm Cu-Fe samples in 38 

kOe. The distribution functions for zero external field Rre 

shown for comparison. The weakly coupled interaction effects 

apparent in the zero field curves ,have been pushed up to 

higher values of lit. 
Fig. 21. The heat capacities of 51 at. ppm Cu-Cr in magnetic fields of 

10, 20, 30 and 38 kOe. 

Fig. 22. Entropies for dilute Cr in Cu in magnetic fields of 0, 10, 

20, 30 and 38 kOe. . The error bars repre sent the effect of . 

0.1% error in the heat capacity on the entropy for the 51 at. 

ppm sample. 
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ll. SEARCH FOR SUPERCONDUC TIVITY 

A. INTRODUC TION 

Recent advances in the theory of metals raise the possibility of 

reliably predicting the critical temperatures of superconductors from 

normal-state data. In particular, Allen and Cohen 1 have used a pseudo-

potential method to treat the electron-phonon interaction for a number 

of metals, and shown that Mg and Li might be superconducting at experi-

mentally accessible temperatures. A verification of their calculations 

by the discovery of superconducting transitions in these metals would be 

of sufficient interest to justify a search for superconductivity even though 

it is not possible to cover the whole of the temperature regions corre-

, sponding to the recognized uncertainty in the calculations. We have 

accordingly tested magnesium and lithium for superconductivity down 

to 4 mK. The results were negative, but they do serve to set limits for 

the parameters related to the critical temperature, and the experimental 

techniques may also be of some interest. 

McMillan2 has obtained accurate numerical solutions for the critical 

temperature OJf a superconductor using the Nambu-Gor'kov-Eliashberg 

formulation of the BCS theory and a particular phonon spectrum. The 

results were fitted to an expression of the form 

( 1) 

~ ! 
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the analytical solution obtained in a. two-square-well approximation. T c 

is the critical temperature, wOis the maximum phonon frequency , and 

J.L * is the coulomb pseudo-potential of Morel and Anderson. 3 The electron­

phonon coupling constant is 

(2) 

and (w) is an average phonon frequency defined by 

(3 ) 

The phonon density of states is F(w) .and a2
(wt·' is an average of the square 

of the electron-phonon matrix elements. The numerical solutions of 

the gap equation were based on the phonon spectrum of Nb, and after 

fitting to an equation of the same form as Eq.( 1), McMillan obtained 

the result, 

e 
O.690exp r -L04( 1 + ~) ] 

~ - J.L *( 1+ O.62~) , 
( 4) 

where e is the Debye temperature. The formula is not expected to be 

sensitive to the details of the phonon spectrum for ~ < 1 (the case of 

interest here) and served as tile basis for the predictions of T c by Allen 

and Cohen. 

Allen and Cohen have· cal~ulated ~ for the hexagonal divalent 

metals beryllium, magnesium,zinc, and cadmium. using the known 

(except for cadmium) pho!r1pri density of states and deriving the electron phonon 

·'t·- /': 
Ii 
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matrix elements from empirical pseudo-potentials that accurately fit 

the extensive Fermi-surface data. Since the phonon interaction increases 

the electronic heat capacity by the factor (1 + A), an empirical value of A 

can be obtained by comparing the experimental heat capacity with band­

structure calculations of the electronic density of states. McMillan has 

also derived empirical values of A from his formula and known value s 

,'( 
of T (taking fJ.' = 0.1). The theoretical and empirical values of A are 

c 

compared in Table I, reproduced from Table V of Reference 1.. The good 

agreement between the various values of A gives support to the underlying 

as sumptions. 

McMillan has suggested that fJ. * = 0.1 is a good approximation for 

simple metals, but in the case of magnesium A is small enough for the 

. * predicted T to be relatively sensitive to errors iri fJ.. Allen and Cohen 
c 

* used the random phase approximation to calculate fJ. for beryllium, 

magnesium, zinc, and cadmium. The values so obtained were too small, 

but, on the assumption that the calculations gave relative values cor­

rectly, they used the value of fJ. * for zinc (known from the isotope effect) 
. "I, ",c 

to obtain fJ. ~ 0.16 for magnesium. McMillan's equation with fJ.'" = 0.16 

and A == O. 3 1 gi ve s 

exponentially on A 

T = 0.02 K for magnesium. 
c 

* and fJ. .' and the uncertainties 

However, T depends 
c 

in these parameters 

estimated by Allen and Cohen are .such that T might be higher or lower 
c 

by an order of magnitude (see Fig. 3 of Ref. 1). The lowest temperature 

to which Mg has been previously investigated is 0.017 K. 4 

Similar internal checks on the parameters for lithium were not 

possible for two reasons. First, the pseudo -potential used (selected 

I 

because it gave the lowest critical temperature) was that derived 
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from first principles by Gciddard5 who checked it with atomic ~nergy 

level data but not with Fermi surface data--of which there is very little. 

Second, there is a martensitic phase transition in lithium at about 80 K 

which results in some of the sample converting from the high temperature 

bcc phase to the low temperature hcp phase. 6 The calculations on lithium 

were made using (a) the Goddard potential, screened by the Lindhard 

dielectric function; (b) expe~imental bcc phonon dispersion curves? 

(c) the phononrenormalized mass m * derived from specific heat mea­

suremtmts8 on samples for which the extent of the martensitic trans­

formation was not known a~d could only be estimated from other dataj6, 9 

and {(d) values for·~, atldtheband-mass, m
b

, derived self-consistently 

* .. 
from m and ~ calculatedusmg ~ .. = f. Furthermore. the number 

0.62 in Eq. (4) may be incorrect for lithium. For the alkali metals, but 

not for most other metals, direct scattering processes are relatively 

more important than urnklapp processes and the transverse modes are 

less strongly coupled than the longitudinal modes. This could raise the 

value of (w)/w
O

• Although the constant 0.62 was not derived by calculating 

(w~f!w.a,an increase in the expected value of (w)/w
O 

suggests that the 

constant 0.62 could be larger. The lowest temperature to which Li has 

been previously investigated is 0.08 K. 1,0 

These calculations suggest a reasonable probability for the occur-

rence of superconductivity in magnesium'at presently available tempera­

tures and that lithium is the most likely of the alkali metals to become 

superconducting. The latter result is interesting since earlier calcula-
. 1,1, 

tions of ~ suggest the contrary. . 

II 
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B. EXPERIMENTAL 

1. Cryostat, field and susceptibility measurements 

In this section we discuss all aspects of the experimental procedure 

except for the nuclear thermometry which is discussed in detail in the 

next section. 

In order to observe a transition, both the temperature and magnetic 

field must be sufficiently low. In Table IV we give the the rmodynamic 

critical fields at T = 0 calculated from the BCS model assuming the known 

transition temperatures for beryllium 4 and tungsten 12 and our lowest 

ope rating temperature for magne sium and lithium. 

The cryostat system used for this experiment was similar to that 

described by Brewer. 13 It consisted of an Quter dewar containing a 

superconducting solenoid maintained at 4.2 K. Inside this dewar was 

another dewar of 4.5 -inch bore. The inner dewar had a vacuum jacket 

of copper around its lower portion only- -the upper part was coOled by 

the gas evaporating from both dewars. The superconducting magnet 

around the. inner dewar could be moved from the bottom to the top of 

the apparatus during a run. The two dewars were separately filled with 

helium. The inner dewar was pumped, maintaining a temperature of 

about 1 K. 

Figure 1 shows the construction of the lower part of the apparatus 

that was inserted into the inner dewar. The hot finger (a) in which mag­

netic field probes could be inserted was of double wall construction with 

superinsulation between the walls. This insert was introduced into the 

apparatus through an O-ring seal into the pill vacuum line. The cerium 
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magnesium nitrate (CMN) pill ((b) mounted inside the chromium potassium 

alum (CrKalum) gaard (c) on graphite posts (d) consisted of a slurry of 

50 mesh CMN in glycerol. Thermal contact to the slurry was provided by 

twenty-five 0.005-inch OFHC copper fins (e) with a total surface area of 

about 2000 cm2 . A stalk (:1) of about 5000, 0.0031-inch insulated copper 

wires was made by potting the wires in Epibond 100A. 1.4 Thermal contact 

between the wires and the fins was maintained by electroplating a thick 

layer of copper on the end of the wires and then electroplating the fins to 

the -layer (g). The upper part (h) of the CrKalum radiation shield was 

fabricated on a teflon mandrel from strips of 0.005 -inch OFHC copper L," ~.i 

laid lengthwise down the mandrel and from cotton gauze impregnated with 

Epibond 121, 14 which was wound around the copper strips on the· mandrel. 

Greater detail of the construction techniques of the pumping equipment 

and pill design is contained in Ref. 13. 

Cooling below 1 K was obtained by the simultaneous demagnetization 

of the C r Kalum and C MN from a fie ld of 46 kOe. 
4 . 

He exchange gas was 

used to cool the salt pill and to conduct the heat of magnetization to the 

1 K bath. Typically, the pill was kept in thermal contact with the 1 K 

bath for one hour, the exchange gas was pumped for one hour and a half 

and the demagnetization took forty-five minutes. After demagnetization 

the 60Co~ thermometer on the copper stalk (j) indicated a temperature 

of about 3.5 mK. The superconducting solenoid was thEm slowly raised 

out of the helium bath to the top of the apparatus; after this it became 

normal in about fifteen minutes~ After raising the solenoid the tempera­

ture of the stalk increased to about 4 mK and subsequently warmed at 

about 0.7 mK/hr at 5 mK and about 2 mK/hr at 10 mK. 
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The apparatus was designed so that none of the materi~ls used 

would become supercohducting at their operating temperatures. In the 

parts operating to 1 K cadmium-bismuth eutectic or silver solder was 

used to make joints. The pill assembly was made of copper, mylar, 

phenolic plastic, and different types of epoxy • Copper -copper joints on 

the pill assembly were made by plating the parts together. Most mag-

nesium samples were bonded to gold or copper foils by gold diffusion 

bonds. Gold was first evaporated onto coppe:r foils, or magnesium 

specimens, and a gold or gold-coated copper foil was clamped to the 

specimen and the two heated together for four to twenty-four hours in 

a hydrogen atmosphere at 400°C. For tungsten specimens, used to test 

the apparatus,· gold previously evaporated on the specimen's surface was 

diffused into the metal by heating at 1200°C; copper foil was then electro­

plated to the gold diffusion layer. The foils were then plated to the 

copper stalk [(i), Fig. 1J. Lithium samples were attached by local melt-

ing of one end of a sample onto a copper foil with a spot welder or, for 

one rather small specimen, by pressing copper wires into the metal. 

The effectiveness of the diffusion bonds was shown by the results for the 

critical field curve for tungsten and also by the experiments in which two 

60-
Co thermometers were used connected by a magnesium specimen and 

two diffusion bonds. (Dolation between the thermometer systems was 

achieved by shielding each counter with about 30 cm of lead. ) 

The magnetic field on the specimen was made as small as possible 

with three pairs of Helmholtz coils. Fields could be measured with a 

. t . t 15 ·"1 . b 16 d 1 k" magne ome er or a rotatlng COl gaussmeter pro e an oC-ln 

amplifier. With the appal1atus out of the dewar but with the dewars at 
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liquid nitrogen temperature the field at the specimen site ~as adjusted. 

to O± 2 mOe and the field gradients, a Hx/ax, etc., to O± 1 mOe/c~. 

The axial field profile was also ~easured. The apparatus was then 

replaced in the dewar. With no specimen or copper stalk on the pill the 

field probes could be placed at the specimen position; with a specimen, 

the field probes were placed just outside the measuring coils. With the 

probes in the specimen position it was found that aft~r demagnetization 

from 46 kOe, raising the magnet and allowing it to go normal, there was 

a residual axial field at the sample site of between 10 mOe and 20 mOe. 

This field, caused by the magnetization of the surrounding laboratory, 

returned to zero within about a week. In an experiment with a sample 

in position the field on the sample could be estimated from the field mea- . 

sured some distance awayduring the experiment and from the field profile 

measured before the experiment. During an experiment the axial field 

was swept with a solenoid wound over the mutual inductance coils. The 

transverse field was also systematically changed by varying the currents 

in the Helmholtz coils. Superimposed on the static residual field was an 

8 mOe pulsed field from the Bevatron with a 6 second period. The esti-

mated field on a sample during an experiment was 0 ± 0.01 Oe. 

The onset of superconductivity was detected by the change in sus­

ceptibility of the sample, which was measured with a 17-Hz commerCial· 

version 17 of the mutual inductance bridge designed by Pillinger et al. 18 

The sensitivity of this bridge was improved by using a lock-in. amplifier 

and by replacing the bridge amplifier by a lower noise operational ampli­

fier. The mutual inductance coils, [(k),Fig. i] had compensated 
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primaries and 50,000 turns of 0.0063-inchcopper wire on each of two 

secondaries .. The secondary circuit was series tuned with 2.2 j.1F of 

capacitance. The usuaLdBeyhodro£opearafiBn-3Wasrtto :ahange .the field on 

the sample by sweeping the current in a solenoid wound over the mutual 

inductance coils. 

The mutual inductance system\was su.fficiently sensitive that at 

5 mK the transition of a sample of f/S-inch diameter tungsten rod of 

resistivity ratio 17,000 was observed with a signal to noise ratio of 50 

(time constant three seconds) when the primary current in the mutual 

inductance coils produced an rms field of 3 mOe. The volumes of the 

lithium and magnesium samples used were larger than the tungsten by 

a factor of two to five. The resistivity ratios of the samples after mount-

ing was not known, but the mounting procedure used strained the samples 

so that a resistivity ratio comparable with that of the tungsten was unlikely. 

Thus, even for comparable size specimens, the signal to noise ratio 

should have been greater than 50. Experiments on a sample of magnesium 

with a second thermometer mounted above the sample showed that there 

was no detectable difference in temperature between the two thermometers 

with the bridge primary field inc rea sed to 60 MOe rms. 

Temperatures were measured using a nuclear orientation ther-

mometer. A single crystal of hexagonal cobalt was cut into needles with 

the axis of the needles parallel to the c -aXis. The needles were irradiated 

°th t t d 60C ° °t F dOl t 1 th Wl neu rons 0 pro uce 0 !!! ~. or a goo slng e crys a e 
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large anisotropy field of 5 kOe and the small demagnetizing factor ensure 

that closure domains are small and most of the Co atoms are in domains 

magnetized along the «-axis, subjecting all the nuclei to the same hyper­

fine interaction. The 60Co nuclei are thermally distributed among the 

magnetic sublevels of the ground state split by the hyperfine interaction. 

Gamma rays emitted from states in 60Ni fed from the 60Co ground state. 

have an anisotropic distribution; the anisotropy depends on the extent of 

the polarizatio~ 6fthe 60Co nuclei, the nature of the gamm~ transitions 

and depolarizing effects of intermediate transitions. 

The angular distribution of the gamma rays normalized to unity 

at high temperature is given by19 

with and U 4 F-4 = - iii f 60C .21 or 0 

Here \Ol:Z and Q 4 are solid angle corrections dependent on the experi­

mental geometry. For. this experiment Q
2 

= 0.996 and Q
4 

= 0.985. 20, 21 

These corrections differ only slightly1!lr0m!llunitv because our 3 in. X 3 in. 

Na( TI) detectors were located 24 in. from the thermometer. The P 2 

and P 4 funct,ions are Legendre polynomials. The statistical tensors 

I 

- (21 + 1)!L (_1)M (IMI-M I IIkO) PMM( T) 
M=--I 
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contain all the temperature dependence. The diagonal elements of the 

density matrix PMM are evaluated from the spin-Hamiltonian for the 

parent ground state. 

In assessing the merits of a thermometer for use at very low 

temperatures several factors must be considered: freedom from sys-

tematic errors, precision, useful temperature range, heating effects, 

presence or absence of fields, the time required to make a measure-

ment and the experimental complexity of the measuring system. These 

60. factors are briefly discussed below with particular reference to Co Co. 

In principle the temperature derived from an orientation thermom-

eter is very reliable as it comes from the, Boltzmann distribution of nuclei 

in the parent ground state. However, the properties of the parent ground 

, , 60.' 
state and its modes of decay must be known. In the case of Co Co the 

60. . 
decay scheme is particularly simple. The Co ground state has a half 

life of 5.3 yrs; I = 5+ and the splittings are well described by a hyperfine 

field of 227 kOe parallel to the c -axis. 22 The spin-lattice relaxation time 

has been measured using magnetic resonance and shown to be tempera-

23 
ture independent at about 75 sec below 14 mK. Temperatures were 

determined from the anisotropy of the 1.17 MeV and 1.33 MeV gamma 

'0 dOh d f 6DC 6DN o 24 Th b d rays em1tte 1n t e ecay 0 0 to 1. e 0 serve gamma rays, 

, 60. 
the 4+(E2)2+(E2)O,+ cascade, are fed from the Co ground state by a 

L=~, beta-transition to the 6DNi 4+ state. Only ah0ut 1 in 10.
4 

of the 

2+(E2)O'+ transitions are fed by another decay. Since the transition is 

"stretched,,25,26 the anisotropies of the two gamma rays are the same. 

Several values of W( e = 0., T) are given in Table II for 6DCo Co. 
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The accuracy of a temperature measurement is influenced by the 

value of a W( e, T)/a T, by statistical counting errors, and by systematic 

errors. The time required for a measurement varies with the desired 

accuracy and the tolerable rate of radioactive heating. For a counting 

rate of 6000/min, which can be obtained with a heating rate· of 0.1 erg/min, 

a value of W( e, T) can be determined to ± 10 percent in 1 sec and ±1 

percent in 100 sec. It should be .noted that most systematic errors tend 

to give too Iowan anisotropy; that is, the apparent temperature is too high. 

To make measurements with single -crystal hcp cobalt, no electro-

magnetic fields are required. Since the gamma rays are very penetrating, 

the detectors can be outside the apparatus. A concomitant disadvantage 

is that it is difficult to use two thermometers with the same emitting 

. .. 60 
nucleus in close proximity to eachgther. We have used two Co ther-

mometers separated by a few inches by installing lead collimators leading 

to separate detectors. There is no difficulty in using two thermometers 

with nuclei emitting gamma-rays at different energies; we have used a 

60Co singl~ crystal thermometer and also a 54Mn Fe foil, with polarizing 

field, :in the sarne apparatus. 

The rnain difficulties in using a gamma ray thermometer are asso-

ciated with the effects of radioactive heating. (For those thermometers 

in which the daughter nucleus is formed by electron capture or in which 

an isorneric state is used, this does not apply.) We used a source giving 

. a high -ternperature counting rate of SOOO/min for each 3 in. Na( TI) 

detector 24 in. from the source. This introduced heat at 2 erg/min into 

the thermometer; in other applications with counters closer to a weaker 

source heating of 0.1 erg/min cQuldbe obtained for the same counting rate. 

II 

/ 
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For a crystal of thickness d andcross:-section A, d«"JA., the 

the~mal relaxation time of the crystal is C d
2
/kn2, where C is the 

. v v 

volume heat capacity and kthe thermal conductivity. Assuming C 
v 

is a Schottky anomaly due to the splitting of the 59Co ground state, 

k= T watt/K-cm, and d ";lmm, the thermal relaxation time has a maxi-

mum value of about 0.1 sec. 

Thermal contact between an ori~ntation thermometer and the sur-

roundings must be sufficiently good that the temperature rise due to 

radioactive heating is small. If a soft-solderedjoint is used in making 

. ... . .. . . -·2 . 
contact, It has been found that for self-heating of 10 erg/ sec and a 
, 2 
contact area of 1cm at 10mK a temperature difference of order lmK is 

, 27 28 
to be expected. • For a metallic joint in which heat is conducted by 

·27 
electrons, such as through a screwed contact or a soft-soldered joint 

27 . 
in which trapped flux keeps the solder normal, a temperature difference 

..;4 . 
or order 10 mK might be expected. In our experiments the thermom-

eter was electroplated with copper to the stalk. We observed that the 

lowest temperature reached by the apparatus did not change when the heat 

current density from the thermometer changed bya factor twenty. This 

suggests that for this method of joining, thermal contact is adequate. 

IfL an orientation thermometer is used in liquid helium, as in a 

dilution refrigerator, the contact to the helium is relatively poor. For 

example, if we again assume a heat load of 10-2 erg/sec, a contact area 

of 1cm
2

, a boundary resistance of 10-5 / (AT 3r: K-sec/erg, 29 we find at 

10mK, AT = 100mK! Thus the thermometer should be attached, using 

copper plating or a screwed contact, t? a large surface area (such as 
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'. * 
sintered copper ) in contact with the helium. For a dilution refrigerator 

the thermometer should not be attached to the walls of the mixing cham-

30 
ber, as they may be hot through heat leaks to the chamber. 

To determine the anisotropy of the' 60Co gamma rays it is only 

necessary to count the number of gamma rays in a wind~w including the 

two gamma photopeaks. If a polar and an equatorial counter are used, 

a direct measurement of anisotropy is made. If only a polar counter is 

used, measurements must be taken with the thermometer cold and these 

must be normalized to counts taken with the thermometer sufficiently 

wcirm that there is no anisotropy. The latter option was our normal. 

operating procedure, with the addition of a final series of warm counts 
, " . . 

after the run. Care must be taken to ensure that the quantities of liquid 

helium and nitrogen between the thermometer and the counter remains 

constant during the run or the attenuation of the gamma rays, will be 

slightly changed. 

We have checked for complete saturation of the magnetization of 

60 the single crystal' Co thermometer. We compared the measured tem-

perature with and without an external polarizing field and found that for 

the thermometer used in the experiments there was agreement to within 

the experimental error of 5 percent. The accuracy was limited by drifts 

in temperature due to applying the polarizing field. 

* We have used commercial sintered copper in heat exchangers for dilution 

refrigerators, in particular Grade H OFHC from Pall Trinity Micro 

Corp and Feltmetal from Huyck Metals. 

.. 
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c. RESl':TLTS 

In order to check that the apparatus was working properly, the 

critical field curve of a sample" of 99.999% tungsten
31 

was measured. 

As described above, the tungsten was attached to the copper stalk by 

plating copper onto a surface of gold partially diffused into the bulk 

material. The resistivity ratio (4-300 K) of the sample after diffusion 

bonding and plating was 17,000. In addition to the transition near 15 mK, 

a transition was also observed near 2K. A sample which had not been 

subjected to the gold evaporation, heating arid bonding process did not 

show this high-temperature transition. We attribute this transition to 

the .presence of small amounts of j3 -tungsten formed during the bonding 

h · h b d . . h . 3 2 , 33
Th .. 1 process w lC ecomes supercon uctlIig ln t at reglOn. e crltlca 

field curve measured in two experiments on tungsten to 5 MK gave values 
. 12 . 

of Hc about 10% different from those of Black et al. Furthermore, 

some hysteresis was observed on changing the polarity of the 'applied 
. . 

field. We think this was due to the presence of trapped flux in the j3'-phase. 

We also found that the transition occurred in a time not exceeding five 

seconds; occasionally superheating was observed when the transition 

occurred faster than the response time of the bridge. This may be com-

pared with transition times of several minutes obtained by Black et al. 

In their experiment thermal contact was limited by the Kapitza boundary 

3 
resistance between the sample and the He used as a thermal contact 

agent. We found no difficulty in following the transition to a temperatur·e 

corresponding to a critical field of about one -tenth of that at T = O. 

These results show that thermal contact between pill, sample, and 

themometer was adequate. 
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Data for the different samples of magnesium and lithium are given 

in Table III. We were unable to find a superconducting transition in any 

of the samples. This does not completely rule out the possibility that T c 

is greater than 4 mK, because the samples may have supercooled. For 

pure,uRstrained materials with a transition temperature in the milli-

kelvin range, the coherent length; at T == 0 is very long, giving a small 

Ginsberg -Landau K and type I superconductivity. At a temperature at 

which the thermodynamic critical field is H the lowest field to which . c 

the sample can remain normal is H 3 = 2.4 KH for surface nucleation, 
c c 

and' Hc2 = ~ K Hc for bulk nucleation. In Table IV estimates of Hc2 ' 

H
c3

' ;, and K are given in the clean and dirty limits. Nucleation of 

'the transitionabove Hc2 or Hc3 can occur if nucleation centers exist and 

are effective. Faber and Pippard34 have shown that in: aluminum and tin 

the criterion for a flaw of size 0 to be effective is 0» ;. In experi-

. . -3 -4 . 
ments on aluminum they estimated that flaws of 10 - 10 cm existed 

in their specimens. These experiments were made in the middle of 

carefully made rods of material as nucleation appeared to start at the 

ends of the rods or at other surface irregularities. This is the usual 

situationsfor superconductors with critical temperatures of 1 K or higher --

special care is usually necessary to observe appreciable supercooling. 

For low T superconductors it may be more difficult to achieve nucle-, c . 

ation since ; is larger. However, in their experiments on tungsten, 

Black et al. 12 found that nucleation occurred at about 0.2 H unless the c 

surface had been specially prepared; we also found that tungsten did 

not supercool below 0.2 H . c 
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Our magnesium samples were far from homogeneous; parts of the 

surface were covered with a gold diffusion layer and the Clamps used 

during the diffusion bonding process produced varied strains in the 

crystals. The lithium samples self-annealed at room temperature after 

the mounting process but the martensitic transformation severely strained 

the crystal each time it was cooled. TI;>.ereiore, it is clear that our 

lithium and magnesium samples were strained to a greater degree than 

the tungsten sample. Nevertheless, if T is lower than for tungsten, £ 
c 

might be longer and it could be more difficult to achieve nucleation in 

spite of the less perfect state of the samples. Since the mechanism by 

which defects act as nucleation centers is not understood in detail, it is 

not possible to predict with any degree of certainty the supercooling 

behavior of the lithium and magnesium samples from that of tungsten 

and higher T superconductors. However, as. a rough guess, it seems 
c 

probable that a transition would have been observed if T c were as high 

as 6 mK. For T = 6 mK, H (4 mK) ::::: 0.15 Oe, and between 4 mK and 
c c 

5 mK the samples would, at some time, have been in a field that was 

only 4% of H. Furthermore, at 4 mK £ would have a value comparable 
c 

to its (0 K value. 
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D. CONCLUSION 

We have cooled lithium and magnesium to 4 mK in magnetic fields 

of 10 -2 Oe and to 5 mK at 5 X 10 -3 Oe without observing superconducting 

transitions. The possibility that the samples supercooled precludes 

setting a defi~ite upper limit to T , but it seems probable that T < 6 mK. 
c c 

At best, we have explored 60% of the temperature range predicted for 

Tc for magnesium; for lithium the theoretical estimates of Tc are so 

much in doubt that we may still be far from the region of the transition. 

• 



• 

-161-

APPENDIX: 

THE I-IEAT CAPACITY OF TUNGSTEN - JJv1PLICATIONS FOR THE CERIUM 
MAGNESroM NITRATE .TEMPERATURE·· SCALE 

12 
Black, Johnson, and Wheatley have recently reported a detailed 

analysis of the critical field curve for superconducting tungsten. The 

analysis is of particular interest in relating the thermodynamic tempera-

* * tUre T to the magnetic temperature T defined by setting X(CMN) = ciT 

where X(CMN) is the magnetic susceptibility of powdered CMN in the form 

of a right circular cylinder with height equal to diameter. 

The superconducting critical field He: can be related to the thermo-
e c 

dynamic temperature T by the relationship 

d(H 2) c . 
= 

47T 

VT 
m 

[ S ( T ) - S (T)] s . n ( 5) 

where Sand S are the molar entropies of the superconducting and normal 
s n 

. states, respectively, and V is the molar volume. For sUfficiently low 
m 

temperatures,Ss « Sn = )Tassuming.all other contributions to the entropy 

are either small or equal in the normal and superconducting state (the 

lattice entropy for tungsten is negligible at these temperatures so 

difficulty from this source can be discounted). Therefore, Eq. (5) gives 

H 2 = 
c 

2 . 2 
Hc (T = 0) - (47T)') T (6) 

valid as T ~O (~/V is referred to as ~ with the appropriate units -m 

see Table IV). 

To first order the effects of magnetic interactions and sample shape 

may be represented by an "effective Weiss fl." usually referred to as 6. 

The authors of Ref. 12 consider the equation 

T = * T + t::.. 
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o~ ~ lead todi~~erent values o~ ~ as 

. * '=> 
versus (T + ~); The choice ~ = 0 was in 

agreement with the range o~ values reported in calorimetric determinations 

o~~, and they note that this choice leads to a critical ~ield curve 

in good a:greement with ms theory. fucking any more sensitive test ~or 

the true ~ value, they chose ~ = o. 

The values o~ ~ reported in the literature35-37 do. not agree well at 

all, and the discrepancies have been assumed to be partially due to the 

e~~ect o~ impurities - especially magnetic impurities -,on the low 

temperature heat capacity. Because o~ the importance o~ an accurate 

value o~ ~ to the analysis and conclusion contained in Re~. 12, the heat 

capacity o~ a 1/4" tungsten rod with resistivity ratio 57,000 (see Table 

III) was measured ~rom 0.3 K to 25 K. The value obtained ~or the normal 

state coe~~icient o~· the linear term in the heat capacity, ~ = (1.005t 
. 2 

.005) nlJ/mole-K, is not in agreement with the results o~ the analysis 

in Re~. 12 and suggests possible corrections to the temperature scale 

based on powdered CMN. 

The tungsten sample weighed 80 g. and was mounted witr. '8 threaded 

copper bushing to the sample holder shown in Fig. 4 o~ Part I. The 

tungsten rod was not threaded but was slightly beveled on the mounting 

end so the bushing could be screwed hand tight over. ",1/4" o~ the end 

section. No thermal contact agent was used, and relaxation times were 

essentially instantaneous in spite o~ the small contact area. The heat 

capacity o~ the very high purity copper sample froin which the bushing· 

was made wa s measured in a separate experiment. The contritu tion from the 

bushing was subtracted, together with the care~ullycalibrated calorimeter, 

I; 
I 
I 

• 
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from the total heat capacity measured for the sample plus mounting asseml'ly. 

In an attempt to eliminate all extraneous error 'from impurities, the 

susceptibility of the tungsten sample was checked from 0.3 K to 15 K . 

Below 3 K the susceptibility was constant and no evidence was found for 

the presence "of the superconductingt3 phase of tungsten or localized 

moments. Above 3 K the susceptibility varied smoothly and increasingly 

more rapidly as linear thermal expansion of the sample and sample holder 

changed the volume of the sample sensed by the secondary coil. 

In spite of these precautions and the very high resistivity ratio 

of the sample, it was felt advisable to check for the presence of para-

magnetic impurities by making calorimetric measurements in a msgnetic 

field. In Table V the heat capacity data for the tungsten sample are 

listed. In addition to the zero field data, results are listed for 

magnetic fields of 1 and 38 kOe. The 38 kOe data have been corrected for 

the substantial nuclear contribution of the copper (since the field on the 

calorimeter is highly inhomogeneous, a measured value has been used to derive 

the appropriate nuclear contribution - see Part I, Section E.2). 

The low temperature data for tungsten in 0, l,and 38 kOe are shown in 

Fig. 2. The zero field data do shown an anomalous structure below 1 K 

which is enhanced in 1 kOe but completely suppressed in 38 kOe. Fortunately, 

the nuclear contribution from l83w is always less than the scatter in 

our data and the 38 kOe results define an excellent straight line on the plot , 
2 

of CiT VB T. The intercept in Fig. 2 defines ~ = (1.005±.005) mJ/mole 

K2 and the slope gives e = (379±2)K in excellent agreement with va lues 

previously reporte~.35,37 The temperature dependence of e may be ottained 

from the higher temperature data listed in Table V and is in agre-ement with 
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previously reported behavior. 37 The purity of the s~ple was high 

enough so that the total anomalous effects at low Tare only ~l% of the 

electronic heat capacity. 

The electronic heat capacity coefficient per unit volume 'Y = l056±5 
2 ') . 

erg/K /cur allows us to estimate ~ in Eq. un. Figure 3 shows the data 

. 2 . * )2 of Black, et a1. on a plot of Hc versus (T +,~ for the choices 

b,. == 0 and ~ == -.4 mK. The straight line through the data for b. = 0 

corresponds to 'Y = 915 erg/K2/cm3 in poor agreement with our 'Y value. 

The choice ~ = -.4 mK, on the other hand, allows a straight line to be 

drawn through the data with the slope obtained from our calorimetric 

determination of 7-

The data in Fig.3 deviate fran a straight line for both choices of 6. 

A correction to the applied magnetic field has been proposed in Ref. 12. 

Such a correction is expected to arise from the close proximity of the 

paramagnetic CMN to the tungsten sample, and the authors of Ref .• 1.2 estimate 

an increase b,.H/H = (2±1)% (1 mK/T) that will correct the low temperature 

deviations for either choice of ~ in Fig. 3. 

Although the value ~ = -.4 mK provides an easy interpretaton of . 

the tungsten results, there have been other experiments done with t" e 

same C~ thermometer that provide evidence for I~I < .2 mK.
38 

While it 

seems that the interpretation of these experiments would not be altered 

much and might, in fact, be somewhat more satisfying with the choice 

b,. = -.4 mK, it is essential to consider possible sources of error in the 

critical field measurements~ The two factors which. appear to be relatively 

unknown are the exact value of the field enhancement produced by the 

.", . • 
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paramagnetic CMN and the effect of small amounts of magnetic impurities 

on the critical field curve of tungsten . 
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, ' 
, , 

Table 1. Comparison of theoretical and empirical 
empirical values of ~. a , .f 

Be ,Mg. Zn Cd • 
, Value of,~ calcu- 0.26 0.3f 0.42 0.40 

lated by Allen and 
Cohen 

Value of ~ derived· 0.25 0.33 0.43 '0.36 
from heat capacity 
enhancement 

Value of >.. derived 0.23 0.38 0.38 
from E q . ( 4). 

-----------~------~-~---~------~---------~----------

a, ' 
See Ref. 1. 
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Table II. Values of W( 0, T) for 60Co in Co 

., thermometer (with 02 = 04 = 1) 

T(mk) B
2
(T) BlT) W(O, T) 

• iL'O 1.6964 1.1721 0.00197 

1.5 1.6823 1.1399 0.01574 

2.0 1.6517 1.0727 0.04491 

2.5 1.6086 0.9831 0.08478 

3.0 1.5574 0.8846 0.1303 

3.5 1. 5015 0.7861 0.1777 

4.0 1.4430 0.6928 0.2249 

4.5 1.3837 0.6075 0.2706 

5.0 1.3244 0.5314 0.3141 

5.5 1.2658 0.4630 0.3552 

6.0 1. 2085 0.4036 0.3938 

6.5 1.1528 0.3519 0.4297 

7.0 1.0989 0.3069 0.4633 

8.0 0.9970 0.2343 0.5238 

9.0 0.9037 0.1802 0.5762 

10.0 0.8191 0.1396 0.6216 

12.0 0.6745 0.0861 0.6954 

14.0 0.5591 0.0551 0.7515 

16.0 0.4670 0;0364 0.7948 

1.8.0 0.3939 0.0248 0.8283 

20.0 0.3352 0.0174 0.8548 

, 25.0 0.2329 0~0080 0.9002 

30.0 0.1695 0.0041 0.9277 

35.0 0.1283 0.0023 0.9455 

40.0 0.1002 0.0014 0.9575 

45.0 0.0803 0.0009 0.9660 

50.0 0.0657 0.0006 0.9722 

100.0 0.0168 0.00004 0.9928 
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aResistivity ratios determined by the authors by potentiometric and >eddy 
current techniques agreed to within 20% on the samples of tungsten and 
magnesium. 

b Mean free path of similar samples grown by the author were - 15 cm. 

c This resistivity ratio was measured on a different sample, from the 
same supplier, from the one used in the experiment. 

dJ . Electrochemical Soc. 113, 201( 1966). 

eBull. Am. Phys. Soc. 11, 169( 1966). 

... 
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Table IV. Superconductive parameters for Li, Be, W, and Mg. 

Li Be W ...M&... Unit 

T , superconducting transition tem-
c perature (measured) 0.026 0.0154 K 

(assumed) 0.004 0.004 

p 300' resistivity at room temperature 9.4 3.6 5.3 4.3 ~-cm 

y, electronic specific heat coefficient 1250 470 1056
a 930 

-2 -3 
erg K cm 

y/yo 2.2 0.428 0.663 1.33 

H , thermodynamic critical field at 
c 0 K· ... 0.355 1.3 1.15 0.306 Oe 

S/SO' ratio of Fermi sui-face area 
0.787

b 
0.65

b 
O.111

c 
0.60

d ~ 
to FEM area . 0\ 

\0 

v
F

= h/m( 31Th)1/3 = Fermi velocity 
I 

1.285X 10
8

2.:25 X 10
8 2.20~ 10

8 
1.58X 10

8 
cm/sec in FEM . . 

v; = (YO's!ySO)"F = renormalized 

0.46>< 108 3.42 X 108 . 0.369X 108 8. . 
Fermi velocity 0.713X10· cm/sec 

*.. * £0 = 0.18(hvF /kB Te), renormalized 

coherence distance 0.0158 0.0181 0.0032 0.0245 cm 

* 1/2 * x'L(O) = (1T/Y) ck
B

/2ev F , renoi'-

4.69X 10-6 1.03Xl0-6 6.36X10-6 3.52X 10-6 
malized penetration depth cm 

-\ 
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* *' /e* ' KC = 0.96 x'L( 0) ~O' renormalized 

GL parameter in clean limit 

Kd = 0.75 x'~(0)/1 = 7.9X10- 3 p,,1/2 

(p in fJ.O cm GL parameter in 
dirty limite) 

Hc3 clean 

d " e 
Hc3 lTty 

= 2.4 iK*H 
cc 

= 2.4 iKdHc 

Table IV. (Continued) 

Li Be w 

2.87X 10-
4 

0.55X 10-4 1.92X 10-3 

0.0263 0.00617 0.0136 

2.45X 10-4 1. 75X 10-4 5.30X10- 3 

0.02.2 0.019 0.037 

Mg Unit 

1. 38 X10- 4 

0.0103 

, -4 
1.01 X 10 Oe 

0.0076 Oe 

----------------------~-----------------------------~---------------------------------------

aFromheat capa:cit'ymeasurements on a sample similar to that used in these experiments 
(see' Appendix). ' . , , 

bEstimated from the reduced resistivities--seeJ. M. Ziman, Electrons and Phonons .. 

cEo Fawcett and D. Griffiths, J. Phys. Chern. Solids 23, 1631 (1962). 
d ',.' E. Fawcett,J. Phys. Chern. Sohds 18, 320 (1961). 

eResistivity ratio of 100 assumed. 
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TABLE V. TbeHeat Capacity of Tungsten 

Zero Field 1.0 kOe Field 

N T(K) , C(mJ/mole-K) N T(K) " C(mJ/mole-K) 

1 .35162 .36222 1 .36973 .38357 
2 .38537 ·39616 2 .41574 .42744 
3 .42554 .43424 3 .46492 .47661 
4 .47486 .48436 4 ·51730 ·53024 
5 ·52353 ·53599 5 ' ·57702 .59314 
6 .56818 ·58127 6 .63728 .65829 
7 .61956 .63603 7 ~69695 .72484 
8 .67492 .69462 8 .75889 .79184 
9 .73538 .75967 9 .83324 .86609 

10. .8(n47 .83040 10 ·90342 ·94042 
11 .87617 ·91185 11 ·98450 1.02512 
12 ·94239 ·98538 12 1.07937 1.13250 
13 1.02372 1.07522 13 1.18738 1.25442 
14 1.10605 1.16389 14 1·30961 1.40041 
15 1.18725 1.25292 15 1.43715 1.55101 
16 1.27111 1.35089 16 1.60222 1.76665 
17 1.36998 1.47167 17 1.71041 1. 911la 
18 1.47911 1.60670 18 1.88440 2.15127 
19 1.61543 1·78222 19 2.07845 2.43616 
20 1.75060 1·96599 20 2.32846 2.82622 
21 1.92292 2.20500 21 2.56274 3·21881 
22 2.11704 2.49093 22 2.82544 ' . 3·69450 
23 . 2.32040 2.81369 23 3.15905 4.35811 
24 2.53382 3.16520 24 3~53142 , 5.17130 
25 2.76262 . 3·57554 25 3.88230 6.06813 
26 3.03991 4.11021 26 4.29320 7.21376 
27 3·34711 4.76321 27 4.72493 8.60486 
28 3·69377 5·58499 28 5.21103 10.38141 
29 4.05677 6.53goei 29 5.74961 12.52831 
30 4.42574 7.61742 ************xXXXX)(XXX)()()(l(K******** 
31 4.85191 9·03339 38 kOe Field 
32 5·35235 10·89780 N T(K) C(mJ/mole-K) 
33 5·91967 13·31875 
34 6.23062 14.86947 1 .46664 .47292 
35 6.85894 18.40091 - 2 .51794 ·52667 
36 7.45870 22.21969 .3 .56376 ·57500 
37 8.09253 26.82660 4 .59917 .61007 
38 8.87214 33·46471 5 .65906 .67213 
39 9·74702 42.29505 6 ·72649 .74653 
40 .10.64016 53·14511 7 .80576 .83012 
41 11.59954 66.61240 8 .88955 ·91907 
42 12·52772 82.00677 9 ·95203 ·98886 
43 13.80607 107.67655 10 1.04127 1.08825 
44 15.27013 144.03637 11 1.13883 1.19690 
45 16.87893 195.28311 12 1.24760 1.32045 
46 18.69170 268.93572 13 1~37046 1.47664 
47 20.51923 364.50038 14 1.49816 1.63813 
48 22.35096 490·36847 15 1.65352 1.83867 
*KKKKKlI)(**************************************************************** 
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FlGURECAPr IONS 

Fig. 1. Detail of lower section of apparatus'. 

Fig. 2. Heat capacities of 'tungsten .. 

Fig. 3. Plot of the square of the critical field for superconducting 

* 2 tungsten (after W. C. Black, et al., Ref. 12) versus (T +6) 

2 
2 ,. , 

below 0 mK. Black s data has been plotted for 6 = 0 and 

~ = -.4 mK. The straight lines drawn through the data corre­

spond to 'Y = 915 erg/K
2
/crr? and 1056 erg/K

2
/cm3, respectively. 
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