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

II. SEARCH FOR SUPERCONDUCTIVITY IN LITHIUM AND MAGNESIUM"

2

Baylor B. Triplett

Inorganic Materials Research Division, Lawrence Radiation Laboratory
Department of Chemistry, University of California
: Berkeley, California 94720

ABSTRACT

I

Meaeui'_e'ments of the heat‘capacities of 81.4, 195, 640, and 2560 at
Ppm s‘olutie'ns of Fe inICﬁ. and 2.1.2; 33.6; and 51 at Ppm solutionsvof Cr
iﬁ C'u have been made in order .;to determine the conc entration pfoporfional
heat capacity eharecteristic of 'the spin-cempensated vstate. For Cu-Cr-
the results are in excellent agreement w1th the. recent theoretical calcula-
tions of Bloomfleld and Hamann above 0.1 T The fit det.ermmes

T., = 2.1 K in agreement with the value 2.2 K derived‘from recent inter -

K

pretation of the resistivity. The entropy associated with thve formation
of the Kondo state is ('1.05:h 0.10)R 1n 4 in agreement with the‘ value expected.
for a spin 3/2 system and in disagreement with an earlier report of a -
value signifi_eantly less‘ than R In 4. The entropy as a function of - -

- | temperature is used to 'repfesen't the thermal destruction of. the Spih-

_ c_ompensated state,

E3 =
Submitted for publication in the Journal of L.ow Temperature Physics,

" UCRI~19650.



—yi-

Héat cépa;ity measurements on .theFCu—Cr samples in magnetic
. fields up vto 38 kOé indicate the Kondo state is destioyed moré grédually
in large rriagnvetic_: fields than. indicated in a recent NMR analysi's'..

The Cu-Fe data on tﬁe high temperature side of the anomaly are
less a.cvcuratAe: but aré also consistent withvan entropy of R ln 4 and the

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

K
of the heat capacity suggests:that the'T-1/Z term in the susceptibility,
K determined from the low temperature sus-

éeptbil_ity and the anomalous ‘NMR and MéGssbauer measurements are

the poor a,gtee'ment with T

aschiated w‘ith Fé-Fe inferaétio:ié énd are nét. I;ep‘resentativé of_tbhe
spin-compenéated staf;é. . The data ‘suggest a new, s_irhplei interpretation
of these méasurements. The application of fields ";3(_) kOe res‘ulté in

the suppression of interaction _effecfs below ~ 3K While having littlg

effect on the compensated state heat capacity.

IT

Recent theore'ticalvwork suggests. that magnesium and lithium
should be superconducting in the millikelvin range of temperature. We.
" have cooled sampvlevs .of each of these metals to a temperature ;)f 4 mK,
‘measured by a ga.mma.-ra.):'r’ ;anisotropy thér.mox;'neter.‘ Al-though- t_he |
magnetic field v;/a.s. .less than 10_2 Oe, no superconducting transi{:ions
'w_ere observed. The use of a nuclear orientation fherrﬁo_meter employing
60Co, in single-crystal (hcp) cobalt is described.

In view of 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 accu?étely _rn.'e_avsured the heat capacity of a higﬁ-purity tungsten
sample. ,bThe results are not in ;agreerhent with the re‘éent thermodynamic
analysis of the criticai field -curve for tungsten and imply a larger upper
limit to.’A in the equation T = _T>°< +A w.here T* is the magnetic tempera-

ture defined by setting X (CMN) = C/T  f6r powdered CMN.
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LIST OF SYMBOLS
'Quahtities
"vHarrjliltonian
number of atoms
-e.ffect:i\{‘e’ average of exchange integrals
wavevector
pbsition vector of atbrn n in a periodic lattice
f-ci‘eation and aeStruction opera.tors.f(')’r~ itinerant electrons
- with wavevector &k and spinf ‘
<':>r_e‘ati<5n_a.nd) destruction operator for localized électro_ns
on atom n with spin* | i
spin operatér of m‘agﬁifude 1/2 for elécfro«n localized on -
atoin n |
Bloch function
Wannier function
Fermi energy, Fermi wavevector
"unperltv'urrb:ed energyof a localized d state on the impurity

atom

- Coulomb splitting between the spin up and spin down d

states on the impurity atom
Anderson mixing potential

half-width of the Andei‘son virtual level

o .

" density of states at energy

~density of states at the Fermi level



2D

N(0)

-1 X

density of states of the virtual d level in the Anderson

model
eléc‘frical resistivity
‘excess resistivity due to spi:ri aépendéht vs'ca.tt:ering v
spiﬁ _’depehdent exéess rééisj:ivity; in 'th‘e‘fixv'vstl Born

approximation

* unitarity limit resistivity

impﬁrity concentration

Bélizr_nan's constant

bt‘ernpera,tl.lre v 'A

width of the conducvtio‘n band akssiimed‘ in Kondo state
c:;lcula.tioﬁs v | |

approximate density of states assumed to be constant in

the band of width 2D (Kondo state calculations)

- - the Kondo temperature - -usually défined:as the point_vatv

which a divergence appears in the vertex fi.mction of
the r;uany body s-d exchange theory——TK é.‘lso app.ea.rs
as a parameter in physica;l- quantitie,.s. éalculated fr'orﬁ
theory |

“the lifetime of localized spin fluctuations

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

A. INTRODUCTION: LOCALIZED MOMENTS AND THE KONDO STATE
In recent years c.onsiderab'le’ efforf has yieldebd some progress
.towafd undersrta.ridilv'ig t.he" nature of the magnetic moment on a localized
impurity, in.é; metal and its iﬁteracfions with the itinerant electrons
surroﬁnding 1t The theoretical prediction of the formation of a singlet
- bound state resulting from the intéraétions in the s-d exchange model
h‘a;s beeh paralleled' By the de{relopment of av spin fluctuation theory
v&hich‘:concerns itself with the lifetimes of localized spin fluctuations
ina mefal. The s-d éxchénge Hamiltonian is the limit of a general
'probleizm.va:.nd is presumabljr valid only wheﬁ thé lifetimes of localized
spin flucfcuatibns are long. It is this hard moment model that has
yievlded the most detailed calculations and has enjoyed considerable
succes"s_ to date in explaining the resistance minimum phenqmenon and

2

“related exper'_iment's. However, recent spin fluctuation papers
have suggested that the Kondo effect as de scribéd'by the s-d model”>> 4 3
a.ndv localized spi;i fluctuations are the same, and épin fluctuation
theory has also recently yielded predictions of the resistance minimum!
The -sv-d' eXchénge Hamil'tonian first proposed by Zener6 as a model
for ferromagpetic -trans:itioh metals has been discussed in the reéent
theorétiéal review by Kondos and only é. summary of Athe" current
Situafion will be given here.

The Harr.liltonian 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

s N O e LR R e ke
" o o o . "
ot dSno At S (1)

S , . ( o o _

where a1 and a1 are the creation and annihilation operators of the
. . -— -

electron with wave vector K and spin T and J denotes some average

exchange integral. The Bloch function for the localized electron has

been introduced in terms of its Wannier expansion

¢k' (r) = N 1/ Z exp (ik- Ri) (.o(?- Ri) : L (1a)
~assumed to be singly occupied

* % ‘_V L » o '

.a/,n' anl t oa an" - 1 » (1b)

Equation {( 'ib)~ allows us to write

'1/2(a* a. -a.*\a.')"—‘vS' s a*"a =S a*va :S
nb “ni n{ “nt’ nz nk “n i n+, ny nj n-
| | | (1c)
The diagonal bart of Eq. (.1) represeﬁts a uniform fe_rrofnagnetic
coupling »bet‘ween— the local spins independent o_f'fhe separatiqn between
them, Hart'7 pointed out. that this résu’l’t contradicts Friede_lv"svv theo“rem8
and i'r;dicates fhe necessity of c~’opsidering higher-orderite‘i‘ms. 5
Equatiori (1) is 6f the same form as the Fermi '.intefaction of ”
the nucleus with metallic electrons;‘ Rtide_rman énd Ki_ttelgi and
K'asuyaivo-‘and Yos"if:la.11 made second order pertur.bati'on' calculations

of the energy for nuclear spins and the electronic system respectively.
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The RKKY ivnteractio_nv obtained by them is expressed

e = Z Sn.- S‘m ,I(“Rn - Rm') : : (2a) -

n<m

where ' . _ .

) is 2k R sin2k_R |

1(|R|) _ c)ﬂz cosS F3 ) sin F4 _ (2b)
. 2€p : ,
o F (ZkFR) (ZkFR) .

GF is the Fermi ejnerg»’y.

avnd g , kF is the Fermi wajvévectorv.

The uniform spin 'poiafiiation given by the'.diagonal elerﬁents
of the vHa'.miltoni.ah has ch'an-ged to an oscillvatingv structure that decreases
as R_'3 for large distances from the local spinf

in Eq (1b) the existence of a localized moment has been assumed
withoﬁtvgiving any theoretical justificé,fions or conditions for its
existence. Anderson proposed a rhi}(ing"mbdel in the Hartree-Fock
approximation ’which qualifatively describes the localized moment and
indicated that if the locéiized, levels were cl_o.se ehough to the Fermi
level or theb interaction jWith the fre-_e electron states strong enough,
the re sulting broadening of the virtual level would res“;ult in complete
coilapsé of the localized moment into a nonmagnetic state.

The Anderson médel is shown schemafically in Fig. 1 The

starting point of t_he. model is a singly ‘oc-cupi'ed d Tlocalized state

split from the spih down state of the same orbital by a i‘epulsive

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 .v.irtua.l levels éons-isting of the appropriate i‘ni%tﬁre of localized
d st‘ate: and opposite spin free'electrdn states., The mixing has the
effect.'.of- bi‘oadening the localized d lével into a'lcéntinuum d-is'tribution_
while d‘écrea.sing the effective separa.‘tior; 5etwéen the two levels (as
“more and mofe opposite.spin ché.ract;er is mixed inté the levv'els).v As
thve occuéation numbérs of the tv.vo levels begiﬁ to differ appreciably
from 0 and 1, a "'collapse' of the split 1évels r'es‘uvlts-'i.n the symrﬁet_ric
nonmagﬁefic state shown in Fig, 4c.

The condition favorable for the formation of the ma,gnei:ié stété

is shown in Flg 2 and expres sed .

*F T q

> = -rerdN(eF) anded+U 6F>,>F | : (3)»
wheréF is the half-width of the virtual level and a represe_nfation of
the s-d interaction derived from the mixing pot‘ential Vsd and N( €F)

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

of states is expressed by

' r 1 o |
N,(e) = ; (4a)
4 T (e-ed)2‘+I‘2 ’ : v

at the Fermi level (4a) reduces to

L. T 1 o S
A N P W
It was quickly demonstrated that if the condition Eq. (3) is assumed,
the Anderson Hamiltonian can be canoniéally ’cra,nsformed13 into a

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

with
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1

2 ! 1 o
Vsd [(ed-- ek,) * (ek - €4 —U)] <-0 . (5)

As Koridosvhas poinfed out; this does not pi'ove the equivalence of the
th Ha.rhiltoniahs untili/ ﬂie effect of higher »ord..‘er’ terms is analyzed,
but a funda.ménteil relationship b‘e.tween the two models hég been
demonstratéd. | |
. The s-d exchangé model assumes thveriexistence of a localized

mbmen_t and represents it with a spin operator 'without attempting to
construct it from one-electron theory which does not allow localized
_sta‘te's-cc_)inc.ident in energy with a free electron band.

| The Anderson médel" on the other }iand is an attempt to ciesc;ribe
this mo'ment‘ and conditions for its existence in terms of a virtual
(finite lifetime) level built up Ifro'm one electron states.

.Sar,vachik et al. 14»es'ta.blishebd a one -to.-one corréspondence
bet.wéen the exist_enc¢ of dilute magnetic impurities in metals as
implied by a strongly temperature dependerit susceptibility ;nd the
appearance of a minimum in the resistance versus temperature curve.
LKondo15 then calculated the scattering amplitude of the s-d exchange
model in the second Born appfoximation and obtained a logarithmic
divefgénce in the ‘electrical resistivity for an atitiferromagne';ic s-d
interaction (J < 0). |

His result ca.n be expresséd by

kT | |
bp = P m [1'+4N(0)J In (- % )+---] | (6)

where ¢ is the impurity concentration, and N(0) is the density of states



in a fla?t vband of width 2D. prn is the épin dependent part of the
resistivity calculated from the first Born approximation. Hamann 10
has obtained Eq. (6) "dir'eétl_ly from the Anderson model where the
anomalo_u's tern.)‘a.ppears in the éixth-orderv of the sc,attering probability
expanded in powers of Vsd' |

The logarithmic form of Eq. .(6) was an exéifi’gg theoretical
development that implied the s-d Hamiltonian represents a true'rnany—
body proble'fh whiéh cannot be evalicitly“ éolved By a perturbatidn theory
» aﬁﬁroaéh. It was recogniied immediately that the anomaloﬁ.é terrﬁ_
results from a situation'ana.logous to tﬁat éncounteredin Supercdn—
ductivit"y. Eléctrdns scattered'ﬁby the localizéd moment (by.'the
phonbn field) are not pfoéerly treéted in a oﬂe —electrvon.va.pproximatio'n,
but an effective electr.on-electr.on intera.ction comes into pl'a.vy because
the spin dependent scattering;prob:;b.ility (wavevector depen‘éent .‘scat-
tering probability) depends on whether a previous event of the opposite
sign has takeﬁ place. There is a kind of pairing betwee_h itinéfant
elvectrons of opposite spin analogous to the pairing of electrons with
opposite wavevectors which takes place in the BCS theory o_f svuper—
conductivity. Further theoretic.ai stﬁdies of thevKondo singularity
showed that perturbational approaches fail below a chafaéteristic
temperatﬁré TK and that‘ béiow this température a many -body bound 2 '

state appears with a nonanalytic binding energy of order kT_  where

K

. . -1 : v . '
plx = Dexp [T‘N‘('GWTT] ,  J<0 -
analogous to the BCS equation for the superconducting transition '

temperature. The state so formed is commonly called a spin



i

compens_ated state because a coherent mixing takes place between the
spin up and spin down statesllocalized on the impurity through inter-
actions with the itinerant electrons in such a way as to remove the

degeneracy and the spin-flip scéttering process vassociatéd' with the

. levels. This is a nbnmagne_tic gfound state and there is considerable

1,2,3,17

speculation “that it is the nonmagnetic impurity state in the
Anderson model (see Fig. 2). If this is the case, then systems tradi-

tionally considered nonmagnetic in the Anderson sense are those with |

- very hig'h_ Kondo temper‘a.ttires. This view is consistent with Eq. (7)

be‘cva.u‘se small changes in N(0)|J| can result in large variations in TK'

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

‘model to describe these high Kbhdo temperature systems. If the piéture

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

must hec'essa.’rily be br‘oad because the condensation will be localized
in real space é.round the impurity, and therefbre a si'nall, number of
degi’ee_s of freedom will be 6perati{re in the t;‘ansition.

Early perturbatiori calculations showed that the Kondo divergence
appea_r‘s' in other physical quantities in a manner similar to its appearance

in the resistivity. When it became obvious that the divergenbc_e 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
'mormal Vhigh 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 make an a.nécly'tic continuation
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of‘the "‘normé‘l_ state »sc}lution valid at.high tempe ratures achss TK
where perturbation theor';r div‘ergves. "I‘vhis. appro»ach‘ foers né guarantee
that fhe continued solution is ‘the>one of lowest free energy but cal-
cula.tions of this fyp_e have yielded detailed calculations in inc reasingly
bétter agreement with exper'iment. .

The three most significarﬁ techniques are 1) Abrik.osov's
representation of fhe spin operators in a vforr’n‘.n‘qaking it possible to
.diagrammatic'ally analyze an infinite 'pertur'bé.tion series, 2) Suhl's
application of Chew-Low scé,ttering theory, aﬁd 3) the Nagaéka-
Hamman-Bloomfield’.theor»y baéed on the Nagaoka truncation of an infinite
series of double time GI_'een'vsvfunc'tilons. | For a discussidﬂ of these
theories and a complete list of references the reader is referred to the
excellent theoretical review by ando'. > For our purposes it is suf-
ficieht to note that the two most refinéd techniques (2 and 3) ar>e non-
perturbative and give thé same answef_ in so far as the leading terms
of ph&sical quantities are concerned. Although these leading terms
are not divergent at low temperatures and give results (such as the
entropy) that ar-e thermodynamically possible‘, they are still.considered

uhphysical by most authors in the limit T — 0. 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 TK

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

K

however, small deviations appear and get progressively worse.

Analytic solutions of physical parameters still have powers of In (T/TK)



Y

£

.appearing in them,

A second group of theorists has approached the problem by
tr}iing' to guess the ground state, often by analogy to the reasonably
well understood éuperconducting state and Cooper pairs. The proposed

ground state models are limited to T << T, and fall into two categories:

K
namely, those that have powers _of'__ln ('I‘/TK) appearing in all physical

parameters derived from them and those that have only powers of

v T/TK appe.:aring.

" The third group 2 has suggested that it is possible to start

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

' in the Hartree-¥oek sense (Fig. 1c) and describe the destruction of the

"nonnﬁa-gh_etic" ground state by the lifetime 7o of localized spin fluctua -

tions. _-Thé postulate of this approach is
KT, = oz/'ro : | o (Sé)_

where o is a constant of order unity and the representation of To is

vcbnven.tional
m N 4(0) |
To T T- T N 0) . (8b)

 where N4(0) is defined by Eq. (4b). The localized spin fluctuation is

describ,ed as the repea_ted scattering between an electron and hole of
opposite spin on the impurity site. This picture implies that when the
lifetime of this resonant scattering is long at kKT << 1/70 the moment

cannot be 'seen', but as kT ~ _}L thermal fluctuations gradually break

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

~increasingly magnetic character.
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The oniy justvification for Eq. (8a) is _containéd in the fact that
resistivities calculated numerically from spip fluctuation theory1 are
similar to Harﬁahn's ca..ICula‘,tior'l18 bas‘éd on the S—d‘exchan.ge rﬁodel
and the experimental resisti\:rities. | Recently, very accurate fneésure - Y

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

indicated

Ap =..p0'(1 —'ozT-Z,)‘ T << T | (9)

in agreemeht with the spin flu.ctua.tion predicﬁons. Unf'oftunatély no
detailed specific heat predictions have been made by the Spi‘n fluctliation_
groups, but it is noted that all ground s'tate.'propos-als whi'c.h gi\}e |
resistivities and suséeptibilitiés of the same fdrm as those of the spin
fluctuation Fheories also _gi\?e a épecific héat propoftidnal to T/TK'

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

low tenﬂperaturés“. :

H

In Table I selected theoretical results > of the three groups
are summarized for the resistivity, the specific heat, and the magnetic
susceptibility. The resemblance of the Celli-Zuckermann-Klein (CZK)

modelzo’ 21

to spin fluctuation‘theory is striking considering the very
different approaches involved, but it should be remembe_red that the |
FNHB theory has been derived from three apparently ﬁnrelated approé,ches.
The Kondo-Appelbaum variational model for the groﬁnd state’? appears -
to be closely related to the NHB theory. |

" The original (NHB) calculation by Nagaoka.a3 yielded results of |

this same form for the resistivity, specific heat, and susceptibility.
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has pointed out that far below T

-11-

It was later pomted out that he had neglected the spin-flip component

of the anomalous scatterlng When. calculatlons ‘with this component

'includedfwe‘r'e mvade 18,24 the theory assumed its present form Suhl25

K spin-flip scattering is impossible
because the spin is quenched. On the other at T ~ Ty spin-flip scatter-
ing presumably plays an essential role in the quenching. This argument

implies thatvthe r_esult orginally obtained by Nagaoka neglecting the spin-

iflip cornponent should also be obtained fromthe theories including this

component at_T < T The fact that a small discrepancy exists and

K
gets vyo_rse as T - 0 sugg'ests that the difficulty results from the fact
that the_full (NHB) cal‘culatiOn- includes only the most dive rgent logarithmic
terms a.nd.the se do not uniquely determine the low —ternperature properties
vyhen continued across TK.

~ For a more ex.tensiye'.discussion of the various theoretical
results’ and comparison-vyith experiment the reader is referred to the
recent review by‘Heege‘r.
. The detection of an additional contribution‘to the heat capacity
of a métal which is proportional to the impurity concentration at all
temperatures would be an important verification of the nondegenerate
ground state theories;_,vwe_.have meaSured this contribution for the
sy_stems'. Cu-Cr and Cu-Fe v. "The ver_i‘ficatio,n_ was not achieved earlier A
because of two »significant difficulties,
| ‘On_e problem is associated 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
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26., 27,28 1\/18.1.311&,_1129 has shown

concentration at ‘low'tempe'ratures.
_that. the Well-knbwn RKKY spin-spin goupling produces a distribution

of effective fields dn the 1o§_a}lized moments. This producbes a distri-
bution of S;ﬁhottky type interactions which, when integfated, yield a

héat capacify f:hat is linear in fefnpgrature and independent of conéen-
tratibﬁ. At Bighér températures the behavior is”more complex _an& a. '
discussion will be 'd;ala.yed untii' section F. 3,

The heat capaci'ty méas_urerﬁenté of Franck et al. 30 on samples -
of 0.2, 0.1, and 0.05 at, % Fe _in Cu suggest‘s thba.'t. below about 0.05 at, %»
the heat additional heat éapac.ity 1s proportional to concentration and - |
charéét‘eristié of the épiﬁ-compensatea state. |

The second difficulty associated with the measurement of the
heat daﬁacity of the spin cdmpensated state is inherent in the large -
_te_rnperatﬁre range covered by the transitién.’ -Theroretical Calculationsv.
by Bloomfield a.ncl'Hama:nn?“4 which have beeﬁ substantially confirmed
by this work show that the additional heat capgéity associated vﬁth the.
condeﬁsation is still 40% of its peak value a décade in tempe ratﬁre
above and below the temperature at which the peak oécurs.' The necessity
for working at very low concentrations and the interferenc'e. of the |
rapidly increasing lattice heat qapacity é,t higher tempe fatures makes
high precision measurements in a wide temperature range- essential -

to the experiment,
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'B. EXPERIMENTAL TECHNIQUES: 0.3K to 25K

A, Cryostat

5

The He3 Cryostat used for heat capac1ty measurements in the
temperature range 0.3K to ZSK was s1m11ar to the one first descrlbed

by N.' M. Senozan, 31

and the reader should consult his work for
| design_’details.ﬁ |

.'Care has been tak‘en to reduce vibrational heat input to the sys_—
tem: the vcryuostat system itself is isolated from the »room by Barry
Isolation vMounts;.'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
coolli.ng-the sample to 0.3K and then breaking thermal contact. The
sections of the dewar syst’emand rig are shOwn schematioally tn
Fig, 3. We use a Kinney pump Model KT-300 to pump the liquid He4
bath down to below 1.2K and a Consolidated Vacuum MCF-300 dirfusion
pump for subsequent pumping of liquid He3 down to ~0.3 K. Thermal.
contaot’and isolation is achieved inside the trig vacuum space in three
stages: |

| a. Nitrogen e:tchange gas is pumped out of the vacuum space
at 77 K |
b. Mechanicva.l heat switch No, 1 is opvened at 1. 1K to isolate
the He3 pot and sample support cage from the liquid He4 bath

(?... Mechameal heat switch No, 2 is &Jpened at 0.3K to 1solate 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 germaniurﬁ thermometer,

2. Thermometry

‘Calibrated gerrri'anigm' resistance thermometers are used
vexclusivbel-yv in our laboratory for heat capacity measurements above
0.3K. All our thermometérs ar'e calibrated against our te‘m'p_eratu're“
scale as‘vrepresented by resistance vs.' temperature calibration (R—T.)
»tables for two standard germaniufn thermometers.

"The R-T tables for these thermometers is based on the
following: v

‘a. 1958 I—,‘Iel_lﬁvapor preséurev scale 1.0 to 4.2K.

b. Extrapolation to lower T usingbthe -ma'gnet.ic suscéptibility

ofISihgle—crystal cgrium rﬁagneéium nitrat‘e (CMN)’ as su‘mi.ng ,

a Curie law. | | |

c. Constant volume gas therrﬁometer based on the H2 boiling

point above 4, 2K.

The germanium thermometers currently in use were.cal:ibrated |
in a calibrator rig of improved design33 te. be used for additional work

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 - ,005" Formvar insulated
co‘ppe_r_iwire's cast in the epoxy Stycast 2850 GT, 34 which has almost -

‘the same thermal expansion properties as c_opper as well as excellent
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thermal conductivity. ' Each of the lead tubes wAa.s ,f}it1>:ed with‘ a 31 pin
Amphenol Series 48 connectbr 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 micr;)volt.

The _calibra.i:or bloék consists primarily of -2:.2 kilograms of
copper and was thérmally_cdnﬁecfed-to the'He3 chamber via gold plated
brass vbjol’c‘s. 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 temperva-v
ture regulator to hold the tempe‘ra‘ture' constant to wi_fhin 1 part in 104.

'The thermometer calibration data is normally fit to a fourteen

term equation

4/T = A0 + A_i*log R + Az(log R)Z + .. -A13(10g R)13 : (10)

by a‘covmpuvtevr and the temperature scale is assigned by drawing a

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

" The A values have péak—to—peak oscillations of approximately 0.001 for

fits covering thé range O,3K to 25K. Temperatures are calcﬁlated from
our gei'manium thermome_ter by multiplying the right side of qu. (10)
by (1 + A). It was necessary to do double precision calculations with
an impr“ove'd fitting rou.tine35 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 héd shown. fhat the Kondo con-

Previous experiments
densation 'occuré over a very broad range of temperature (at least three
. aeéades) and impui‘ity-impurity interactions .se\}e'feiy limit the maximum
concentra.tior_x ip which oné can hope to measure a dilute impurity effect.
In addition, the work of Heeger et al, 38 ihdicat_éd-the desirability of
. doing measurements in various magnetic fields for the purpose of sup-
i)revssing i_nteractio.n. effects at low fields and degrading thev K_or.xudo state
itself at higher fields. “
| | In des_ighing the calorirﬁetér the followiﬁg requirements were
kep1£ in mind: | |
a Samples shoulldv‘be easy to mount and rémove--preferably
without removihg. the sample' hblder frofn the cryostat. .
.‘b. " The thermometer should be p'o.sitione_d in a .regionvof low -
vmagn.etic fieid in order to maintain its calibration during ih—
fi_eld measurements.
c. The héed for_'preéise fneasurements requires that the heat
leak be rﬁiﬁimized and that"t‘excellent thermal contact‘ between
the sample, heater, and thermometer be maintained.
d. The sample must be held ri.gid _with resp‘ect‘ to the m;.gnet'ic :
field .for in-field measurements in order to avoid eddy current
heating induced by- spatial displacefnent in a magnétic- field.
‘e, - The experiments place a prenrﬁum on re.producibility. .The
: .¢glorimeter should be durable and mounted pe.r.rnanéntly so that
no alteration is r'equire_d during the experime nts, |
- The sample holder shown in Figure flmet the aBove requirements.

The stalk is a . 0808'" Formvar insulated copper wife. v Theré are three
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sections to the calorirneferf

. a. The heater bobbin, whi-ch was hard solderéd fQ the bottom. »
o.f'.the stalk, A 1/4"-20 thread 3/16"" long was both the support

"anvd'therr_‘nal éontaéf eiemen’c for the threéded samplers. This
'desi‘gn for making thermal ﬁontéét has bve.en discussed by Suomi
et ai. \ 3_9 and we have found it poésible to make excellent thermal
contact to samples with either lafger or smaller expansion
coefficients. Just pridf té an expervi‘nﬁental run the s'a.rnples.
‘were etched,'washéd, dried, and Weighed béforevbeing écrewed
fiﬁger tight on the bobbi‘n’(which was héld steady with a special
‘spanner wrench). We used no greasbei of anjr kind to facilitate
..co.ntac't between the sample and calorimeter. Ifx addition to
virnpr'oving our rep_roducibil‘ity, this te_chni.que made excellent
thermal contact re's.lliting in relaxation fi_fnes instaﬁtanéous com-
'pared with the relaxation tiﬁle of the chart recorder (less than
0.3 seéonds), A heater with about 7,000 2 resistance was
noninductivelylwound from ,roﬁghly 14 feet"of .0009" p.latin‘um--
9% tungsten alloy wire. Thefmal contact to the boBbin was
obtained with Stycast 2850 GT. The heater was further anchored
by addingA 4" leads of . 0063" Formvar insulated copper wire

-_(severalinches‘were cast in the epoxy on the bobbin and several
inches attached to the stalk immedia;.tely about the bobbin with

 General Electric 7031 inéuiating varnish.')40 The bobbin has
six .040" holes drilled in its upper rim to allow rigid mounting

of the calorimeter,
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B. The germanium therrhomete_r, . Solitl:ro'n Né. 1609, -\Né.s fitfed |
snugly into a copper ‘sleeve at the upp‘erA-énd of the stalk \:vhe're .
the magnetic field 'Iwoﬁld be about 100 Oe at »our.highest ope'rating
field (38 kOe). The magnetic fiveld at the thermo;’netér site was

f__ufthger reduced, .-to less .than 1 Oe., by positibning the therfi— |
‘.‘rno'meter inside a mu-rriéta.l shield 3/8” diafnéter ‘by . 030" wall,
'4-1/4" long. The bhield was attached to the He> pot,

. We feel that shields of this type may be“irn_portant—-not ovnly fo .
p'rresve.rve.vthe> thevrmémeter c‘a.libr_atién but also to eliminate pickup |
caused by vibrational motioﬁ of thé thermometer with'res_pect to magnetic
fields of 5.0 Oe and more.’. These shields wﬂl norﬁinally‘ex‘_clude 300 Oe
and can be redesi_'ghed to ha_.hdle up to 1000 Oe--Beyond this regiori the
ratio of the. volume of mumetal requifed to.tl;le enclosed volg;ne starts
to gb ui) qﬁite rapidly because of thé»field distortion and the rapidly
droppiﬁg perm’eability of the mu—meté,l as it approaches its saturation
magnetization (about 8000 vgauss). -

Therrlnal cc;nta.ct to the thermometer element wasA.rr‘)ade through
the four léads which were attached to four 4' long, .0063" Formvar
insulated copper wires wdund around the stalk and_-a_nth_ored with G. E.
varnish.. _ . : | .
a c. The third and last part of the calorimeter is a . 0508'" bare
’copéer wire hard solderéd -néar th;a middle of the éitalk. ‘The
~mechanical heat switch jaws open andﬁlose én this wivre for thé : -
purpose of making and breaking'thermal contact., A disk with.

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

wire to facilitate rigid mounting.
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The éalorimefer was mounted with 0086'; nylon monofilament.
The bridgc;_‘stru‘cture was to provide dufability as Wéll as to minimize
vibrationé.l heating. No gresase or'glue was used on any point where
the monofi_iament contacted thé calorimeter, After ﬁounting it was
possibl-é to .p\ish on the caiorirhe‘ter hé.rd enough tvo move it by stre.tching
the moﬁéfilame’nt and watch it relax back to near ifs original position
with a time constant of seconds, The tempervature drifts with the heat
| switch open were very close to flat or slightly cooling even at the lowest
éxperimental température of 0.3K. |

On the runs in the He3 rig, the éample’s were secured with
additional monofilament strung through . 040' holes drilled nea.rvthe
edge of the sa.mples.' In the adiabatic runs to bé discuésed later, we
'dispehsed 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
ca.lorir_ﬁeter in any way. 0.0009" Pt—9% W wire was used to make
electrical contact to the calorifneter leads while still assuring
satisfactory thermal ’isolation. A three-lead heater was used. The heat
deyeloped iﬁ the leads Wa.sv assumed to ciivide equally between»the sample

and surroundings,
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4, Suﬁer’cbnducting Ma'gnet:

‘The éupe rconducting 'magnet used. in th(_aée experiﬁlenté aan
» sho;/n in Fig. 5 waé aeéigne-d aﬁd built by Mr R. Hintz at the Lawrence
Radiation .Labbrat‘ory, BefkveAley.

This magnet has a maximum field inside its 2.045" bore of
38 kOe and homogeneity of + . 01% in the 2" by 75"' diameter cylindrical
spé;ce in which samples were .mounted>(see Fig. 6). It was'ﬁecéssary
to operate the magnet in the pers-istént m‘ode-—v.vith .only a small current
fhrough the leads--in order to redﬁc’e the superfluid liquid He4 loss to
‘a rate fhét ‘would allow ‘experimental' run'vtil.'nes of six hours. In addition
the pefsistént mode 6peré.tioh improved the field stability and re sv‘1'11t.ed
in _lowér noise levels on our thermometersfk We will discuss only the-
. last kahd‘ most successful) of thrée persistent mode switches built during
the Kondo state .experirrien‘ts. |

The persistént mode switch sho%vn-in Fig. 5 was made from
Norton Nb. -25% Ti T48S superconducting wire fr_drh which the copper
plate ﬁad been removed. The bare 0.016" .conductor was '
_cbated_w'ith Stycasf 2850 GT and wrapped with dacron woven insulation.
The insulated wire was non-inductively wound over a bakelite spool

in two layers. A 100 Q2 heater of . 006" Formvar insulated manganin was -

o o . . :
This improvement was most noticeable on the adiabatic runs te 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.



wound be_tWeen the two layers. The resﬁlting éwitch hva.d a ndrmé.l state
resista.nce of 11 © and allowed rapid éharging of the magnet with acceptable
heat inputé to the helium béth. The switch qould‘c‘a;rry 50 amperes but
was not tested at currents higher than this. In order to assure non-
resistive contacts ail joints in the persistent current loép were spot
welded ‘a,'nd then wound w1th bare copper wife and soldered for mechanical
strength. |

-The fnagnetic fields were determined by measuring the current

- flowing through a known resistance with a Hewlett Packard 2404C inte -
~grating digital voltmeter. The field per ampere characteristic for the

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

Study Group, UCLRL, Berkeley fof calculating the field-current ratio

more accurately than can usually be determined with flux integrating

devices. The probe of a_Bell 12(_)Ha11—eff_ect gaﬁSsmeter was mounted
external to thg dewar systéfn and was used as a rou'gh rhonitor of the
field, Subsequent analysis of the nuclear Schottky anomaly from the
copper nuclei indicatéd that, at least for the 38 kOe runs, thg magnetic

field was always set to better than 0.5 percent,
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C. EXPERIMENTAL TE_CHNIQUES: 0.06K to 1.0K

1. Apparatus and Sé,mple Holder

The é’diab’atic dema}gn'e‘tization cryostat used for the experiments
down to 0.060K was similar to those described by Ho41 and O'Neal. 42
Fig»ures 7 and 8 show the cfyostét, The majovr c_hanges included a 2.5v6_’v'
oute;‘ diameter vacuum can fitted with a supercoﬂdﬁétihg soleno\id-allow_.
ing application of ina.lgnetic fields up to 10 kOe. The magnet was ope'r'ate.d
in the pevr‘sisktent hﬁode at currents up to 30 émperes, A mu-metal
shield'.wa.s‘ used (see Flg 7) to exclude thé residual magnetié field at
the thermometér site. All electr1ca1 lea.d systems carrying less than
2 amperes were fitted with Amphenol Series 48 or Bendix Plgmy Type _
PC connectors (see Sectlon B. 2)

:I‘he isothermal magnetization a;nd demaghefizati’on procedures
have beenbd.escribed 'else‘wherre, 41 and Wevwillz c.dn:fine our .discussion
to the 'problerris associated with using adia.batié‘:de_magnetiza.tion tech-
niques for meaéurements to 'be made in a magnetic field. ' |

The salt magnetizétion field is applied with a room temperature
iron core magnet having a maximum field of 12 kOe. It is not possvible
to apply the demagnetization field and the samplé field simultaneously

. because of the large fo?ce of the magnetic-fields interacting with éne
another. The solenoid field on the sample is applied near the end of
the dermagnetization 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 highésf. solenoid fields. For this reason a
supercon&ucting t'rirrime‘lz" solenoid \&és centered ébéﬁt 1'" above the
top of the cooling salt for fhe purposé:bf corﬁpenvsating the fringing
field, | |

Unforfunately, the .major' l‘im‘itation iﬁ atterhpting to reach low
tempéfatﬁrés with this typé of apbaratué turnéd out tb be eddy—current
heating caused by raising the magnetié field on\ the safnple after de-
magnetizing the.cooling vsal‘t. It should be noted that ‘thve eddy currents
were generated in the copper shield surrbundin’gv the sample as well‘as
the sample itself. After édditional warming which took place during
opehing of the superc’ondﬁctihg heat sWitch, ‘the lowe s"t tefﬂpe rature
points were l.imifed to . 060K in zero field, . 085K in 3kOe, and 43K
in 9kQe. | o -

| The c.alorif.xleter itself was Similar to the éhe de scribevd in

Section B. 1.except that it was constfﬁctéd of high-purity sil{zer.
(The low average nuc.lear momeht of‘. si'lver would mai{e poséible studies
in high magnetic fields wiriere_the relatively large nuclearv 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 »1:"e’pla.:cemen‘t of the (me;hanica_l)-
heat sw1tch wire with a superconducting high.-purityv lead wire. The
.’01'2." diameter by 1' long lead wire acts as a heat switch because of
the very high no;mal'state thermal conductivity of leafd‘corn‘pared to
the very lo;;v thermal conductivity of the superconducting state fé.r ‘below

the transition temperaturé. Applicé.tion of a magnetic field with the
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superconducfing 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: 0.06K to 1.0K

‘The’ thermometer used in the éxperimenfs with the adiabatic
demagnétiiation 'carlorimeter was a germanium thermometer, Cryocal v
No. 1751. calibrated against the maériétic susceptibility of cerium
mégnesiu_m nitrate (CMN) which was in turn calibrated on the 1958
Hé4 vapor pressure scale. |

| vPri.or.to' this series of experiments bnly carbon resistance
therrn'orne’cers44 had béen used in this laboratory below 0.1K. These
thermome-ters did not retain their calibrations on thermal c:ycling to the
accuracy required by our experiments and it was foﬁnd necessai‘y to
calibrate on a given experiment.and také the heat capacities without |
ailovs)ing the thérr_n'orn.eterv‘to warm above 4.2K. | - After each warming
to room temperature it was neceséary to recélibfate by closing the
superconducting thermal switch to make conta.ct. between the #esistance
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 thé.t are discussed below,

First, we were not able to find germanium thermomefers that
- had R-T characteristics that would make them usable below 0.41K, and

it was difficult to pick promising candidates from high temperature
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characteristics such as t.he‘resistarice_a't 77K ahd 4.2K. All ther-
mome'tervs fested in 'eai‘ly experiments hédiresistanceé that would either
| rise far too rapidly or tend to a constént value in the témperature range
between 0.1 - 0.5K. In recent years gerfnaniﬁm thermometers have
been obta‘vinbevd froirn Cryocal, Iﬂc. . 45 thaf Have almost ideal RI-T
characteristics. It is. spécula.tedthat this is because the germaniqm
sensing elements have been made more homogeneéﬁs. In Table II
resistances for various témperatures and thermbom‘eters are listed aﬁd
the usefulness of these thermometers is characiefized. The c:x-ite_i'ia'
for defining a ﬁ-sefull oﬁera:t‘ing’range for the théi"mome‘ter is based
partly on the fact that téé large a. sensitivity \Qill cauée the thermometer
resistance to irvic'rvea‘s.:e‘to avpoint Qhere it is not ;‘)o‘ssible to measure
the small current n‘ecessafy to prevenf heating effects in the vtherrnom-
eter wifh a potentiomtfetric_'sysvter.n.. Other meaé;uring systems--bridges,
etc, --could be used to elimin;te this. problem“bﬁ‘t'*hi‘gh sensitivity.
thermorﬁéters would‘stivll be ihconveniéht for rheasﬁrements over large
temperature ranges 'because of the necessity of changing fhe operating
current o.ften and. becaﬁsé of zero shifts in our null de‘vtec'cors46 that
occur for high input impedances, |

Or_l‘_the low senéitivity side it is simply not p:ossi-bile to determine
the change in resistance accurately withdut usiﬁg 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 0.1K and
both of them can be u.sed dov§n to much lower térﬁperature s. than the

' . 4 o
0.060K region necessary for these experiments. 7 The thermometer
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Solitron No. 1477 displays a rapldly decreas1ng sen51t1v1ty below 0.10K
and is apparently a.pproachmg a constant reS1stance in a manner similar
to the Cryocal No. 985 A characteristic that appears to 1nd1cate the
behav1or of these thermometers is the ratlo of the re31stance at 4 2K to
the resistance at 77K--values in the 5.0 to 7.0 range serrre notice that
the thermometer may be useful over a:very“wide range of tempere.tur)e..

‘The second problem related to the use of calibrated resistance
thermometers at very low temperatures is that of obtaihing an accurate'
calibration free from heating effects in the thermometer due to the
measuring power input or rf pickup. The thermometer is normally
eiectrically insula.ted from the semple and the thermal contsc_t to the
samp‘le is limited by a:,‘bound'a.ry resistance proportional to T_3. This‘
problem:by.itself would not be too severe, as long as good, rela.tively
reoroduc'ible thermal contact to the sample is mainteined (so that heat
generated in the thermometer will not produce an apprec1ab1e tempera—
ture gradient between the thermometer and sample holder-—sample
system). Moreover, heatmg 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 Q. Conseque.ntly,
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 Cryocal 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 thelv'malvlink with GE 703 1 vvaAi.rnis.h. 'vIn this w'ay it was possiblle to

3 assu:re ifnuch better thell'mal coﬁfact betwéen_ the CMN crystals and

the ’bther.momete‘r_'thar.l would bel possib_le‘ thr ough' the_‘. 012" lead thermal

swit:ch.: As previéusl&r me'nfi.‘oﬁ‘ed,bb the Solitron N’o“. 147~7 was ﬁot usable

at V_e‘ry iow temperatufes, but> its -khown R-T‘c‘urvi'e abové O..3K.was used
to es‘tabl'i'shj the ‘constants A, B for fhe .equatio'n relating._fhe magneﬁic

suécéptibility of a dilute pé.r'amagnetic salt to temperature,
x = A+ B/T ' (11)

Extrapélétion of this equation \ser‘vvéd'to défir_l,e the témpératureé from
0. 058K to 3. 0K used in the calibration of the Cryocal No. 1751, This
thermometer was ti}en moﬁnted in the silx/;er.'sample holder described
in Section C. 1 and was recalibrated in a d_‘i‘fferent adiabatic d'e‘mvagneti_
zagti.on rig with a different CMN salt. Care leas taken on boktvh funs to
assure the magnetic sus_éeptibilityL was indépéncient of the measuring
pow’re..r. .at .all Vtemperatuvrés'.

. Exce.lle_r‘lt thérfnai contact to the sample holdér .was. obtained by
fitting the thermométer tightly into its silver mbunting 'sleeve and
anchoring the . 0063'" copper léads with Stycast 2850 GT. It is assumed
thaf this epoxy, \%/hich seals superfluid léak tight to c.opper, resulted in
thermal: contact. which doés not decay with thérmaicyc‘ling (fhis
assumption will be checked in later expe'rirn_ernts).. Thermal»"contac‘t
between the sample hélder and ‘the thermé.l link was made with the lead
-switch and a copper .clar_np Which:coﬁnected the thermal lé"'a.k't‘o a ‘dumr_ny R
copper samplevscrewed on the Sample holder.‘v This calibration.rgh |

agreed with the former to 1 part in ’103 below 0.1K and gvot increasingly
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better at higher temperatures. The Scatter in both runs was less than
2 parts in‘-10.4 and the feak to peak noise level of 2 micro.volt é.t . 06K
is 'm01;e fhan an ;)rder>of magﬁitucie better tha.h.oﬁr best carbon
the‘rmomet.er af this ferhperafure. The lé.w noise lé’velv made it. possi'ble‘
£0 avoid rgnning the therm;)meter hot within our detection lim’its’ déwn
- to . 08K and only 1% hot at . 06_K* The‘_R—T cuf\f.e was fit with an equa-
tion sirhii?.r. to Eq. ( 10) in Section B. 2. |
.Why'did it work so well? It seems probable tha.t';c}_le answer
lies in'a éombination of the following suggestions:
a) A germanium single crystal is inherently superior to carbon
‘resistance elements.
b) Lower resistance thermometers. (both cva..rbvon and.'germanium).
appear to be less susceptible to transient effects. Crybcal No.

1751 has the lowest resistance at .06K of any nonmetallic.

. thermometer used in this laboratory.

The carbon thermometers used previously were often run hot in order

to obtain 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 'a.hd Mr, Gary P. Schwartz did the preliminary
work on the Cu-Fe system é.nd .the:se samples were ‘made ﬁnder_ their
direction. After melti'.ngb th.e:‘Cu and Fe under vacuum in an inducatién
furnage, the _sampleé were chi'-ll cast, homogenized by annéaiing at 900°C
for ~24 hours, and quenched to‘prevent precipitation of the Fe from
solufion. | Micrbprvobe analysis of the .samples failed to shéw any évidence

for precipitation of Fe. . )

The work of these investigators and other commurii-ca;tionsso" 51
_indicafed that high quality control and standard procedufes were éssential
to ensure good homogene_ous:'al’lo‘ys‘ free from extré.ne_bus impurifies.
For instance., careful we_f analysis of the 99.999% ""pure' Cominco copper
used in the Cu-‘Fe samples showed the pvresenc.é’ of 89 at ppm Feq. |
Cominco cléirhed less than 1 ppm in é.ny irnpu’l'ity and this discrepancy
was nét noted until after the samples wére made. |

Dilute C>u -Cr alloys are even more difficﬁlt to prepare than Cu-Fe
alloys, Particula.?rly troubles‘;)me is the high vapor pressure of.Cvr and
its pronounced tendenéy to react with refractory materials, carbon,
oxygen, and especially nitr'ogeﬁ.‘ 52 Méreover, it haé an even lbwér
solubility in copper (iéss than 0.2% at 800°C) than 'Fe (approximately 1%
-at‘"800°C)‘. 52 Both Cr and Fe have roorn temperdtﬁre 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:«wé‘re all prepared by Mr- Staniey' Ross of
UCLRL, B.e‘r_kel-ey, The Cu and Cr were meltéd in an induction furnace
in é. vacuum of ~1¥% 10-6 mm. The copper used c'arﬁe from a single

~Asarco 99.999+’% rod with a resistivity 'vr'at‘ic; of 950 indicating téta_l mag -
“netic impuriti.e:s of a.b'outv 2 ppm -- presunﬁably mostly Fe. The Cr
source _Was. a 99.98% pure samplé obtained frorﬁ the U._._S. Bureau of
Mines and preViously studied in this laboratory. 41 Th_.e sample melt
was contained in high purify élumina crucibles, 53 co‘ve.zv'ed to prevent
loss of the Qolatile Cr. The Cr or master alloy chips wifh high Cr
content wére'pqsitioned between the Cu slugs c_ontained inside ti'le cruci-
-Blé to ‘furth.er> minimize 5ny loss of the Cr. |
| Aﬁ'e;rng.ts to prepare a homogeneous master alloy with'vo.5.670 Cr-
content weré checked W’ith‘x-ray fvluores‘cénce techniquéé. >4 The masters
so prepared were consistently inhomogeneous until melt tei’nperatures
of Z(‘)OO"C;wgre held for 20 mim;tesv.‘ After obtaining a master with toio
and bottoi;n c onCentration agreeing to within 5%, the maétér was cut in
half. The interior showed Cr co_ntent abéut 10% higher than the outside
and chips were cut from the center of the rﬁaster and used to prepare the
150 g. samples with nominal Cr c'onceritrations of 50, 3v0, 20, and 13
at ppm. _-Concentration analysis accura.tle to £ 5% late.r _showed that the
Cr content in the samples differed frorﬁ the nominal Cr content by ,O.'S,
3.2, 1;2, and 2.9 at ppm, respéctively, for fhe four s.amples. The tfue
Cr content was always higher thé.n the nomina;l value, presumably.'.
because the master chips were taken from the highest Cr c.ont.ent s.ectic.jnv

of that alloy.
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' The four‘ sémples were sealed m quaftz tubes evacuafed to 10”° mm
at 400°C, horhogenized at 950°C for 24 hours, and 'quencvl'kled by breaking
the tube in a drop from the -a‘nvnealing fﬁrnace into watér. At all stages
of the preparation the sample surfaces remained shiny.

After slices and turnings were cut from the samples for analysis,
the 1/4—20 moﬁnting’ hole was tapped 3'' deep. The> samples weighed
from 90 to 60 g" when the heat '¢apacity rne_asufements were taken,

Evide.nc'e pertaining to the sample homogeneity and the extent of
which the Cr is completely in solution is discussed in the next section.
Heat capacities we.re meésurea for _.the- samples with 50, 30, and 20 ppm
nominal co'ncentrations; and- the 13 pbm sample will ﬁot 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-

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

ples.
and Cu-Cr samples and the accuracy of the measurements are reported.
Neutron activation analysis wa‘s hot used for Cu-Fe because conventional
-use of the technique does not give results approaching the accuracy of
the wet chemical analysis, - |

| - The wét chemical analysis carried out by Mr. T. Morriéon on
Cu-Fe owes its accuracy to the fé.ét_that it was pos"siblbve to chem.ica.'lly

sepérate 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.

C.u'-Fe'Analysi's by Mr. T. Morrison
| Chemist'ry Dept., U. C., .Be‘r,keley |

1) The samples wére etchéd with HNO3.' | _ _

.2) Weiéhed samples were dissolved iﬁ HNO‘3 which was destroyed
by boiling with 12 M HCL. | | o

3) After evaporation to small volunﬁe, the. samplé was tré,nsferi'éd
to a 50 ml volumetric flask with 6 M HCL. |

4) The F,eCl3 was selectivelyfsepa,'rated from the 6-8 M HC1 ‘sol‘u-‘
tion"w_ith isopropyl ether, | a “
. 5) Affér complexing the Fe with o—phe'nanthbliné’ the optical aénsity

was read with a Coleman Junior spectrophotometer.

The estimated é.ccuré.cy ofv:!: 2% was .ba-se‘d on the ability to correctly
' determine thé Fe concentration in staﬁdard sa,xhpleé_ of Fe and Cu in

- solution, | |

Some p"rbbiems with the stability of the Fe compléx were attributed |
- to the extraction of small amounté of Cu fr‘om the acid solution.

The wet che'micai_&ma’lysis for Cr in Cu was donc_e by Mr. “Robvert
Giauque, 55 Chemical separation of the Cu and Cr was not achieve’d and
the expected accuracy of 5% is estimated from thel scatter and r'eprodlic.i—;
bility of tl;lé optical density calibration curve, The ‘ca.l_ibration_ was done |
‘with stand‘ar‘d‘sample?s of known Cr concenti'atiqn taken into sbiution

from Cu wire and Cr powder. The optical calibration points were
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measured for standard sa.mples w1th .Cr concentratlons 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 solutmns of the same Cu concentratlon and the
optical density contr_lbuted by the Cr was "'2% per at ppm. The blank

used for pufe Cu had a resistivity ratio of 2500,

Cu-Cr Analysis by Mr. Robert Giauque- -

UCLRL, Berkeley

1) The samples wefe etched w1th HNOé.
- 2) Weighed samples were diéSolved in a minimum of hot HNO,
and made to velume. Aliquofs coh’caining 250 mg of sample were
used- for the analysis. | |
3) After adding 3.0 ml of a 10% solution of HZSO4 solution and
chilling in an ice Bath, the Cr is QXidized to the +6 state with an
excess of AgO |
4) The excess AgO is reduced by heating and d11ut1ng the solution,
5) The Cr o is complexed with a solution of a-d1phenylcarbaz1de
and the optical density read at 540 i’rip on a Beckman Model B

spectrophotometer. The readings must be taken W1th1n 2 minutes

because the complex is unstable with the Cu present.

Neutron activation a.nalysisS5 ga.v.e values fo;‘ the concentrations
that were 30% to .4(.)% lower than the wet cdnéentr_ation results and con—.
centrations inferred from the resistivity (based. on the concentration
values detefmined by other \workers). Apparently, a syetematic',error

is present in these measurements and further investigation with neutron



'_3)4_~

activation analysis is plannedvin.an attempt tovresolvé the diécrepancy.

The ﬁominal concentrati‘o'h for the sarvnple"vs, are 1isté_<i. The concen-
tré.tions inferred from the analy'sis work afé fi'orn ‘1 fo 10% highef thah
the nominal values .. |

- The electrical resistivity at low temperatures and low enough

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

- portional to thé éoncentration of a single fnagnetic species in solid solu-
tion. It is necessary to know the proﬁortionalit'y 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 ?he ratio bbei.:Wéen sufficiently dilute concentrations,

It is important to measure the resistivity to see'\yhethér significant
precipitation or oxidatiop of the magnetic species has occurred. In

Table III the concentrations listed are obtained from the equation

o(4.2 K) = 1.085x107° HICmygqy -~ - (12)
_ . - ppm S : o o
c(ss.) = concentration in solid solutidn

which is in a-greément with our data and that of .Knooks.7 who determined
his solid solution concentrations from the temperature coefficients o of

5758 The accuracy of the resistance

the resistance at 0°C and 400°C
measurements was. initially poor but the difficulty was shortly traced to

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

ples 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

W
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,reslstahce.thermortleter ci'rcuitry to measure tl1e Vvoltage. ' Because of‘
shrink holes in the sarnples 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) usmg small |
‘corrections 'to tﬁe‘room temperature resivstivity ‘obtained frem other
' wor;ks 59 o | o |
A plot of the 4.2 K re51st1v1ty versus concentratlon (wet analysis)
for the Cu-Cr samples gave a stra1ght l1ne to w1th1n 5% A small cor-
rect1on to. the re31st1v1ty for the res1st1v1ty measured for "pure" copper
at 4.2 K did not make any not1ceab1e d1fference in the scatter of the points
or s1gn1f1cantly change the slqp'e of the line drawn th‘;'ough -them. The
resistivities cf Daybell and S‘teyert60 (as estlmatetl from their graph)
do not agree‘well With out graph except for the 50 pprn sample in which
they reportinteraction.eifects, ‘We see novevidence for deviation from

a conc_entratio.n‘ propcrtiOnal resistance in our 51 ppm sample and sus-
pect Daybell.and Steyert must have undere stimated tlie cdncentration
values for the1r lower concentration samples by about 15% (they only
claim 10% accuracy) Neutron activation analysis vs‘/_as one of the analyti-
cal techniques used by thes.e authors and use of this:s]ame‘tec_hnique on
our samples .g‘a.ve, results that wer‘e. "'_40‘74 low. - |

Since the; resistivity meas‘urementsb Were m.c!).re_ preciise than the wet

analysis, the relationsvhip I
' \
!
|

p(4.2K) = (1.08 £.05)% 10 3Ji_—-—>< (sé ) . (13)
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- obtained fro”m_ the graph of p(4.2K) .vs. wet analysis and nominal con-
centration was used to assign c(ss.). Eq. (13) implies the Cu-varv

 resistivity reported in Ref. 60 saturates near 1.7 g];;:nm :

N
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E. RESULTS AND DATA ANALYSIS

1. Addenda and Pure Copper

Hoo
In'ordevx" to determinelthévheat capacity due }to;’theé‘fdx{métion of the
Kondo state; the heat capacify of the safnple holder E;anld‘,thle“ bé.ckground
contribﬁtéd.by the copper matrix must be vsubtractecll ffor;'l the measured
va.lue._ .The. heat capé.cities. .of the sample holder ana C‘o:m:ixilc‘o' copper
were meé.sujred in zero magnetic field and 27.9 kOeréin theHe3 cryostat.
An eight term fit (105, T, T15, T4 T, 15, T, iTg)’v!vitha fractional

deviation (A) plot (see section B. 2) was used to represent thgj:heat
.

capacity of the sam‘ple holder in all magnetic fields .ancjl‘t‘h.e ri}uclea:r con-
tribution (»proportiona.l to the square of the magneticj field) was subtracted
separately, ‘

After subtraction of the v‘contribut.ion from the samﬁig bo_lder, the
heat capacity of the C(Srriinco copper sample was fit iwivth"aﬁ ci(ﬁrhputer to

the equation

7.‘

ClmJ/mole-K) == yT +a,T> +a, T +a, T +agT
| | | I (14)
.3 'K",QQT < 25K
The fit with y = 0.6947, a, = 0.0492, a, = -1.146X 1072, a, = 1.326X 1077,

and ag = -1.404X 10-10

perfect fit. Previous efforts to fit the heat cé.pacity’ of pﬁre copper in this

still had fractional deviations of "'0.‘5% from a

1

laboratory had experienced similar difficulties. Alihdugh there are some
[

small bumps in our temperature scale, it was felt that the major problem.
could be traced to small amounts of magnetic impurities thg.f resulted

in Kondo state anomalies in the copper. For these 'reas'ons:a'nd also
u
i

1
1
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because we wished to compare the fracfional deviations .of s_evei‘al copper
samples with different pufities, it was found conveniént to use A plots
together with Eq. (14) to représe.nt the» heat’ capacity of é.ll copper sam- |
ples (0.3K - 25K). | | |

For th¢ siiver é.diabé;ticvempty,— the nuclear contribution was negli-
gible, blit the heat capacity showed dev.iations_that were ‘fn_agne»tic field
dependent by as rﬁuch as 6% belovst.Z K. This salrnplév holder was
representeci with a three term f1t (T, T3,_ TS) and ’diffei'ent deviation pioté
in different fields. | |

Since the nuclear spin contribution for pure copper agreed with
that calcﬁlafed from theory and could be représentéd By“a .sing'le term
proportional to HZ/'I‘2 where H is the applied magnetic field, it was
possible in_prihciple to subtracf out all contributions to the heat cap'aci_ty
not associé.ﬁed with the localized moment and its interactions to ‘the pre-
cision of our data (about * 0.1%‘of the total h‘eat»capacity above 0.4 K
in thé He3. ri.g -- more like % 1% below 0.1 K in the adiabatic rig). |

The ﬂeat capacity of puré copper was'measur’eﬂd for two samples,
Comir;co dnd Asarco., The Co’n.'mincvo sample was rhélt'ed from the
Cominco copper used to ma.ké the Cu-Fe samples. The Asarcd sample
was cut from our highest puvrity Asarco copper rod and was measured
as cut énd then remeasured afterva,nn.ealing. for v1 hour at>1000°C under-
a vacuum of ~1X 10_6 mm. |

There were two significant énomalies presént in these ''pure"
copper samples, Fifst, the .Cominco copper contained 8.9 ppm Fe
~‘which éontributed a Kondo state anonvia»ly,vto the heat capacity. Measure-

ments 6n 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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ckonce‘ntr.é,tiorv‘ls, 7,2.5.and 184.1 at ppm Fe. The moiar ‘excess heat capacity
derived in this way was cdncenf:fation independent within the éca.t'ter of the
Adata. Finally, the heat capaclty contribution due to 8. 9 ppm Fe was sub-
tracted from the. Comlnco copper to obtaln aheat capac1ty representative _
of the copper _ma,tnx and impurities other than Fe. |

Th.e A_sarco' rc;d c_ontéined only about 2 ppm Fe ('_estimated from the
reéistiviw ratio é.nd the assurhptio’h that Fe is the major 'magnetic
impurity in this vsample, a.vs it is in most _corpvper), buf tﬁe unannealed‘rod
| exhibited a 10% anomaly‘sha'rply peaking neér 1 K. This anomaly has
been reported previbusly by Martin()'1 and attributed to the presence of
hydrogen in. solution with thé l(:oppfer. The fdd was then anné\aled and
remeasured (this time in the adiaﬁa’tic rig). The anomaly had been reduced
to less than 1% _buf not c'ompletély eliminated. | The"rodv.was then melted |
and remeasured in another He3 rig by Howafd Simon of this gr\oup. No
trace of the or1g1nal anomaly was found

In Flg 9 the fra.ct1ona1 dev1at1ons A from Eq. (14) are shown for
the three heat capamty Ifuns‘done by this author, The four sets of A
values plotte'd are as follows: |

' 1) A (Cominco, 0 ppm Fe) -- the A value for the sarnple prepared

.f.rorn the‘{Cofninc’o c.oppef'- é;fier correction for the 8.9 ‘p.pryvn Fe

presént in the sample. - |

2) A (Cominco, 2 ppm Fe) -- the A va_lue for the Cor_ninco copper

sample plus the heat capacity c_;_ontribution of 2 ppm Fe.

3) A (Asarco, 2 ppirn Fe, unanhealed) -- the A value for the

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

resistivity ratio.
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4) A‘(Asarco, 2 pp'n:l Fe, a»nnéa;led) -~ the Avvval'u.e “f01" the Asarco:

copper éémple after annealing. | | |

A (Cominco, 0 ppm Fe) -- the A value rep>re.se>ntir‘1g the c*opper
matrix for the Cu-Fe samples and the ;;-;rpooth curve drawn thrdugh these
poinfs was uséd in ‘.cor‘ljunc':tiOn with Eq.. ('14') to define the matrix heat
v Capacify. subtracted from the data for the Cu-Fe sample! v |
A (Asarco,ﬂv 2 ppm Fe, una.»r_;neal_ed) and A.(Asarco., 2 pﬁm Fe,
_' annealed) are 1n éxcellent agreement with A (Coininco, 2 ppm Fe) excepf
-forvi:.he 1K a,nofnaly which was neglécted.and except for small deviations |
at highv temperé.turgs -- perhapé vdue to other magnetic impuiities. in the
Cominco sa;'nple ‘in. addition to Fé. Thé curve dfawn thréugh these points
(using the Asarco A values at_high T) 1.'epr-e5ents the material from which :
the Cu-Cr samples were made, 'vI‘his' c’ﬁ.rve.wasused with Eq. (;14) to
subtract out thé matrix heat éapaéity fto‘r these samples. |

For the Asarco coppér sample cont;iﬂing ~2 ppm'i?e‘,i the heat
. caﬁacity,data below 0.3 K show no deviations within the scatter 'fréfh the
equation C = vT + aT3 and this equation was used to represent pure
copper for the runs done in the adiabatic rig. The coefficient of the -
T term of the heat capacity, y = 0.690- mJ /mole - KZI, is in excelleﬁt-
agreerﬁent with the values vy = 0.6915+0.034 (mJ/mole - KZV) reported
by Ma.l"tin62 von a number of frery pure samples. | |

It was necessary to follow the self-consistent procedﬁre desczl'ibed'_
above in.order to follow’the. convce'ntration proportional cohtribﬁtion frofn’ o
the‘K.ondQ state up to the highe st temperatures allowed by the :i:‘Ov.i%

scatter in our data. For instance, the use of a heat capacity appropriate
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to 0 pprri 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 field:s u‘p to 9 kOe Iin the adiabatic runs
and 38 kde in the runs in thie He3 calorimefer produces 'v'a,'_heat capacity
cont.ribution".from the removal of the spatial degeneracy of the nuclear
sﬁin Ias e'a_ch ﬁuclear_ level is split into its 2I+1 comf)onents by the
applied .rha.gn'eti.c field..‘ In pure copper t;h'ere is ﬁo hyperfine interaction

and the expected nuclear heat capacity is

CN _ 1 fi 2 5(_}1 ‘2 e -4 2 (_g_)‘1 (15)
R 3 \I "/ kT 240 2 "/ \KT
where R is the ‘gas constant, and
- z ; L+1 |
: I+1 2\ _ / i 2 - . - _
<"1"“>'" T A T M ' (15a)

with Ai’ I, and My the fractidnal natural abundance, the nucleér spin, and
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 p is very large. For copper
‘where I =3/2 for both naturally abundant isotopes Eq. (15a) reduces to

/N 4 N 2 _ 4, .2

< > =3 § : Agpy = 3x(2.2746 py)

.- i+2 : -

where b is the nuclear magnéton. 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 kOe

Co.rnplicat.iyonsvarise when the simple _pictu;:e de»scri>bevc‘1 above is
appligd to Cu-Fe or Cu-Cr. Firstly, there is the questioh of a ”Knight
shift" altera.t.ion of the field seeri by the copper nuclei. Such shifts are
obéervedi for 'SYStlteli'ns with dilute rhagnetic irﬁpurities and have not beéh
satisfactorily ex‘ﬁlair.i‘ed.: In general t}ie Knight shift on a given nu‘cleus_.
can be related t;)',fhe loéal eleétronic spin density at that nucleus. In the
case of the dilute fnaénetic impiirity, Knight shifts. in thé s"urrvounding
matrix and their temperaturve depend;nce are dué to thé chang:és in the
spin denéity of the itinerant eleéfrb.ns resulting from intérééti;)ns w1th .
the localized moment. Sugéwara64 has measured the Krv_ﬁghtv shifts for Cu
with dilute Fe and Cr.impurities and found they are negative and less
than 1% at all temperatures. It should be kept in mind that the NMR
téchniqﬁe's used to measﬁz;e the Knight shift sée only nuclei that are rela-
tively far frvorr.llany impurity at,orﬁ and exposed to a reasonably homogeneous
field. |

Generally the localized moment will have some magnefization
asséciated \r;/ith it, keither 'due. to spin-spin interactioﬁs or ffom the appli-
cation of an external magnetic field. This magﬁetization induces spin
density os.cillations'in the itinerant eiectrons of the RKKY type above the
Kondo temperature, aﬁd at léwer temperatures a‘modified.str‘ucturé |
: a._ppe;irs in which an oscillatory ;’ontribution persists far l.)>el(v)w Tk (see
Ref. 38 and other references discussed there). |

In any case it is nécessary to consider spin polarization a_nd‘

electric-field gradient effects from the oscillations and Kondo structure.
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The elec‘tr‘ic -field gradienf :effecf; has been calculate__d for Fe impuritie 565
to be 6f order..i‘.O"2 bf the magnetic hyperfine contribution and this sum
will be fefeirred to as a sinig‘le.;compAonent. These invipo.rvtvaht effects are
alnso 'small éxcept for T < 0.1 K in low‘fields:. For our runs in magnetié
fields > 20 kOeb, .the nuclear heat calsaéitie.é o_f our'samplesk exceeded.
those calcula.fed for .pure copper by lies‘s than 1% fqr all Cu-Fe aﬁd Cu-Cr
samples.‘ o E

The nﬁcl_ear heat capaéify. Ac‘_'alcula.te_d for pure copper in the applied
magnetic fie_ld was.‘sﬁbti‘:‘icted from our data. Ahy-:ferflriant contribution
was cohsidefed to be a fefleétion of the localized m‘om'ent and its inter;
actions and is therefore dealt with in the ciiscﬁs sion s'ectioﬁs.

The -l‘a.st contribution té the nuclear heat capacity that we might
consider vtro'ubvlesorne is a large hyperfine interacfion on the impurity
atofns duek téépin-’orbit coupling -- the spih on the irhpurity moment
app.ea.ring as the externaily applied magnetic field or spih-spin inter -
actions destroy correlations with the electron gasf.. Because of the small
nuclear moments of the r;aturally abundant Fe and Cr isotopes, the hgrper-
fine interacti'o'ﬁ would have to be = 1010 Oe for Fe "o‘rv = 3X '107 Oe for Cr
in order to be_r'c/ietected. The expeéted hyperfine fields on Cr or Fe should
be K '106 Oe and the pOSSibility of cbntribﬁtion from thi'.s source can be

discounted, _
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3. Data

This séction contains the heat capacity points taken by‘ this authbr
on the Cu-Cr and“Cu-.Fe samples. In éddition the d_ata taken ‘by‘D_r. J. C.
F. Brock on the 640 ppm Cu-Fe ‘sampie in>zero'_ mé.gﬁetic field are iisted.
The width of the> data points is about T/10,

The te’mpe_ré.ture scale" for ’t‘he runs in t;-he He3 rig is not Weli defined,
for heat capacity pﬁrposés, be‘blov_v 0.4 K. This situation résults fro‘fn
.rapid oscillations in the_computer fit to the 'R-T. chgracterisfic curve
near the end of the calibrated regibn. For this 1;eason heat capacities
are repdrted for T < 0.4 K in this rig only for runs where an o"vérlapp_ing
adiabatic run was not made. The effect of this’er_r.brs is most noticeable
for runs in high magnetic fields where the excess heat capacity is very

A small due to the 1érge nuclear céntribution. The erroi‘_ is. on the order
_ of 0.5% of the total heat capacity below 0.4 K.

Three heat capacitiés aré presented:

a) AC(mJ/mole-K) is the excess molar'heat'capacity of the sam-
ple after subtraction of the heat capac'_ity of the copper mé.trix (for runs
in a magnetic field the nuclear contribution CN ca.lculaﬁ,ted.for pure ckop"per
has been subtracted out). |

b) AC_/C (J/K-mole irripﬁrify) is the excess héat capacity c'alculatéd
from AC by dividing by concentr‘étion. This reduced heat capacify is the
quantity which.is presumably due t._o"f:he formation of the Kondé state if

the concentration is low enough.
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¢} Cg, (H=0) (mJ /mole-K) is the heat capacity used for the copper

matrix as discussed in the previous section.
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25.

1.
2.
3.0 "
yooom
5. "
6.
7. "
8. "
9. "

10. "
11, "
12, "
13. "
"
15.  Cu~Fe
16. "
7. "
18. n
9. "
20, "
ETEE
22. "
23,
24, "
"

51.04 ppm

mn

1"

33.62 ppm

1"
21.160 ppm
H‘

1"

—L6-

- Data Sectioﬁ Contents

.06 K - .6 K Zero Field
3K-12K '”'y
08 K- .9K 3 kOe
.2K- .9K '-9vk0e’
3K - 12 K 10 kOe
a . 20 kOe
K B 30 kOe
"o 38 kOe
.3 K Q 12 K Zero Fieiq'
" 38 kOe
.06 K- .6 K  Zero Field
3K-TK W
08 K- .9 K 3 koe
3K - 7K 38 kOe
3K-25K  Zero Field
.3K-25K 20 ke
1" . . 30 kOe,: .
3K-25K 38 kOe
S - Zero Fileld
3K-2.5K 20 koe
o 3oe
s » _38 kOe
.06 K=1K Zero Field
3K-25K "
3K-1K  1kOe

70

Yl.v'

 ,73
.v7hu



26. Cu-Fe = 6U0 ppm

27.
28.
29.
30.
1.
32.
33.
34.
35.

Summary

T(K) = mean temperature

TR
n
o

o

"

3K
3K
| .3 K
".‘._3}K

3K
3K

3K

. _h7; _'-

- 8K

- 25K

25 K

s K..

- 25K

18 kOe

38 kOe

3 kOe

10 kOe

24 kOe

30 kOe

33 kOe

36 kOé ,

Zero Field ————m——m———

38 kO = e

Cy (m/K_ﬁnolé cu) = 3.19733 B X 10 Hin koe

AC (mJ/mole-K) = C(raw) ‘10(53_17191_314201del’_‘)“,CN-CCu(H=O')

" AC/c (J/K-mole impurity) = — 3
c(at.ppm) X 10

- AC(mJ/mole-K)

5
6
T
78
79
80
81
82
83
84
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1. Cu-Cr . 51.04 ppm .06 K- .6 K = Zero Field
ul N/ !

N | T ‘ AC LC/c ccu(H—o)
o7 LOT1AT .MA131 1.59300 .N4957
3 N3G TT 07429 1.45558 c05874
4 Lleong O8lan - 1.59479 L6926
s S11371 -~ .N3879 l1.68094 LOT321
6 L12531 .09046 1.77237 LT TL
7 7436 .N728¢C 1.42630 © .M5156
"8 CRa4] .)7359 1.44185 L5349
a LLe701 .28345 1.63494 Lo Tan
SN L1204 L9114 1.78555 . 19722
11 Llaaa7 .19%57 1.37227 B Refata¥y
12 L16903 L100n49 1.,96833 L 118456
13 . 1944 J1CH4] 2L06H6827 L12438
14 .15214 CWN9767 1.91364 L17538°
15 17847 oL 10311 2.02714 .12337
14 .20 338 L10682 2.06297 14059
17 22722 .11168 C2.1EB30T7 15714
13 L25274 .115K1 2426514 .17498
19 .72RG14 o L.11789 2.30971 J2N028
20 22029 L1173 2,1€269 L15232 -
21 W 240410 .11538 2¢ 26040 L17047
27 .27731 L1154 2.2€¢6141 19201
23 29473 J12023 2.355h6 20419
24 «33370 <12212 2.41221 .23155
25 .37378 .12303 2.4153) 25937
24 e 41537 172524 C 2,453 74 23942
27 L 4A344 .12984 2.543834 372334
2 .31354 .12126 2.37582 .2173R
29 . 35607 .12390 2.42751 24734
N .39713 . 12497 2.44843 276473
3] . 44315 .12699 2 48303 «3C928
32 49494 125691 2.48648 « 34656
23 .52115 . .13095 2.56567 . 36558
34 . 59089 .13211 2.58828 41670
41 CWN141 0 07472 1.45414 05643
42 . N9507 LOTR4D2 1.54/21 L6580
43 . 10929 L0852 C 166942 L07565
44 12216 SNBT92 0 1.72265 .0H453
45 .13352 09401 1.34180 .N9237
44 06243 : ."9284 1.33862 . W 046233
47, L0711 «R4BT 1.566285 «N4363
48 LCH2TH L1786 2,.11321 - C.04354

49 LOAGRT 07979 1.56323 S W f4501
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2. CucCr 51.04% ppm -

11.25231

.3 K-12K Zero Field
A ~ 1=
N. T | AC ;C/c cCu(A—o,
5. . 39355 L12761 2.5CN17 .27428
5 AN L .12804 2.5085h « 31045
7 « 52459 «13022 2.55125 35392
8 56277 .13113 2.56907 «39632
9. LHLILT2 .13192 2.58470 «H3166
10 L67756 «13109 2.5684% 48158
11 . 75405 .13057 2.55323 « 53977
12 «83921 .13025 2.551R84 S60503
13 93706 .12909 2.52918 «68431
14 1.05392 . 12584 2.46557 78121
15 1.174C3 12148 2.380C06 .88528
16 1.30762 12112 2.37304 1.00722
17 1.42944 .11855 2.32276 1.12535%
18 1.54763 11455 2.24623 1.24632
19 177342 11516 2.25629 1.41577
20 1.87619 .11290 2.212n5 l.618°""
21 2.09829 s11148 2.18425 1.90256
22 2.36095 <10623 2.N8134 2.27831
272 2.64578 . 10492 1 2.05569 2.74125
24 2.96245 . (G586 1.8782n 3.22032
25 2,29834 . 0R969 1.75731 4.C499¢
26 3,.64875 03611 1.58707 4.916138
27 402311 L07910 1.54982 5.98995
28 b 44373 LN6T86. 1.32949 7.29n23
29 4.91717 L 06947 1.35977 9.23714
30 5.43167 S LNB2T1 1.22869 11,.58091
31 6.N1085 +05259 1.173027 14.71323
32 6.56144 . N5463 1.077°26 18.24540
33 7.16186 05173 . 96383 22.80219

34 - 7.76207 04268 .83619 28, 17803
35 8.47133 .03481 T 48210 35.41922
36 9.33220 .02821 455274 46,09552
37 10.25340 L08332 1.16227 60,07934
33 -s05336. ~1.04548 78.39818



— .
QDL VW =

1
12
13

14
15

16
17
18

19
20

21

22
23
24

25

26

28
29

30

31

32,
33

34

36
37

Cu~Cr

~50—

51.0k4 ppm.

08 K -9 K

¢, = O.OOO28776/T2 (ng/K—moie Cu)

T .

. N360N8.

12906
«11615
« 13362
s 13727
« 15405
.17258
~.19381
. 21599
. 14398
«16313

. 18528

. «20596
.22873
L,25037
.27548

- .21876
+23848
. 26295
. 29080
.33331

V36697

“ 40129
« 45052
«50585

« 54745

« 62242
70533
. 80087
« 306029

AC

"« 09901

.09206

. 08370

. 09701
.09595

10472

S L11110
.11451
- .12250
.10102
S .10618
.11265

©.11948

- .123C6
.12835
.12861

T L12044

12413
. 12928
L13771
" .14165
L1 43A8
. l4b645

«14989 .
.15099 -

.15639
. 15799
«15753
.16024
16069

AC/c

1.93991

1.80363
1.75746

1.90664

1.37989
2.05174

2.17681 .

226362
2.40016
1.87929

208027

2.3409%
2.4116GD
2.51470
2.51984
2.35978
2.43208
2.53282
?2.69801
2.77518
2.81500

2.86939-

2.93677
2.95819
3.06412
3.09544
3.08635
3.13956
3.14835

3 kOe

- C, (F=0)

Cu

» 06654
.038929
.08038
. 09244

06'9496 P

.11931
. 12397
14934
.09958
.11279
.12807
.14238
.15819 -
L7323
L19G73
L5126

16496,

,18199
,20144
J27128
225504
.27939
.31456
. 35446
. 38476
« 44009
.50249
.57618
65504



3

Lo Cu=Cr 51.0k4 ppm 2K- 9K . G kOe.
G = 0.002500/T° (u/k-mole Cu)

N T : AC . AC/c Co, (H=0)
23 .30508 0 T L11346 . 2.22302 .21144
24 CJR64T3 .1338¢C 2.62150 . 25346
25 . .42372 . 14244 . 2.79M85 .29538
26 S 7Y . 15697 3,17552 .34270
27 C .54041 15669 3,06985 . 379562
28 ' .53120 . .16133 I,17°73 37290
29 . 62582 .17422 3.41346 L4662
30 S .12590 .18625 2,66907 .51A819
31 L WR3117 . «197863 3,372056 . 59997
35 21817 .N9991 1.95755 . 15086
34 26563 113173 2.21656 .18386
39 22070 «098701 . 1.92035 " .15261
40 - - ,25935 10782 2.11249 . 17949

41 .29710 J11775 24307109 . .20585
42 «34233 L12677 . 2.48382 . 23806
43 C W38942 C .13704 2.48497 T .27096
44 44113 . 14805 2.,30067 . .3C783°
45 .49919 15505 3,N5756 . 34964
46 .53795 W 16534 3,239570 .37782
47 60388 . L17534 3.42530 42631
48 65522 .18276 '3,.64151 47212
49 . WL T72705 - - LJ18ACC 3,68341 .51907°
52 .79693 .19154 3,75268 CE7314

51 . .36895 .19834 3.38603 . 62993
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Cu-Cr .

T

<34517

‘«37847
L41743
e46H161
.51n808
«55637
« 60675

067372.

« 74876

«R2582.

« 839224

« 93010
1.03364

1.19773

1.31579

1.46055h
1.63915
1084472
2.05063
2.25821
2.4T04]
2.69121

2.92475

3.18638
3.45176
3.74785

'4,09900

heb 7561
4. 374272
528067
‘5.78924
6.31945
91397
7.49C13
3.,14225
8.,92583
9..83959
13.87C09
11.389308

=52

51.04 ppm

= 0.0031973/T° (T /K-mole Cu)

AC

212512
.13216

« 13957
14772
«153C8
»16220
« 16817

L17149

17598
«18179
.18313
«. 18146
« 17649
17613
017491
« 16981
'16692
« 16207
+ 15354
«14510
«13961
13176
«12193

.11037

« 10740
«10399
«09169
08012
.« 06283
«07236
«05556
«05437
» 06919
«03203

« 05309 .

w3352
« 24422

e 04413

«2C431

3K-12K

AC/c
2.45137
2.58926
2.7345)
2.89417
299920

"3,17799.
3.29492

3.35983
3.44779
3.56176
2.58789
3.55519
3,45793
3.45073
3.42700
3,3271¢
3,27031
3.17544
3.0C827
2.842956
2. 73527
2.58159
2.38882
2.16238
2.1C422
2.03745
1.7964%
1.56977
1.25157
1.41768
1.08850
1.06515

- 1.35563 -

62751
1.04022
«65861
« 86641
«B6563
. 08440

10 kOe

O 0)

©.24001
.26357
.29128
.32291

« 35645

.39163
<42871
L 4T8T0
.53571

"« 59550

. 64815

. 71954

. 80651

< 90636
1.01494
'1.15658
'1.34446
1.57996
1.83902
2.12637
2.44948
2.82067
3.25536
3.79828
4.41447
5.18639
6.22680
7.5n185
9.07316
10.85638
13.44775

16.63896

20.83776
25.60739
31,86623
40,91843
53.44554
70. 99405
92.,03593
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NG

e e
D W N =

16
17
18
19
20
21
22
23
24
.25
e
27
28
29

31
32
33
34
- 35

W~NT AP o

Cu-Cr

N

T

.3?820.

.37r139
41094

S L45772

«51133

«O01411

«63N6S
. 76309
. 84975
«92RCT7
1.03757
1.16569
1.29272
143555

1le 6169

1. 71477

1.88368

707550

2432644

2.63151
2.90321
3.19423
3.43846
3.79141

4,15739

4. 548131
5.0NN61
50508756
e DRTYI2
H.64960
7304561
3,03139
8.87799

9.76835

53

51.04 ppm

AC

" .08051
L8471
S 09329 -
10302
<11584
.12707
135637
.14698
.158929
17136
.18019
. 18844
olq606
20262
«20694A
21111
.21376
«21418
. 20749
20204
.1977C
. 18550
L7102
.15613
015405
.13366
.11779
.10813
.1C766
06579
T L0862
cN6633
«D94(6
06247
LNOG16

3K - 12K

C,, = 0.0127893/T° (mJ/K-mole Cu)

AC/e
157743
1.65975

1.82592

2.01859
226953
2.48963
2.5TL77

2487963 .
2,11593

3,35728
3,53031

3.692C4

3.84128
3.,96980
4.0548%
4413617

4.17436

44196283

4406533

3.?5%45
A,87335

3.634417

3.,35059
05389
3.01827
2.61869

2.3C:773.

2.11846
2.1C924
1028890
1.715669
1.29953
1.34286
« 83204

1.84479

20 kCe

'CCU<H=O)
« 23516
« 25784
J28665
«32011.
358181
« 39796
« 43417
.48391
« 54673
< 61634
wHTT01
76741
«BTTRS
e 39324
1.13145
1.26115
1.42857
1.62712
1.87201

2424175

2.71664
3.21336
3.81554
4.50517
5.30786
6.41375
7.77183
9.59516
11.96455
15.17684%

" 18.88577
23.99374

31.23905
40,20124

52435369
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1

38

« 18767

Cu-Cr - 51.04 ppm 3 K-12K 30' kOe
c, = 0.028776/T° (mJ/K-mole Cu)
T , ac ac/e Cry, (H=0)

1 34716 LOBGNG 1.07835 24142

2 « 37906 » 05859 1.14797 . 26399
3 «41795 .06481 1.26985 . 29145
4 S W46551 L07318 1.43376 32571
5 . 53287 .T8541 "1.49290 . 37447
A .53119 . 09634 . "1.86734 41722
7. 64597 10563 2.06954 45785

3 L7546 11455 2.244%) LB 0267
9 76586 .12311 2441217 . 54386
10 83519 L13417 2.62875 cEN286
1 91776 L1462 2 .36735 66311
12 . 99347 - .15614 3.05919 . 72059
13 1.77874 . 16504 3.23356 .80232
14 l.17591 e17241 3.39763 e 33690
15 1.28836 . 18546 3.63357 .98918
16 1.41812 .19816 3.38241 1.11410
17 1.56147 20747 4,0648) 1.26091
, 1e71971 21817 4.27453 l.43417
1 1.89224 22565 2442097 163740
20 2.07124 e 23365 4,57778 196633
21 2.262°9 "e23329 457064 2.13136
22 2.49286 .23103 ' 4,52652 2.485568
23 2.73444 22250 4455530 2.89777
74 3.00146 .220137 4.32747 - 3,47 817
25 3,32404 L e 21458 4.20249 4.11856
26 3.657764 .213908 4427271 4,410
27 4.72324 $20193 3.95639) 5.99026
28 hehD352 .13779 3.67929 7.247358
29 4,85318 .18851 3.69335 4.98954
37 5e30144 15472 2,93139 11.23972
21 5,90897 .15146 2.96743 14.12391
32 hebb104 .12382 2.52386 17.57743
33 7.07761 s152756 2.99291 22.04330
24 7.72026 .126373 ?2,67512 27.7°512
15 8.41123 15144 2.96711 34 ,T743563
356 7.22067 « 16588 3,25009 464,59191
37 10.11289 W17572 S 3.44272 57.76196
11.76373 3.67697 T4.77974

L aw



=

DI NG AR W

Cu-Cr

LT

.35160
. «388%5
42788
e 84Hh934H
« 51479

«5HCST.

« 60679
s HTONG
. 14059
« 1697
« 87370
« 96890
1.05996

1.15078

1.25252
1.37438
1.52448

l. 68062

1.86474
2.03851
2423965
2.45741
?.69813
" 2.9A785
3,27624
3, 64430
4.01533

4.33409

4 R5T46

5.34183

5.8AT25
he 26 T4T

7.47889
B. 19944
3.,97158
9.85353

10 .8B5566

11.39784

i

51.0k4 ppm

AC

-55-~

3 K-12K

S0S441
eN5637
.N5R53
L6346
COEGTRA
.C7539
.08276
. 79049
. 09897
.1n9n4
11849
126907
. 12596,
.14568
.15338
+171934
.18438
.19904
21264
. 22351
22906
.23841
. 247320
. 24554
. 23945
« 24916
« 23192
e 22616
.21999
.21118
.178683
17759
.175A39
.17143
.18231
W 15672
169673
. 22507
16514

;hCN = o.ou6169u/12’(nJ/K—mole Cu). - f

AC/c

1.06607
1.10434
1. 14669
1.243640
1.35543
1.46681
1.62154
1.77693

193904

2.13645
2432153
2448625

2.6638)
2.85432
©3.11290

3.36872
3,62225
3.899712
44,16519

4.38114

4.48777
4.67112
4¢76496
4. 81105

4459149
"4 4,88161

4,54385

443096
4431022

4,13760
3,50C81
3,47949
3444620

3.35867.
3.58175
3.26641

3,32343

4 .4CO67
3.,2354D°

38 kOe

CCu (5=0)

« 24462
e2T272
« 29874
e 32847
« 36132
¢« 33466
« 2323

LJA4T593

« 52345
53857
« 64932
s 71033
« IRH32
« 86410
«95602
1.07114
1.72211
le 39501
1.,53719
l1.82379
?7.09941
2.42876
2e83292
3.340658
3,99929
4,9C722

5.96595

7.17851

8,93654
11.14578
13.88477
16.,95309
20472152
25.68540

22.46393

41.36A50
53,61475
70.72462
91.98548



23
29
49
41

T

e 38424
$42017
T G6
52307
«53121
o HI5T0
e 56901
T . 73738
. 214272
«33526
«37815
e INRNE
le:2031

1.136%84
1e24291"
S 1.36931
1.51465

1.64327
1.32966
2,004 69
2.20214
2.,4089¢&
2.62957
2.39772

3,13739

3.51986
3L REHT?
/te 27432
460316
5.N1814
Ye51880
65.171564
6598171
7.13957
7.32613

3, 6048673

9.32623

10.237°2

11.20745

-56-

33.62 ppm

AC

«2RK49
JBT23
« 08618
e MR
08068
« 8582
- «(BT372
L8506
« 186172
.80 T4
+0R357
«231973
07978
« 7755
07861
«0T7T435
«C7H38
«NT7289
T e XTT 69
e V7451
«NEHL 3G
J1T7TLE2N
006297
JDTC33

NEND4

e 6AHBI
aOBQ?A
<5206
« 0511773
«NCHDG
«03960C
«N2974

.00998

. «30848
«07419

—NT346

-.10376
5230

2699674
2.53013
2.56145
2.4M15%
2.48565
2427073
2437299
2305675
233523

2211572

227177
216875

2.3108T

22156217
1.98817
2.11785
1.37304
2.79185
1.48837
1.98031
l.1819"
1.54858
1.51785
. 17826
1.17780

LR8B4 7D
0295693
1025220

2220660

~2,18500

-3.08625

1.555%%
=7.97813

e 26TAHA
.29323
«32927
35733
«47987
42742
.47515
. 52699
53642
. 64257
. 62439
77143
. TEHRT
«85250
e 4723
1.065622
1e211792
1.3544 8.
1.53R24
l.77908

2.74592

?¢35250
S 2.73052
2,20271
3,301560

. 58339
5.49176
fe56573
7.97745
4e 1158724
12.71529
15.173239
18,52733
22,11277
28470920

35,79478

46.01499
59.8C583
77.50199



10.
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i~
o

26

27
28

29

3N
31
32
23
34
. 35

36.

37

Y00 N D e

e T R
R R N

Cu~Cr

T

. 3‘*5"‘3 v
« 3436 .

« 429873
. 4346 7

.54217

HNYC2
67230
. 74189
81193584
. 37451
« 981 4
1.77725%

1.21371
1.43748

" 1e57609

1.74278
1.92410
2.11043

2.32317

2. 56844
2.87281
3, 192324
2, 4R524

3.791932

4.15579
4,57160
feN1603

551791

5.10176
AEETS |
7.30130
7.97495
3.721509
9.50389

17,41195 -

11.38564

-57-

33.62 ppm

ACT
.02579
«N2644
02948
W 03655
43469
{4852
.055463
L0621
06983
.07513
.CB173
09113
.Ne750
.10651
.11694
. 12459

13652

14419
e15441
15442
. 156836
«16768
14571
15823
C16749
J114746
13693
L.NA815
L11736
e 11657
08391
WNT769
05452
.14914

-.62187
«13797 .

~-.15665

3K-12K

gy = 0.0461604/T° (mI/K-mole Cu)

AC/c -

. 76697

« 184”47

37687
1.08745
1.29965
1.44309
l1.65456
1.79082
2.07692
2.723624
2 .%43095%
2.71049
2.9001%
3.10367
3.47829
3,70572
4,06073

4.,28891

4.59267
4459318

4,66573.

%4.987T6%
4.,33404

4 ,7C646

4,77377

"3.41286

4,07287
2.64289
3.49080
3,467135

249576

2.31097
1.62177
4,.43618

-.65M53.
4,1C375

4,65946

38 kDe

CCu(HéO)

« 23991
« 26310
« 30013
« 33952
.« 38125
. 43040
«4TT752
« 53044
« 59062
« 64997
« 12370 .
.8(“1"‘4
90158
1.71015
.le12638
1.27643
l.46746
1.67694
1.91897
2.22186
2.,509713
3.15475
3.81234
4,49716
5.32934
5.47856
7.858473
9.562100
12.C1078

15.,26609

19.n2864

"23.96568

30.156435
23,0 7137
48,4R857
H2.77258

31,10648



11.

49

an

51

52

53 .

L17853

' Cu-Cr

m

f93nl

. 12470
L1410
. 195984
., 10953
J11920
L13590
L1nona
.lirue
L 134137
RACTSER ¢
L1081
. 17815
.12530
.15159
.13456
.15203
.17341
.12851
L217H31Y
. 12447
.12128
J15042

17153

L1137

« 27255
22349

.27638

23141
e 2Hh1868
. 29553
.21122
L 24027
27352

30122

« 346073
.38366
. 43319

L49111
e 55687

. 370392
e 33940
« 31939
«35853
241011
46990

-58-

21.160 ppmr

AC

+"M32109
03742

« 3244

L3401

.N1385k3

.13124
S e 13491

. 3349
.7 2352
LERZ209
.N3517
. 3873
«3192
3377

« 03249

e 234156

.N4028.

_.‘\\41’75
e 24293

£ 04341

L4593
e N3T41)
« 13596
YL 3G

« 4390
«0N4567
4554
e 04302
<4367
L5042

.74599

. 04333
L04T56
.05999

.25132.

L5100
.NHB128
L0575
5273
s 06056
«.N5121
e IHKMQT
«N5132

.5152

06K - .6 K

AC/c

1.42661
1.43784
1.58150
1.50717
1.32555
1.47636
1.66967
1.58264

1.32022
1.51445
S 1.66201°

1.7995%2
let6613
1.59574
1.52551 .

"1.561415

1.90372
1.79073
1.93583
2028913
2.05174
2.17275
L.76777
1.459965
1.20738

2.074933

207473
2.12333
2.15318%
2.15673

2426924

2.30011
2383310

2417341

2.284190

"2.24779

2.40984

L 2.42511

2.41012
2.42331
2.38756
2.49499
2.38922
2.42013
2.4C2393
2.42514
2.42499

- Zero Fiel

._CCUG#O>

06476
L6516
LNT512
.NR635
L(QT T4
L6639
07581
LTR248
L3422
DEADA
L9231
BREPLTS
. H380
7669
.C7486
.08670
. 170434
.59309
. 10569
W 11388
. 13521
.15%61
.0a303
L09N33
s 10403
.11858
L13262
L1e002
.15302
c14257
J167°78
13102
L0475
c14603
c16621
. 18936
L20874
. 23651
« 20687
. 30229
. 24379
. 39167
. 20853
23557
.2?72149
24908
. 28567
.32849

.



11.

N

5%
55
56
57

53

59
67

51

6?

53

o
e
. A6,

a7

658
1)
o
71
12
73
T4
75
74
17
78
79

31

| (continued)

T

« 53626
« 57925
61827
« 71937
«33922
«52312
s HTTINN
«H5h613
e 714561
Lo B854
«TARTHS
. 6604
« YABS5
«N65T79
e NHHATI
sNTYr27
e MAQA
« NER23
« 00626
«NT7T832
« 13379
101146
11735
« 138110
T30 2

S(8497

«TR144

_59;

AC

e 282056

.05313
.05418
. NB449
L05569
L5283
RLELS!
C05499
L0527
L5647
.02258
.02280
$02402
.N2445
N2266
02416
.02402

. W02448
T.Nn2233

12399
«N2386°
.N3123
.N3374
« 23739

.N2579
L0200 7

. 12843

AC/c

2.46003
2+51343

2.56n37

2.57514
2.63164
2.495681
2652870

2.59890

2.50809
2 HESES
1.06723
1.07744
1.13508
1.15532
1.070R7
1.14187
1.13497

1.15635

1.70788%
1.37C14
1.36396
1.47546

1.59471
S l.7671C
1.185850°

1.37397
1.34612

CCH(H=O )

«375658
c37147
c43TON
.51319
«5N632
<3671
42863
46533
53332
.61552
L4693
.04582
W "6548
e 04565
s04627
04943
. 04T9C
.04733
.04804
. UB4T0
L6103
L7004
.08121
219553
«CH064
.05838
«05645



-60-~.

12..  Cu-Cr 21.160 oppm .3K-T7K ~ Zero Field
N T _ AC AC/c Coy(H=0)
4 . 45975 LN5H06G 2 64940 32158
5 .52216 .N5325 2.75334 36668
6 58361 . 08630 2.68448 41163
7 .63115 | 05797 2.73983 44683
3 L T0000 05736 2.71101 . 49854
Q. . 77996 '« C58R9 2.78294 . 55976
10 . 86698 05742 2.71353 .62800
11 L96111 .05688 2.68817 .7233%
12 1.777"« C05548 2.56926 . 85038
1 1olR89 44 05421 2.56182 39942
14 1.30736 .C5315 2.51196 1.00746
15 1.43993 .05489 2.59413 1.13583
l6 1.58641 .05268 2.48951 1.28744
17 1.75111 . 05466 2.58339 1.47001
18 1.92905 .N5498 . 2.59809 1.68311
19 S 2.11399 .N4943 2.35489 1.92379
20 2.30740 .N5269 2.490256 2.19838
21 2.52222 «N5638 2.56427 2.53329
20 2.750C7 203704 1.75053 2.92600
23 2.99215 «C4834 2.28441 3,38935
24 3.25973 S e3384 1.59909 3,96178
25 3,5%308 aD4825 2.28011 4.6h826
26 3.89933 03324 1.57583 5.61793
27 4429085 «03934 1.85894 685640
23 4o 72280 c04411 2 08443 B.44007
29 5.,21906 L L0551 26017 10.55983
& Ta) 5.73732 .C2170 1.02564 . 13.43713
31 He&NG25 01135 33646 17.19656



13.'. .

oo

(8 8

1L

12
16
17
13
13
20
21
27?2

23

24
25

26
27
2q9 -

31
31
32
33
34
25
35
37

38

39

&1
42

- 43
44

45

46
47
48
49
.5/\
51

52

53

54
55
.56
57
58
53

Cu~Cr

T

. 08447

19991

12779

.N830q
«12325
e 29756
. 11395

L.12147
L1567

08937
« 12671
«12275
.13824
e 16441
. 13093
»15208
« 17517
« 19861
« 23255
« 15419

17696

« 19946
e 22500
20551
e 23604
« 27286
. 32020
« 19875
« 22H65
e 261618
. 30351
e 3261
e 34965
«4N246
« 45878
e 02725
« 59631
« 3054
« 35994
«%41933
« 43412
«5A1N9
e 53N4 K
« 61604
s 71416
" R1802
« 540R3
63106

. 72338
"« B2502

=61~
21.160 ppm

AC

.13597
o"-’43?2
.N3185
CG328
L 23982
LOE38
NS RA
L2 17
L3416
L3631
.03875
« 033937
04248
.03597
04279
LCas6T
JNNGTQ7
05229
.03R25
04386
YA £:1¢!
05127
LNLROT
.N6929
AT Tety)
G544
.N45173
04473
W A0 30
« 75639
.(5509
.NS809
.N5898
.NB3841
L 25832
.C598C
05456
. 08855
. N5754
.05818
SN604T
.£5959
. 6230
6382
L5902
06155
«N62N78
. 26359
. N5924

.08 K - :9 K
" Cy = 0.00028776/T° (mJ/K-mole Cu)

AC/c

1eh2696
1.59971
2.04735
1.57525
2.04417
1. 3R20 D

2L,asnr R

1:Rr235
2.22140
1.51422
172946
1.32131
1.34177
2.0C761
1.69991

2.022054
2.20C295
726705
247119
1.30780
2.N17297
225905
2.423N05
2.27155

2432955

2.31591
2.55471
2.12285
2.11371
2.37714
2.66501

260365

2. 74544
2 745N
20761052
2.75608
2.82627
2.57856
2.62524
2.71907

274959

2.85781
2.31593
2.96783
3.01595
272907
2.90871
2.93387
3.005156
2.79975

3 kOe

Coy(H=0)

. 05853
.NAALR
 «i08341
. 5758
, Q218
. TATS6O
LT RRO
.7 3405
. 92 R4
LLE191
JOT3RT
.NB5673
L9563
.11368
.NA058
.10518
.1211¢
.13729
e 160834
L 1re63
.12232
.13737
.15560
L1427
156327
.18890
22206
.13739
«15674
.18111
.21734
20971
24280
LP2R023
«32249
L37002
L 42071
L21166
26007
29224
33874
. 39476
37236
43534
.57922
«58362
.37992.

L . 44652

« 51626



.

Cu~Cr

T

« 25142

39750

« 44531
57511
e 55373
«5IRST
e HHHA]
e 14754
« A3NNE6
. 301939
1.007383
1.122773
1725342
139374

1. 72983
1.92934
2.14232
2036971
24560522
2. 86177

3.15419

7,.-4 ?\"42
1.P1602
4419539

Lo 67392

T 5.05912

5 . bl“‘ ")(‘
6;2186C

;62_

-21.160 opm

Gy = 0.0461694/T° (mJ/K-mole Cu)

AC

02234
L.02118
2314

«02783

03216
JD3702
4176
© 14399
.C5226
08806
W0H331
L7097
LTANS
L8636
091561
."2935
J10212
.10377
L10592
11243
«N9547
10348
S11732
.08151
. 09185
«N5967
LO7CNT
«J6257

3K-TK

AC/c

1.N8559
« 99340

1.79357

1.31513
1.36237

1.51993
1749563
1.77358
2.31518
2.46984
2.74404
2.99191
3.535298
3,59529
HaDR13N

4432941

4471496
4.82605

5.14257

fe075838

531549

4.51175

4 4 RAN4LS

5.,21373
3.85189

C4.34065

231773
2.31143

1, 10412

.38 ke

CCu(H=O,>

e 24443
« 27426
21121
« 38430
. 39336
422487
«467335
« 953477

E3R33

. e 66133
e 76185
.84021
. 95635

109517

1.25594

l.44572

1.£335%

1.94250

2.23109

2.67170C

3.13%67

3,72813

4.46043

5.371744

£454252

7.939924
9. 85735
12.44813
15.99265%



15.

=2

D Odhn D W

Cu~Fe -

-63-

81J4pmn 

3K-25K

Zero Field

Two runs - before and after exposure to 38 kOe -

T

L3€232
.3285C

«3€647
«4C827

41571

+395¢4
«453C7
«4GTE6
455255
606170
«66122
74583
.82521
.92551
598565
1.C777¢
1.25254
1.38265
1.52253

le66311

1.77382
1.9317137
Z.116E56
2429611
Ze51233

ce11111
2.976165.

2.271CS

2.5%6C5

2.5206¢€2
4,368¢%4
4.86331

£.374G1
£.92371

-€e514C2

7.13245
7.80530

8.485(0

G.248174
1C.109C7
11.0€253
12.0€1SS

2,18327
14.51345
15.53355
17.52%44
19.24550
21.C83CC

AC

.C3C53
.0297¢C
«C307C
.03269
«03754
03235
- WN3577
.03948
04416
«04805

+C5214.

.05832
06467
.06545
207205
- .07823
.08927
.C9971
.10556
«11506
.12169
.13384
«14110

«141785

«15472
16712
«16622

« 17876

.19438
.20057
«20203
.20316
.16558
«15754

©.20046

.21913
.21069
©.20200
.19155

.23299

«28402

«25191
«11758
-.01457
‘019796

«34379

l1.43428
<1425

AC/c

375C6

«3646G1
“«37710
« 40156
«46118
«39741
«43942
« 48502
«542¢5
«59027
« 64C51

sT1e4T

. 79449
85215
 .88519

« 56110

1.09€¢€6

. 1.22486

- 1a26720
l.41386
1.48765
le64423
1.73342
1.817¢8
1.90076

2.05302

2.G4168
2419609

2.387152.

2.46385
2.482C0
2+4G5€7
2.40264
2.42615
2462171
2.£9205
2.58833

2.48153
2.35325
2.862217 .

3.48919
2.,06467
le.44444
~-.179C5

4422351

17.62C11
«17503

«2520¢%
22753
25421
«283817
23463
" 27491
31582
«34782
.381771
427417
c4725C
53203
.56668
e£5712
.72228
79943
«95222
1.07662
1.21736
1.3681%
1.49356
1.65C175
1.52454
2.1841¢
2.5142C
2.85297
253712
2,98372
4.77475
5.66251
7.12C19
$.01C76
11.322483
14.25182
17.57¢91
2260700
2B.56565 .
35.65363
45.,06654.
57.81¢21
74.,7379C
9¢.03€47
125.02366
167.56426
224.40743
204,31381
412.05376
565.48715
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(continued)

Tv.

22.275C1

«34149

«41C€E

«493504-

+60160
« 72121
«3691C
1.C175¢
1.21851
l.4645¢6

1.78172

- 2.67646
c.1711C
2.317¢5

4.04255

4.,84C2C
£.68160
€.C4a21€
€.59419
Te1624C
T«77748
E.462%4
5.20167

1C. 11215 -

11.12514
12.15G657
12.3C352
14.61915
1€.C217S
17.59211
15.42940
21.30€32

22.465¢86

—6L-

AC

.1C8345
«C2G174
«C3358
«03935

« L5466

« 06615
"e07482
.08593

«10271.
«12203.

17000
« 14024

<19144
.21139.

23425
20641
.13324
.13921
206838
24656
.156¢8
.1306¢
27351
e 33944
33537
s21C57
- «379N2
24818
61426
85816
.58013
- «83322

£C/c

13.31016
T .3€531
L41255,

«48341

68166
«Bl26¢
916722
1.C556¢C
1.26177
1.499C9
2.08839
1.72284

2435185

2.59666
2.87823
2.53578
2.251006
2.4413C
2.54146
3,029C1
2.44567
1.60511
3.360C3

4.17CCT-

4412002
3.32360
4.65628
3.04885
T7.54¢61

10.54245

7.12¢88
10.23612

Coy, (H=0)

165.60806
«23¢61
«28556
« 34567
«42292
51333

< 62ECT
'« 74905
+92235
1.1578¢
1.50279
2.79163
1.96655
4.,05C38
be (4481
Be91542
12.90057
14.94603
18.53782
.22.85€656
28429645
35,40099

44.44161

57.83354
7€.C30C04
G6.12G79
128.48726
171.3€452
228482395
308.06(C83

. 425.01087

575.5C167

790.12C93



16g

Cu-Fe

T
«3€644
«35751
<43263
L467317
$50762
$55249

.591C4
.64741
.7C721
.77195

.84553

- +915¢C

«9G6413
1.08223
1.19C58
132547
1.48251
1.637¢4
1.81924
1.66216
2.17569
2.38013

=65-

81.4 ppm.

AC

.C280C

.02824
.C2578
.G3485
.€3850
.04538
.04686
.05C50
.C5428
.06117
.C6663
.07332
.07€49
.08032

+CB835

«08957
«1095¢

«11867

.13268
.14208
.15872
.160C8

C3K-2.5K
Gy = 0.0127893/T° (mJ/K-mole Cu)

AC/c

+34369
«34688
«36591

«42€10

«41293
« 551753
«57573
«62043
«EE6T18

. 15150

«3007C
«G39¢€2
«98678

1.08532

1.22328
1.34599

1.46153

1.62694

1.74547

1.513C8

1.96€659

20 koe -

CCu(H=O)

«2542¢
« 27652
«30121
+32607
«35506
« 36766
«41892
+ 50264
«5521C
«60943
«66515
« 12528
»80321
«89744
1.C2114
1.17€2C
1l.34016
1.54¢€¢8¢8
1.7610C
2.0119¢

2430526



17.
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Cu-Fe

Cy

«3C571

. 3267€
«35G177
«37544
«41376
«4551C
«5G513
«55766
«6CCE3
«65617
«714C6
«783C2
« 85544
«G24E56

1.00787

l.05716
1.2C45E
134217
1.4G8¢C
1.66C17¢€

"1e349C7

Z2.C35¢€2
2.22031
2e 42645

~66-

81.4 ppm - -

AC

.C23529
.02675
L03213¢
.02920.
«C2960
03172
.£3582
T .04041
(4382
«047C8
05145
.05617
06182
.C6683
.07239
07765
.08188
.09514
" .10598
<11612
.13017
.14233
s14777
.15886 .

3K=-2.5K

= 0.028776/T° (mJ/K—mole Cu)

.AC/c

«35948
36551

«38529 .

.35875
.36363

«38568°

«44CC8
49642
«53831
«57833

«63204

+65C01
« 15947

.82103

. E893¢
«95364
1.06585
1.16876
1.30198

1.42€654

1.59508
1.74855
1.81528
1.95156

30 kOe

Ccu(H=O )

«2143°%
22631
«2432C
« 26344
287717
«31727
«35326
«3G143
«42299
« 46423

. «50783

« 56065
«6172¢
« 67248
« 714066
«8160C
«91C27
1.03706
1.16252
«2€E55€
l.5824¢
1.81¢€52
2.06886
2.371704



18.

IRV o e <IN I o IS , I - NN UV IR

Cu-Fe

_67-

81.4 _ppm*

3 K=-25K

Cy = 0.0U461694/T° (mJ/K-mole Cu)

T

.3573%
.37984
«4063C
<44312
.48356
.5322¢
.57582
£ 62626
<€5266
.77286

»8EEC2.

«56028
1.04¢€C5
1l.14€45
1.2648C

.3654¢5

1.53211
1.€S7E¢6
1.83¢€48
1.59654
£+18941

2.418C2 -

2467151

2.561¢€S.

3.31253
3,67746

4.03458

4.41848

4.,€82458

£.2¢5321

£.757C6 -

€.23678
€.77829
7.35637
7499157
€.68542
G.524CS

1C.47756
11436617

12.373¢€1
12,5€3¢C
14.8€1C4
1€.31889

17.913C3 .

15.811C7
21.95167

AC

.03025 .
© ,02883

.C3030
.03328
.03659
.03996
.04395
04744
05374

«GC60417 -

<6573
«07152

07624

. 08629
«08¢€22
«10369
«11807
«12754
«13730
« 14499
«15765
«16593
« 17344
«18925
«2C9S7
«20830
«21713
«20316
«20803
« 20246
.21105
«23873
«24518
»24811
«33671
«312¢€4
«341132
«12533
«12816
«30168
«29523

.91412

1.45899

AC/c

«37167
«35421
«35611
«37220
«4C883

c 44548
«49066

«53687
«58283

« 14235
«80748
«87859
«93¢¢l

1.060C9 .

1.18201
1.27378

1.45047

1.56685
1.686178
1.78122
1.93¢€74

' 2.03839

2.13C76
2.32489
2.41671

- 2451950

2.55895

2.£6738

249584

2.55561.
2+.48123

259280

2.93215 -
3.012C3

3.04804

4417340

3.84078
3.08551
4.19074
1.53568
1.57483
3.7€620
3.62654
11.23C02
17.923¢€5

‘38 KkDe

Ceyy (H=0)

«241784
« 26372
« 28461
«3C87¢C
«33772
«37373
«40473
«44418
«45163
«5528C
62122
«7014¢
. « 17258
-« 8585¢
e 36445
1.C8834
l.22738
1.4Cé€85
1. 561736
2.C2526
2.3638¢
2.78296
'3.32488
4.,07875
4,398995
6.C2CL5
T.2950°C
B.85068
10.79¢€92
13.31130
16.14826
15.86033

24450522

30.39715
37.96625
48.88435
63.99065
8l.46905
103.5153¢€
136422522
180.31174

 242.11714
" 32€.56712

452.85135
635.€8557 -
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 4.38004,

Cu-Fe

.35372

«3518C
«440C1

«5465(C

+38871

£ 42441
c4666C

«5112C

« 55505
" «59653

«648CE .

.72C08
.802C8

.8757C

«951¢€4
1.C2683

1.11821
1.225289.

1.3329¢
l.e44574
1.5656%4

1.73111
1.5C846

2.09616
2.32338

255764
Z.815€1
. 2.08184

2.2€15¢€
2.65078
3.99717

4.,75764
£ea16G2E
£.€871C
€.18454
€.744C4

731541

T«9€4¢€1

5.63526
1C.5791¢C
11.56556
12.626C4
12.844¢64

15.06664
l1€.36855

17893905

. 15.503%6

.;68;

195 ppm

AC

«07443
«C7839
.08562
« 06545
« 10554
«C7739

«09043
.CGS50
.10764
«11466
12346
.1352¢
15064
L e1€152

«17423.

.18664
16827
.21618
- «235C3
«25615
26E44
«26CC2

«31023 .
«33058.
«34955"
«375G4 .

«3G€25
«41137
«43186

«45301

«46289

«48306

«43206

49623

41856
«e43945
T «417617
«51211
«543857
60392

- +47383

«58586
«47312
+50609
«29574
«44160
L 46105
.26076
-.81688

3K-25K

AC/e

«38171
.402C1
«435C8
«48951

«54121

«39686

«42815
246372

«51027
+552C0
. «588(C1

«63312

<€53€7
.77253
.82833
.89350
.95714
1.01€74
1.10863

1.2€530

1.313£58
1.36637
1.48730
1.59092

1.€66527

1.75258

1.92788

2.03226
2.10961
2.21468
2323210
2437380

2.50802

2.52336

2.544177 "

2445411
2.56127
2.44658
2.62619

. 2.81320

3.C87C4
245554

3.00457

2.42¢€24
2459531
1.51€¢€3
2.2€64€2
2.36435

1.33721

~4.18914

Zero Field
caﬁﬁ:o)

24528
.27219
.30648
.34255 .
.38359
.27C00
«2954C
.22551
.35765
.38953
<41596
45818
.5124C
.57543
.63331
. 69442
.75896
«83417
.5285C
1.02824 .
1.13888
1.26298
1.44446
1.65481
1.89771
1 2.21934
2.58874
3.04375
.57C35
4.19335
4.91865 "
5.90543
7.15909
8.57891
10.34912
12.93C17
15.81971

- 19.60835

24.128174

" 30.12706
. 38.7228¢8

50.49895
65.77C33
84,9604 2
109.57328
144.55487
188.2G78C
245.92482
325.7449S .
430432019



20.

=

e
N e

DN bt P ot Pt ot s et
OONO~NC D w

N o N
SN N -

DOONCV D WN

Cu~Fe

69—

195 ppm

.3 K=-2.5K

oy = 0.0127893/T2_(HJ/K—m01e Cu)

T
.23623
+35752
.38117

«40711
«435C¢

c4665C

«S0732¢E
«55748
«615€4
«67335
« 14GS5

.82881

«92387
1.C12CC
1.107¢1
1.21950
l.253E3
1.498C3
1.6453C
1.822€17

2.01657

2+ 218¢€S

2443441

AC

.C6607
.C712¢

.07660
.08111
.08586
.C9560

«10526 -

«11307
«129C7
«1428€
«15767
«17499
«1884¢
«2C294
«22130
«2423C
«26338
«28581
«3114¢
«33540
«35642
37777

AC/c

«33883
- «36510

«37467

.35284
« 41594
44032
449024
«53593
.57587
.66188
S e73263
.81012
«89740
< 96646
1.0407C
1.13487

1.24255

1.35065
la46568S

1.59726 -

1.72C00
1.82778
1.93728

20 kOe

CCu(H=O)

«23514
«24795
e 2646¢
«28309
«3C297
«32544
»35488
«39131
«43422
«48161
« 53516
«5G626
«€£7186
« 74243
«8248¢€ -
« 52329
1.04831
1.18205
1.35294
1.55116
l.7917¢C

2.06655

2.38952



21,

=

22.
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Cu-Fe

T

«34617

36413

- 38€2¢&

$41225

- e44C32S
«47213

«51229

«61876

«61728

e 14512
- 82846
«GlE2T

- +6983¢C

1.090CS
1.20¢¢8
1.33420
lo46287
1.60228
1.77C58

1.56214,

2.164171
c044214

Cu—Fe
Cy = 0.0461694/T° (mT/K-mole Cu)

T

33167

.37858
. 4CB27

«44348

48136
.54618

—70...

195 ppm

CN = 0.028776/’I|2 (mJ/K-mole Cu)

AC

L06571
06664
.06778

.C6873
.07270

«07748
.03281
«09065
« 09664
«10974

«12G656

.132¢50
.14921
.16180
17440
w18793
.205¢84
«22790
«2469C
«26796
«29383

«3217C

«34759
«377C8
«40361

195 ppm

AC

.06318

06684

. .06868
.07082

- L0T756T

(9257

3K-2.5K

AC/c
.33696

«3432€

«34758
«3524¢6
« 37282
+39721

«424€8

.46489

- «51CS9

.56215
.61827
< 67947
76518
.82573
.89435
.96374

1.05557

1.16874
1.26618

137417

1.50681

1.64572

1.78252
1.93376

2.06575

" 3K-2.5K

AC/c

«32402

«34834
« 24276

.35221
.36320

.38807

«42579

«4176179

© 30 kOe

CCU(H=O)

.22872
« 23666
«2€3G5
' .26828
«28€172
«30€75
« 32946
«35844
.39563
«43636
.48005
«53149
+ 56604
66746
« 13273
«80892
«91179
1.0264¢
l.15617

- 1.3C181

1.72193

1 2.03263

2.40265
2.81882

38 kOe

Ccu(H=O)

22616
«23850
24633
.26283
«28394
 +3C896
«34046
-383C6



23. -

=

[

=
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Cu-Fe 640 ppm

by‘I.(L.F.Ehbck

T

s 06679
«06682
.07216
.07217
07768
08305
08819
.08821.
«09609
«10387
11144
.11936
12912
15156
16572
181136
«19798
«21703
27118
«30176
«33634
«37291
~ «07903
.08628
«09294
«12549
.13561
«15860
«17083
«18544
«19920
21429
23210
«25002
«27019
029464
32374
«36344
41376
«46868
53221
60635
« 70057
e 79641
«93457
1.08648
«33275

AC

.11916

«l1414
«12819

012672

+13636
014017
«14773

«14572

« 16009
.17036

217930~

« 18922

«20169 .
« 22640
23927

«25239
«26259
27306
«28521

«30172.
«31588

«33330

.'035241
« 13645

« 14626
+ 15505

- 19711

« 20763
«23271
« 23764
«25304
+ 26136
« 27002
«28169

28950

«30229
« 31264
«32643

«34557

+«37056
39948
«43398
« 47489
.« 52496
57370
«63734
« 69563
« 32904

.06 K- 1K

AC/c -

.18619-
+17834

« 20029

«19801"
«21306

21902

«23083.

«22769

«25013.

+ 26619

«28016

229566

«31513

+35374
«37385
«39437
«41030
«42665
« 44564

«4T7143

«49356
«52079
¢ 55064
«21320
«22853
024227
«30798

«32443

+36360
«37131

+39537

«40838
«42190
 «44014
. 45234
.47234

«48850

.51005
+53996
«57900
«62419
«67809
. 74201
.82026
«89640
499585
1.08692
«51412

Zero Field

_CCu<H=O)
"« 04596
'004598
« 04966
« 04967
« 05346 -
« 05716
« 06070
« 06072
«06615
« 07151
« 07673
«(08219
. 08892
« 10441
«11420
.12502
«13652
«14973
« 16459
+ 18741
« 208179
023304'
«25882
+» 05440
«05939
+ 06397
«C8641
« 09340
«10928

11773

«12784
« 13737
+14783
« 16020
«17266
«18672
«20380
«22419
25213
«28778
«32701
«37289

© 42720

.49761
«5T7102
«68054
«B80684

1+23052



23.

48

49

50
.52
53

54

55
56
57

Y
59

 v(contihued)

T

e36651
40129
43911
52514
«57944
«63929
71206

+86418
«94910
1.04198

._72':_

AC

« 34636
«36557
«38457
«43123
« 46092

+49056

«52748
«56804

« 60529

« 64659

'«69390

-AC/c.

54119
57120
«60089
«67380
«72018
« 76650
«82419
«88757
" e94577
1.01030

1.08421 .

CouliE0)

«25430
«27892

«30584

«36775

«40739

«45164
«50630
+« 56505
262416
«69235
« 16915

o



2k,

OB~ WN -

Cu-Fe

«34844
«40072

«39316
«43750

«55469.
«60253.
66182

« 12229

.78369

«84552
«91836
+99902

1.10316
© 1421872

133992
1.48881
161162
1.75583
1.91893
209655
2.31002
2.53611
2472923

3.00883°
332564 .

3.88809
4.30862
4 77227
5.30179
5.88948
6439291
6.94826

7.58263

8427790

9.03051

9.87367
1677472
11.75409
12.84711
14.12475
15.53176
17.08614
18.92689
21.12296
23.53355

73~

6”0;@m

" AC

«33775
« 36243
«32706
+35911

«38135 .

41111

« 44500

«47106
.50157
«53370
«56530
«598C0
«67187
«71857
« 16656
«B87898
«92741
« 98002
1.03202
1.08644
1.14050
1.19667
123115

1427779
" 1634096

1.41313

1.45232

1449324
1.52119
1.50907
le55762
1.58022
1.62669
1.69914

1.61578

165211
1. 70466
1.50622
1.65294

1.22554

l.44281
1.148C5
2.34868

222191
-+21740

3K - 25}(

AC/CI:

«52773
«51103
56110
«59586
064236
« 69530
« 73603

« 78370

+83391

. «88329

«93438

+938900

1.04979
1.12276
1.19775
1.27885
1.37341

"1+44908

1.53128
1.61253

169756

1.78204
186979
1.92368

1.99655.
- 2409526

2.20802
2426926
233319
2.37685
2435793
2.46909
2454170
265491
2.52466
2458142
266354
235347
2458271
1le91491
2425440
1.79383
3,.66981

«34673

—¢33969

Zero’Field
CCu(H=O)

» 24156
«27851
«23630

" 30469
«34432
«38927
«42439

e 46846
«51407
+56116
60942
«66745

- «13332
82112
#92258
1.03494
1.18258
1.31188
1.47278
166777

- 1e89744
. 2419943
2455312
2.88527
‘3e41964
4410916
5458019
6.91155
8663780
10.97061
14.,05481
17.16015
21.14605
2648260
33.37343
42,20651
5409343
69.,29746
89.04777
11571981
154.14080
207.01492
28043749

39C.29789

559424511
797.34384



© —Th-

25. ' Cu-Fe 640 ppm 3K=1K - 1Kkoe

Cy = 0.00003197/T° (mJ/K-mole Cu)

z

T AC AC/c  Cpy(H=0)
1 ¢33749  +34907  .54542 ,23386
2 +33680 +34671 W54173  ,23337
3. «38092 - +37063 . .57912 $26448
4. «42481 439273 . ,61364 429564
5 «46811 - <41478 «64810 32660
6 +51348 « 44004 «68756 .35931
7. +54937 «45812 .71581 38539
8 .59904 - .48391 .75612 e42181
9. 465303 .51112 .79863 «46188.
10 .71688 °  .54391 .84987 «50997
11 «79339  .58270 . +91046 «56868
12 87674 - +62301 = 497345 +63413

13 - ~ «97628 ‘ « 67069 1.04795 ‘e 11457 -



26.

b=

WO ~NON WA

CufFe
T
«36318
«401792
e 44587
35990
« 39796

« 43857
+48035

.51922

+56558
«62246
«68743
« 76257
«85109
«95546
1.05451

1.17161
129704 .

152732
1.42299
159871
1.76915
1.98124
2421180
2.47682

- 275179

298839
3.30341
3464314
3.99854
4.40886

" 4486730

5.37365
591630

" 6442287

7.02225

Te64271

;75_

640 ppm

AC

»36847

«39689
«42082
+36675

« 38955

«41550C
+ 44139
e 46636
«49408
¢52699
«56127
«60003

« 64760

« 569668
« 73840

« 78872

+ 84206
«93158
« 88672

* 94939

1.01543

- 1,07910

1.13723
120573

- 126005

130372
1.35274
le 41422

1.45828
- 1.49530

152619
1.54252
154788
155306
1.59875

1.68944

3K = 8K
Cy = 0.00028776/T° (mJ/K-mole Cu)

AC/c
«57574
«62015
«65753
e5T7T304
«50867
64922
«68968
« 12869
« 77200
«82343
« 87698
« 93755
1.01187
1.08857
115376

"1.23238

1.31571
1.45560
1.38550
148342
1.58660
1.68610

177692

1.88396

1496883

2.03707
2.11366

2420971

2.27856
2.33641
238467
2.41019
2441857
2442665
2.49805
263974

3 kOe

CCuG#O)

«25195
«28362.
"e31067
e2496%

« 27656
«30545
«33539

< 36346

» 39723
«43913

« 48769
¢54488

" «61381
+63753
-« 77970
« 88065
299431
1.22238
lell6l4
129737
1.48818
"leT4621
2.05679
2492597
3.37832
4.,05770
4489837
590961
7.26083
9.02736
11.31862
14.20902
17.35958
21,72432

27.03357 -



27-'

Cu-Fe

- -T6-

';6MO ppm

.3K-25K

CN =>O'OQ31973/T2 (mJ/K-mole Cu)

- T

+32654
.37979

. 42817

o 47572

«52932

«59519
«68801

.13228
081622

+91219
1.02769
1e15494

- 1426996

1.40180

154705

1.70685

1.86753

2.02424
2.20531
2+36385

2.58365:

2.82603
3.08572
3.,37015

4.03056

3.69485
4,03702
4444051
4.88162
531992
5.81172
6.33451
701523
T«77014

8.59181

9.45305
10.34486

11.34748

12.38914
13.62521
15.11976
16.82868
18, 79778
21.00295
23.18052

AC
«28819
- +32804
«36352.
. +39932
48734
«54991
. «57975 .
«63296
69041
« 75361
81743
87113
293224
' 99020
1.05540
1.10586
1.15674

- 1.20064

1.24326
1.29284
1.33987
1.37832
1.42971
1.50990
1.46722
1.50931
154554
1.56703

159353

1.55307
1.62601
1.63861
1.69520

1465759

164522
1.66740
179350
1.75379
1.64367
191699
1.87357
214062
216545
3.04238

AC/c

e 45029 .

«51256
«56800

- 62393
«63378

« 76148

" +85923
- «90586
+98901
1.07376
1le17752
1.27723
1.36114
145663
1.54719
1.64907

" 172790
180741

1.87599 -

. 194259
2.02006
209354
215363
2423392
235922
2029253
2.35830
241491
2.44849
248990
242668
2.54064
2456033
2.648176
24589938
257066
2.60532
280234
274030
2.56824
299529
2.92745
3.34472
3.38352
4,75372

10 kDe

'CCu(H?O)

22616
« 26369
+29803
«37079
«41898
48813
+52168
« 58644
«66248
« 15717
« 86601
- «96919

1.09516
1.24303
1.41697
160475
1.80167
2.04760
2.28038
2.63224
3.06286
3.57849
T 4,21367
600777
5.03684
6402769
T37375
9,08716

11.05770

13.61468

16. 77636

21.66896

28422949

36.,87278

47.87630

61.71633

8040643

103.90358

138.11319
19027630
267.11201
381.72766 -
548. 79492

~ 759.95651



28.

DTV DLW~

Cu-Fe 640 ppm

0y = 0.010359/T° (mJ/K-mole Cu)

T

«2152C
34471
«39923
«45C64
«49612
«54362
«34013
«37609
.4138%
«45341
«49422 -
«54315
59926
«€5544
072382
«8C4¢53

. _"(7_

.3K-1K

AC

e 24669
26481
«30175
«33727

«36944

«40417
« 26062
.28618
«31136
«3391¢
+«36789
«40372
«44336
«48C41

+52678
. «517385

AC/c

.38546
.41376
.47149
«52659
.57725
63151
.4C770
44716

« 48650
«529S63 .

«57483
«63C83

«69275

-« 15C64
«82309
«9060C1

18 kOe

Coy (FE0)

.21820
«23893
« 271752
«31408
+38141
«23571
«261017
.2878¢4
«31€CE
«34538
«38C8%
«42198
«46368
51532
«57734
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Cu-Fe

N

T

32967

. 35625
«38944
+62143
« 45843
50449
«54611
«33896
«36770

 «44017

+58875

«64254

«69975
« 76298
« 84487
«92579
1.01404
110593

121872

1.35815
1.51785
1.69842
1.91707
216864
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640 ppm

AC

¢ 23797
*25459
027424
+29602
+31910
«35128
«37973
024077

«26224

‘028361
«30806
« 40870
44246
e 47917
«51937
«57217
«62181
67285
72405
« 78109
«85567
«93266

1.01701

1.10928

120115

-BK_3K

Gy = 0.018417/1° (mJ/K-mole Cu)

AC/c

.37183

239780
'e42850
«49860

54887 -

59333
37621
« 40975
e44315
«48134
+63860
69134

« 14870
«81152

«89402

297158

1.05132
1.13133
1022045
1.33698
1.45728

1.58908. .

1.,73325

1.87680

ﬂJerl

Cay (B=0)

«22836
«24706
« 27051
29324

" +31966

+35280
.38301
«23489
.25514
28059
«30660
«41423
45405
«49699
«54519
60891
.67344
. 74579
82350
«92258
1.05248
1.21253

 1.40749

1.66545
199613 -
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" Cu-Fe

T

«32712
.«34718
«37294
«40082
043072
046225
«49275
52801
«56741
«60924
«66405
« 70687
_e15634
«82114
«88712
«96420
1.05347
1.15339
126199

1.38259 .

1.50853
1.65289
1.80205
196924
2416008

~T79~

6U0pmn

. 18444

+« 19455

«20758
.22270
«23899
«25637
.27532
«29533
.31864
34356
+37419
.39799
« 42664
«46285
< 49934
+54000
+58736
«63508
« 68982
.75112
.79988
+87126
.93847
100450
1.06829

J3K-2K

CN = 0.028776/I2 (nJ/K—mole Cu)

AC/c

«29819
.+30399
«32434
« 34796
«37343
« 40057
«43018
e46146
+49788
«53681
«58467
«62186
«66663
72320
« 78021
«84375
«91776
«99231
1.07785
1.17363
1.24981
le36134
1.46636

1.56954

166921

30 kOe

CCquO)

«22657
. 024067
«25884
+27858
« 29985
«3224C
e34432
«36984
«39857
+ 42934
’047012.
«50238
+54009
« 59029
« 64240
« 70467
e 77883
« 86465
< 96187
1.07627
1.20288
1.35688
1. 52658
173093
1.98423
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Cu-Fe
CN
T
«33185
«36006
«39350
«43189
47237
»51983

«57739
« 66204

« 74762

.82914

«92719
1.01677
1.11581
1.21279

131565

le42127
1.66637
1.8055%4
1.95103
2.11385
2229361

-80-.

640 ppm.

AC

- 15829

+18311

"~ 19602

«21320

«25552
« 28300

.31446

«36193
«40932
. «45450
« 50815

" +55348
. +60273
«64794

«70131
.75223
«86914
« 92506
.98165

1+ 09690

1.09327

3K-2K
= 0.034819/T° (mJ/K-mole Cu)

AC/c

024732

«30628

«33312

« 36446

- 39925
«44219

e 49134
«56551
«63956
« 71015
«79398
«86481
«94176
1.01241

1.09579

1.17536
1.35804
1.44540
1.53384
1.71391
1.7082¢4

33 kOe

.e2134C
222989
424975
« 27339
"+ 30068
¢ 32966
«36391
«40588 .
« 46862
«53341
+« 59655
«6T457
+ 74806
«83201
e 91726
1.01183
1.11443
1.37176
1.53069
1.70790
1.92082
2.17515-
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Cu~Fe

Cy = 0.041438/T° (mJ/K-mole Cu)

T

31560 -

+35129
«39142
«43334
48414
254463
+59666
«65729
.71695
«78241
«85564
«92617
1.01057
1.09652
1.19277
1.30188
1.43638
1.58050
1.74880
1.91632
2.08196

2.30821

2.48636

272907 -
2.99498.

3627365
3456960
3.88540
4421280
458284
4,97593
539954
588090

| 6.40484
7.C9205
7.82295

8.54507

931537
10.18610
1119150
1219379
13.28172
14.60378
1614972
17.84580
19.85685
21.98920

23.88557

~81-

640ppm

AC

«16539
22450
«24773
«27109
«30110
«33857
+36994
« 40544

«43925

-« 47808
« 52071
«56001
60500

«64833.
« 69999 .
« 75815

«82579
+« 89450

« 97534
- 1.04942

1.10931
1.19346
1.25603
133412
1.40526
146999
1.53708
1.59481

- 1463363

1.68278
1.70956

- 173345
" 1e72147

1. 77270

1.82212

1.87084
1.83646
1.83121
1.88419
1.91772
1.96411
1.84876
169675
1.67775
1.90746
145179
1.33755

«58751

3 K- 25K

AC/c
25842
«35079

« 38707
«42358

47047

«52902
+57803
«63350
«68632
« 74699
.81361
.87501
" e9453]
1.01302
1.09374
1.18460
1.29029
1.39766
1.52397
1.63972

1.73329

1.86478
1.96254
2.08456
2.19573
2429685
2.40169
2.49189
2455255
2.62934

2.67119

2.70851
2.68979

- 2.76984%

284706
2.92318
2.86947
2.86126
294405
2099643
3.06892
2.88869
265117
262148
2.98040
2426841

- 2.08992
«91799

36 kOe

Ceyy (H=0)

.21848
«24357
£27192
«30172
«33812
.38193

« 42006
©46506
+51002
+56018"

« 61740
«67375

« 74290
«81542
+89939

< 99884
1.12950
1.27846
1.46469
1.66453
1.87785
2.19675
2447215
2.88498
3.39161
3.98954
4.70635
5.57234

. 6458947
7.89798
9.48818
11.44593
14.00577
17.23937
22.28023
28.73602
36433555
45.96854
59,07073
77.26183
99.15014
127.85388
170.80794
234,21612
322.62529

456428655

639.31749
835.18179
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Cu-Fe.

T

¢30443 . .

32110
«34124
«36501

T 40272

«43786
«47754

52811

«59007

065224
e 71416 -

«78529
.86271
«92078

1.00006

1.08645

119088 .

1.30051

141983

156861
"1+70559
185295

199272 .

2.14441

_82-

640 ppm

AC
«13677
« 17653
«18231
«19256

20630
22515
024606
«27531
+« 30876
«34063
«37325
v41146
«45236
‘243190
+52239
«56251
+61453

. .66758

« 72383
«78773
«85543
«91621
.« 97397

..1002658'

3K-2K

Qﬁ - 0.0461694/T% (mJ/K-mole Cu) - -

AC/c
-e21370

27583

«28487
«30088
«32235
«35180
«38446
43017
«48244
«53223
«58320
«654290
« 70681
«75297

81623

«87893
«96020
1.04310

1.13098

1.23083
1.33661

143158
1452183
1.60403 -

38 kOe

ccﬁa#o)

- e 21065
«22234
23649

. 025324

«27993
«30495
33337

36991

«41520
«46129
«50790
«56240
+62300
«66940

73418
+80682
.89770
« 99756

'1.11300

1426580
1.41555
le58714
176091
1.96259
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Cu-Fe

48325

«53003
«59176
«65350
«72219
80192

«8847T7.

«96325
1.C4330
1.14751
1.27780
1.41249
1454447
1.68858
1.86539
2.06237
2.286T1
2.55007
2.83487
3.15668
3,52228
3.88422
4426225
4.66999

5.07016

5.52007
5.92747
6046137
7.01969

T+65614

Be32285

9.05537

9493974
10.88230
11.81358
12.85416
13.92113
1523656
16.95886
18.78536
20469696
22.80264

g3

2560 ppm
AC

1.28208
1.41308
157955
1. 74655
1.93670
2415845

2.38881 .

2.60094
2.8171¢C
3.,09344%
3.43569
3,79339

4412274
4446586

4.85972
526149
560907

5.84284

5.95155%
596334
5.95417
5692228
5086429
5.80330

574597

5.65238
5.56171
549476
5+.44299
540661
532774

5.33576 .

533983

5034907

533514

5.01376 .

4.49240
4458735
4423074
4.25874
3.67364
4.61785

3K-25K

AC/c

+50081
«55199
261701
«68225
e 75652
84315
93313

101599

110043

1.20838

134207
1.48179
1.61045

1.74448

1.89833
2.05527
2.19104
2.28236
2432482
2432943

232585

2¢31339

2429074

2.,26691
2424452

- 2.20796
2417254
2414639

2.12617
2+11196
2.08115
2.08428
2.08587
2,08948
2.08404
195850

'1.75484

1.79193
1465263
1.66357
1.43501
1.,80385

Zero Field
CCu(H=O)

«33748
«37131
+41645
046223
¢51400
«57531
« 64053
70389
« 17026
« 85951
297643
1.24032
1.60215
1.85176
2¢1650C
2.57618
3.07945
 3.72984
4,58577
556889
675426
8,23231
9.90110C
12.05222
14027360
17.61832
21.7041C
2715790
33.85904
42.5251C
55012176
71.29357
9036771
115.90913
147.44563
194.91144%
273.78780
380.91047
522479947
720.68889
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Cu-Fe

N
«35426
+38440
42145
«45865
*50456
«55986
«62079
«68210
75561
82353
+90904
1.00521
1.10216
1.20911
1.33786
l.44891
1.58197

1.71348

1.84986
2.00997

2.17817.

233849
2.54873
2.80248
'3.08864
3.38267
3.71308
4.C9654
4,49928
 4.93158
5.42266
5.90560

643822

7.C0560
T58777

8.22799

8.98780

9.89808

1C.93158
1194695
13.05121
14,34157
1583956
17.42018
19,26105

2156548
23.78026

-8~

2560 ppm
C,, = 0.0461694/'1‘2 (mJ/K—nDle Cu)

. AC
«79779
' +84863
90599

« 98744

1.08138

- 120012

1.32940
145171

1.61083.
1le746T71

191179
2.10169

2027478

247267

2470220
. 2489504

3.11016
3.30855

" 3451910

3.73381
3.94067
4.11631
4,35314
4.60130
4+83405
5.07612
530463
5.51182
5.71686
589399
6.04379
613146
6423741

6436234

646907
6.48536
6.58962
6+ 63964
663630

655165
623994

571395
592224
522807

5477643
5409798

2.79898

.3 Ku-2é'K

AC/c

«31164
+33150

+35390

«38572
42242
+ 46880

51930
«56707

«62923
«68231
+ 74679
« 82097
88858
296589
1.05555
1.13087
1.21490
1.29240
1.37465
1.45852
153933
1.60793
1.70045
1.79738
1.88830

1.98286
207212

2.15305
223315
2430234
- 2436086
239510
2043649
2.48529

2452698 .

2.53334

2.57407

2459361
259230
2455924
2043748
2423201
231337
204221
2425642
199140
.1.09335

38 kOe

Ccu(H—O)
« 24566
226694
+ 29325
»31982
35285
«39304
«43789
e 48367
+ 53953
« 59216
65995

. 73845

- .82027
+91396
1.03296
1.14208

1.28003

1.42446
1,58342
1.78314

2+00941

2024200
- 2457396

3.01895

3.58463
 4.24341
5408636
6.21376

T7.58691
. 929804
11.56048
1414737
17.46238
21.,59321
26452936
32.84013
4166322
54447175

12,22158

93,37926
121.30248
161.52224
220424087
298, 46264

- 413.13775

599.11311

. 823.81398

6.
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F. RESULTS AND DISCUSSION

1. Kondo State Heat Capacity in Cu-Cr

The heat,eapacity of the Kondo state Was determined by plotting
AC/C (J/mole 1mpur1ty) versus log T. This representation is convement
because it allows graphical 1ntegrat10n to obtain the entropy assoc1ated
with the peak while compreésing the very broad transition.‘ Moreover,
theoretical calculations 1nd1cated the approx1mate symmetry of AC/c
as a funct1on of log T. The zero field data for all three Cu-Cr samples
are .presented in Fig, 10 with the theoretical curve of Bloomfield and _
Hamann?* .(ourve b of Ref. 24,. D = 105 Kand y = -0.105 calculated for
“spin 1/2). The Bloomfield-Hamann curve nas been scaled verti.cally to.
agree with the peak he1ght of the exper1mental data and then shlfted to .
_ give a best f1t to the data. The Kondo temperature determined by the f1t
is TK = 2.11 K in excellent agreernent with the recent estlma.te4

66

T, = 2.2K based on analysis of the resistivity measurements.

K
| Also shown in Fig. 10 is the ektrapolation of AC/C as a function
proportional to T at low T, This behavior, predicted by the CZK model
and inferred for Spin fluctuation theory, is observed in our measurerne’nts
on very dilute Cu-Fe and also for Au V 67 For the above reasons and
add1t10nal ev1dence to be presented later, we .»willvassurne the lsinear |
 behavior is the correct dependence at very low T and r.epvresent the h.eat
capaoity in the Cu-Cr system above 0.1 TK by the nurnerical results of

K

linear in temperature. The interpolation of AC/c in the region

the scaled BH curve and below 0.03 T, by the extrapolation of AC/c
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0.03 TK< T < 0.1 T., is based on thé Cu-Cr data. The error bars shown

K
in Fig. 10 r.epresent the effect of‘a 0.1% error in thve tofal heat capacity
on the K_orido heat capacity of the 51 ppm sample. Interaction effects
rstarrt to appear lin'the 51 ppm sample near 0.1 K, and the magnetization
building up‘on.t'he imburity site induce.s a hyperfine interaction on thé
copper nuclei as de scribed in section E. 2. Except for this effecbt AC

is propo.rt’.iohal to. concentration at all T to F:i: 5%. "I‘heb fnagnitude of the
hyperfine term is in excelient agfeement with the h.‘yperfine terms mea-
sured for Cu—Fe sa.mples36 showing interaétion'effects'neér' the same
reduced temperature (T/_TK ~ 0.05).

Itis aéparent that intefaction effects are very eaéy to detect with
low temperétﬁre heat capacities because of the nuclear hyperfine contri-
brution. The 21 ppﬁx sample is seehvt‘o be free'from_interactio_n efrfects
down 'fq our lowest operating tempéi'_at;ure. Ahé,lysis oflour Cu-Fe dé,ta
to be presented later shows that the température at whicﬂ interaction
effects prvocviu‘ce adetectabie influence on fhe heat capé.city is apb’roxi—
mately proportional to concentration in the temperatufe regioﬁ near the
Kondo peak. This implies intera¢tion effects in the 21 ppm sample
will not appear untii T< 0.04 K. |

Our dé.ta agree wifhin the scatter of 'the measﬁre_ments reported by
Da.ybell, Pratt, ‘a.nd Steyer‘c37 ona single Cu-Cr sampleup to 0.3 K. Above -
this tempera.btr:ure'the data disagree with their extrapolationand 1.05R in 4
is obtained for the entropy under the anomaly insteéd of 0.79 RIn4, B

(The authors of Ref. 37 do not indicate whether their concentration

was determined from their resistivity -- concentration 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% differencev. )

The BH curve is based on the NHB theor'yv which is known to ade-
ciuately‘desdrib.e e.xperiment‘allresult.s for T > TK. _The‘ theory is also
known to be ineor;ect at low temperatureé where 1t violates the Mattis

68, 69

sieglet ground stete 'fheorem; The NHB calculations for the resisti-
vity18 agree well with experiment only. to T ~ TK aﬁd we must regard |
the -fact‘that they fit the heat cépaeity to T~ 1 TK e,s fbrtﬁitods. The
peak height of the eXperimenfa.lI data is twice the height of BH cﬁ;'ve if
" the curﬁre is normalized to give the R In2 valtJ;e for the entropy expected
for epin 1/2. (The ratio R In4/R in 2 = 2). Since the fit to fheery is very
good at high T and there is little differeﬁce in entropy between all lon
T extrapolations indicated by theory and experiment, the entropy value
~1.05 R In 4 is felt to be accurate to £ 16% with half ef thie error resu'ltihg
fromvthe uncertaintjr in the coneent.ration. | |

It is very gratifying to see fhat fhe spin 1/2 resuifé cavn be ecaled.
to give good agreement with experiment since theofetical werk indicates
that the compensation of larger spins is not properly"described by current
models which permit only s-wave scattering. Schrief»fer17 has suggested
‘generalization of the models to take accou'rit'of_the d-like characfer of
the sca,ttering potential J. In his simple mo'del d-wave scattering of
conduction electrons occurs only between conduction electroﬁs 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 Spiﬁ 3/2 -- each contributing additively and giving a total resistivity
which saturates at three times the unitarity limit for spin 1/2. Heat
capacities or entropies are not ez::pec.ted td'be additive like ti‘anSport
properties, but .thev higher spin functions should still be similar to their
spin 1/2 c'ouﬁtérpait (cf., Schéttky peaks for highef Spins).

The data for all three Cu-Cr sa.mples in 38 kOe are shown in Flg
11 with the theoretlcal Schottky curve for an ideal paramagnet with

=3/2. The experimental peak helght is ~80% of that for the full Schottky

peak and intermediate field data (see section F 4) indicate that sub-
stantially higher fields will be ‘neée'ssary to completely destroy th‘.e Kondo
state. At. lower fer_nperatures strong corfelations still appear to exist B
g.nd the dotted curve 1n Fig. 11 indicates the difference between the ex-
perimental data and 80% of the theoretical Schottky. This excess heat
capacity peaks at the same temperature as the éero field Kondo heat
cépavcity (also shown in Fig. 1'1)'b1‘1t is definitely more'shérply_ peaked.

The accurac‘y and precision of the heat c'apacity points in Fig. 11
begins to deteriorate at low tempgratures because of the very lai'ge con-
tribution from the nuclear heat capacity of copper. The dafa for the three
samples show a spreé.d of "'0.5% 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. 412. The situation is very difficult experimentally because
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the rapidly'incvreasing lattice heat Capacity does not allow an accurate
determination of AC in the v1c1n1ty of the peak Some 1nformat10n can
be obtalned in this region by applymg magnetlc fields above 30 kOe to
suppress low t_emperature 1nteraction effects in veryvconcentrated alloys
and these measurements (see section F.3 and Fig. >17) show that AC is
cbompa'ravb.le with its peak v,alue up to 20 K. (Th'e.se data are not displayed
in Fig. 42 because of questions about the ‘temper.ature dependence ‘of' .
reSidual_coritribntions from interactions at high temperatures. )

In any case the total entropy lmeasnred for the 2560 ppm sample
is (1.0£0.05) R In4 for eithv‘er-vzerovfield or 38 kOe based on a BH
extrapolat‘i'on.'of eit‘hver of these sets of data to higher temperature. in
\Flg 12 the characteristic curve {c) for the Kondo state in Cu-Cr is
shown f1tted to the data. The fit is poor and curves (a) and {b) represent
attempts to get a better fit by scaling curve (c) by factors of 1,22 and
1.42 respe‘ctively 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 estlmate4 TK = 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 TK 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—F_‘e does not appear to be identical in shape
to the Kondocurve for Cu-Cr. Perhaps this should have heen anticipated
because the "universal curve'' for the resistivity shows ~0% deviations
' from a universal behavior below Tk Curve (d) in Fig. 12 is the BH

‘curve with T =28K and the peak value of Cu-Cr. Deviations from this
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curve appear slightly above T = 0.1 T, and are more pronounced than |

K
in the case of Cu-Cr. A combination of curve (d) above 4 K and curve (a)
below 4 K gii/es a gdod fit to the data a.r.1d an entropy of 1;01 R In4. This
curve is aiso in much betfer agfeement wit‘hvthe high field measurements
on the 2560 ppm sample (see Fig. 17). |

| The type of behavior described by the dev1at10ns of the Cu- Cr and
Cu-Fe data. from the BH curve is predlcted by th CZK model and the

Nagaoka calculation for the Kondo state neglectmg spin- f11p scatterlng

Both of these calculations predict

ACE(1/ [T (T/Ty) T << T (16) -

The irhpdr'tant point here is that J = }0.8.ev in Cu-Fe cormparedr with
J‘: -0.6"e;v ih Cu-Cr, therefofe devi.ati.ons fi'om the. BH cui‘ve afe pre-
* dicted to be n'.10>rev se%zefe in the case ef Cu-Fe. In Fig. 13 AC/c is 'p.lvotted
. vs.v T‘on a log-log scale in‘order to emphasize the difference in the low.
T behavio_r‘v éredic_ted by the BH curves (solid lines)‘ax.ld the Nagaoka-
CZK calculations represented schematically by da_.shed lines for various
choices of J. _ | _ |

If Eq. .'(16) is assumed to be Qalid, TK in the NHB theory eaﬁ be |
estimated for Cu-Fe from T for Cu-Cr. Now AC/c =1.0 T fof Cu-Fe,
T < 0.03 Ty and AC/C >17.6 T for Cu—Cr, where the value 17.6 me.y be
‘a low estimate because our data do not extend to low enough T to allow
‘ aﬁ.accurate estimate for the"coefficie'nt of.the linear term. In any case

Ty (CuFe)I 2(17.6/1.0)(0.6/0.8)(2.11 K) ~ 28 K.



~91-

: 1tis’_ important to note the ‘dif‘fverence'between 't}ie thsical inter -
pretation of the full NHB »theory'nnd'the N;gaoka calcul.'a.f.ion. The Nagaoka
calculation 1s c‘ertainly wrong'a.t high temperatiures b.eca.use” it neglects
the spin-flip scattering contribution of the loc:aliz'ed moment. | On the other |
hand, at vei‘y low te.mneratuires spinéfiip scattei'ing is_impossiblevbecausve
the localized moment i.s completely gomnensated (aésuming'fhe singlet
ground sta.t_é the’orérn70 is accepted‘). . T}ie complete NHB theoi'y violatés
the ground st'a.tev_the'orém71 and predicts an overcompensation of thé
localized m.c')vméntvat T=0 fcir spin 1/2. This svituafion‘implies that the
spin-flip contributions which give the'. ,anomnlous' low T behavior in thé
complété NHB theory wonid disappear é.s T —» 0 ‘in‘a correct treaffn‘ent.

The éompensation of the localized moment occurs continuonsly
as T . 0 and is never compl_et‘e ai: T >0, if rnust be »erxpvec’te'd that an “
éxactly linearv behavior for the--'heat ca‘panity Will n.e"%e-.r Be é,ttained.

It ié:poésible to ‘artificialily suppres.s”spin flip scai:tering at low
temneratures by a.pplying a irnagnetic fielci pi—I >> k’i‘. _Fi‘éure 14 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 vt:he temperafure reg,idn 0.4 K< T< 4 K,
where the: excess heat capacity is substantial, thev_da.ta' are identical to
. :tIS%. interaétion effects havé b.een pnshed up to T 24 K. The data - |
- should be compared with the solid éui'x)e representing the zero fie/ld iieatb

capacities on the interaction free samples (81;4 an& 195 ppm). AC/CT
}ias_ been decreased by less: than 15%. at all temperatures and rea'sonébly
uniformly. This ‘variation with field looks remarkably similar to the

decrease of the resistivity‘in magnetic fields of comparable mabgnitude.
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This latter e.f'fect has already been shown to be adequately. cori‘ela_ted ‘
w1th the 1ncrease in magnetization on the impurity 51te7.1 '60. or, equi—
valently, the reduction in the resonant scattering that produces cancella-
~ tion of the lo_calized magnetic moment, _ _

Figure '15 shows AC/c’l‘ .fori the 640 ppymv 'Cn—‘Fev sample in fields
of 1, 3,' 10, 18, “24, 30, .and 38.k0e. _At_l_osv temperatures' and l‘ow'fields"
‘ the.heat capacity increases with incvreasing field. Since .the field. | |
dependenee of the heat ’capacity is related to thetemperature dependence

of the susceptibility by
- , - .
8C (H, T)/oH. = T[a- M(H, T)/8 T’ ]H a

these measnrements correSpond to least qualitatively to the anomalous
‘ T 1/2 susceptibillty 72 The zero f1eld heat capacity for the 81.4 and
195 ppm samples is represented by the dashed curve in F1g 15. 1In 20 kOe
the heat capa01ty for these samples is 1dent1ca1 w1th1n the scatter to the
zero field data. In 30 and 38 kOe the heat capac1ty decreas‘es slightly in
- good agreement with the measurements on the 640 ppm sample.v It seems
that fields of ~30 kOe are required‘to suppress interaction effects at
these temperatures and the low field increase in AC/c with applied field
and the "I"-i/2 susceptibility are 'aSsociated with Fe-Fe interactions rather
than the Kondo effect. | | _ | |

| Golihersuch and Heeger38 (Gl—l) have analyzed their NMR data for
Cu-Fe in a manner cons1stent with the suscept1b111ty analysm reported
in Ref, 72. Basically they see.an NMR linew1dth 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_Iinearly at an even sloi&e'r rate above 30 kOe. They sub-
tract off the._'rapid low field devpendence and call it the interacfion contri-
bution. The lineaf:high field_cointribution is certainly a_s'soc:iéted with
the RKKY oscillvations induced by th‘e inc reasiné fnagnetization on t_hé
impurity and they discard this also and suggest that the intermediate
région représénts the destructvi’on of the qua;si-bouﬁd staté -- a destruction
essentially complete at 40 kOe. i
Thére is a serious objection to this reaéoning. If the condensed

state were destroyed at "‘4‘0 kOe, then a small exéeéé field should satﬁré.te
the moment and a field ind'epen‘déntvlinelwidth (.such as oBserve_d in Cu-Mn)
would be fo‘unbd‘. Moreover‘ our. results indicate that interaction'éffects are
not suppress.ed until fields of ~30 kOe are applied and that this field does
little damé,ge to thé Kén&o state. The interpre'tatio'n is obvious. Appar -
ently the entife .ar;omaloﬁs linewidth (\&hich is in .Iagreement with.fh'e
Mé&ssbauer hyperfine .field) ma'y‘, be asso.ci.ated with Fé—Fe interactions
and only the RKKY linewidth can be used to represent the destruction of
.the Kondo state in a magneticvfi‘eld‘. Thé approximate size of the field
ﬁecessary to destroy the Kondo state can be estimated from the fact that
38 kOe does considerable damage to the condensed state in Cu-Cr. .
‘Multiplyving 38 k_Oe by the rati'o' “vof the Kondo temperatures give‘s a valqe
~600 kOe. | | - |

| At first sight; it would seem that the anomalous NMR contribution
inté‘rpre_ted b).r GH to represent the thermal destruction of the ''quasi-
particle amplit‘ude" origi_nafes from interaction effect.s, also, On closer
investigation, howevef, it appeafs that this is not the case and our |

measurements appear to confirm parts of their interpretation.
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The_ basis of their argurri"ent is van interprefafion_ of the published
Mébs sbé.uer and bulk susceptibility data in which they conclude ti’xat the
Mbs'sbauerr data é.nd the high t_emperaturé susceptibilitsr ’a‘tr.é in agreerﬁent |
and réprese,:nt-'t'he loca.l-d spin susc-e_ptibility. The low ter\npevrature sus -
ceptibility m-eaéurémen_ts of Daybell and Steyert saturate (if a small field
is applied) at a value twice as large as that predictgd by the high tempefa-
ture measurements of Hurd, 3 Since this anomalous increase occurs
in the temperature range where the Kondo state is form.ing, it is rveason"-
able to é.ssociafe it with the formation of an extended spm pdia’.rization
having a Sus-Ce.Iatibility. This pa.ft of the  GH inte'rpretation seems to cer-
-tainly be ‘incorrect'. ’fhe excess éuscéptibility reported by Daybell é,nd
Steyert appe.érs to be associated with interactions, and if their Cu-Cr
results are any indicatioﬂ, the application of a magnetic field such that

H/TK ~ 1 kOe/K should result in the saturation value
2

W o
eff where 8 = 34 K

x (GuFe) = g

in agreement with the value anticipated from Hurd's high temperature WOl‘_k;
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 (SZ)/H a

The points for a given temperature have been plotted by assuming

2 : .
v M eff .
x{ Sz )/H < 3rrgy ” (17)
after Golibersuch and Heeger. 38 The value 6 = TK =2.11 K has‘b.een used

to be consistent with Cu-Fe where 6 = TK = 34 K. This value of 6 is in

agreement with the data of Daybell and Steyert37 in 4.6 kOe or a linear =
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extrapovlatio'_n. of their highef fieid: data_.b té zero field, V_The agr-e'ement of
f‘ig. 16.w.it.hv Figs. 13 aﬁd 1‘4>in GH ié striking., The slope of the field
dependence of the N'_MRV line\iiidfh ahd the entropies are in aér’eement within
t.he scafter of t_he'N.M'R points. T}.iel Cu-Fe entrbpi'es would give essent_ia.lly;
the same cur.ve.'as lbng és the Blodrhfield-Hamaﬁn ékt_rap'olatioh to high‘
témpera;"cure is made w<ith‘ TK =6 =(32+5) K.. |

The "anom'alous'?‘rise in the curve in Fig. 16 for high values of
(SZ)/H is sensitive to the choice of._6,. and in view of thevunc’ertair‘lty in
thé value of 6§ in the absence of interacfions,_ Iit_vis worth conSidering
whether an appropriate chqié’e”of 6 will vgi\'r.e a straight line in Fig. 16.
A '"best c“ho'icev"' for @ for this purpose is 6 = 0.65 K. The data do not
give a very .gt;é_d straight line but it might be argued that this is due to
uncertainties in the ‘extrapolation of t'hev_heat capacity c‘ui'.ve, etc. Once
a straight line »thr-o.u'gh the data is defined,: ‘a heat capacity representative
of this line can be calculated and used to r_n.a.ke a more sensitive test of
the adéquacy of the fit. The solution for 8 = 0.65 K is ‘given.by-

C (J/K-mole Cr) = _ﬂ_g_’lj_z
' _ - (T+0.65)

and is not a good representation of our data. |

The significance of the linear extraipolatipn‘ o.f S(T) giVihg a value
~0.5R In4 is not understood by the aﬁt_:ho’r although it may be related to
the division of the spin polarization into ldcal RKKY type e'ffects and the
nonloca.‘l‘ "quasipa;rticle"_formétion near TK (see Goiibersuch and Heeger?'8

and references contained therein).
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One further point should be mentioned in connection with the use .
of the susceptibility to interpre't Kondo state experiments. Calculations

of magnetic susceptibility in the NHB theory predict

2esf | | L
T aRTHsT) T 7Tk .. us

that'is, 8 = 4.5 T, instead of § = T_, as observed ekperir‘néntally. The

K K

source of this discrepancy is 'not known.
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3. Interactions

L - - . o
Nagaoka7 has pointed out that deviations from the single impurity
limit are expected to occur When the concentration of magnetic impurities
reaches a critical concentration

kT
* .
¢ o~ —L5 - (19)

r
This condition is obtaiﬁed by compering the electron mean free path with
the coherence length of'tﬁe guasibound state, & = ﬁVF/k TK,.where VF.iS
the Fermi.VeIOCity. Nagaoka'S'generairconclusions have been assumed to

_be qualltatlvely correct, and the.argument can be described by noting.

that thereare only a finite number of electron states that can be used

- to compensate the local moment.go Since only elecﬁroﬁ'states within

~k‘I‘K of'phe Fermi surface are'aveilable for compensation,this implies a
range of the order & =”ﬁvF/kTK for the ccherent state they form and a limit
proportidnal to TK/TF to‘the ﬁoments that cah be compensated. This restric-
tion sets Eq. 19 as a icwer liﬁit to the allowed impurity concentratioh

in the dilute impurity problem.  Spar ana Boerstoelgo‘haveioffered experi-
mental evidence for the existence of this COhe}ence length ehd concentra -
tion limit‘by observing changes iﬁ.the resistivity slope, dp/dT, in three

. differeﬁppsystems:. Au-V, Pa-Cr, and Cu-Fe. |

’ Since iK'iS not a "sharpiy"'defined traneitioh temperéture, it ﬁusp

bhe expected that neither the»coherence length'nor.the critical concentra-
tion wili be sharp either. In Fig; l7 deviatiQns ffom the dilute impurity
limit appear near 10 K for 2560 ppm:Cu-Fe and near 1 X for 640 ppm Cu-Fe.

The curves (a) and (d) repreqent the curves drawn through the heat capa-.

R

city data for the 81.4 and 195 ppm samples. A field of 38 KOe is effective
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in pushing fhe Fe-Fe interaction effects uﬁ to high temperature. The data
‘for the 2560 ppm sample in 38 kOe offer support.for our choice of (d) as
the best deecription of the high'temperature data for the dilute impurity
limit, and the data for both zero fleld and 38 kOe support 1. OR 1n b for
the entropy -.assuming the valldlty of the BH curve at high temperatures.

30

Our measurements agree well with those of Frank et al. , up-to 6 K.
'At temperatﬁres above this the excess heat caﬁacity becomeé.small znd
they see‘e rapidly decréasing valge of AC Which goes negative. Ouf
highef ﬁrecision measurements indiéate their data in this regien are in
~error and' their rebortedAvalue fef the entfopy, S ;‘0.5 Rkln b is conside-i
fably’low.' | h |
| vaen though the Kondo condehéatibn occurs over a very wide range of
temperetufe_and heat capacity_aeviations from the dilute impurity limit
occur af different temperatures fqr different coneentrations, Ed. (19)
shouldlalways.be valid for T <<vTK (where << means at least two decades
in this'case). TheVcritieal concenﬁrations forfCu-Fe.and Cu-Cr invthis
limit are estimated to be ~ 130 ppm and ~ 8.4 ppm respectively.
At Very low temperatures (< .1 K) the size ofvfhe magnetic moment on’
impurity sites with ¢ > c* can be characterized ffem the.size of the auclear
FSchOttky eohtribution indueed by the RKKY oqcillations._ This term is
comparable for the 51 ppm Cu-Cr sample and the 640 ppm Cu-Fe sample
which both show dev1atlons fram the dilute 1mpur1ty limit near T/T ~ .03
(note that 640 ppm/51 ppm = BM K/ 2.2 K). ‘The size of the nuclear hyper—
fine term .is expected to be rOughly proportional to ¢ - c*; thus tending

o i L ¥
to a concentration proportional behavior for ¢ >> ¢
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The interaction region is cheracterized by a heat capacity linear in
T in the low T limit and roughly independent of concentration. The RKKY
| 9

Hamiltonian has been qsedbby Marshall2 ~and others to explain the interac-
tion region obserﬁed in several dilute'magnetic alloy systems. Souletie -
and Tourr’iier75 heve recently.feexamined the molecuiarvfield_moael formu-
latedbby Marshall and we will follow their preSentation. The authors of
Ref. 75 point out that becauSe fhe long‘range pért of the RKKY oscillatione

decrease as the cube of the distance, it is possible to rewrite the mole-

cular field equation-in a reduced form

B oAy o = (EkF rL'L+ v¢)

(20)
-1 . j*i - J ' r. .3
S 4] :
S cos (2 r.. + ¢)
’ HT/C = A3 pu. ¥ 5 L (21)
J¥i T

where the'meleeular field H? has been written in reduced form Hf/c in

Eq. (21); The point is that an alloy of concentration ¢ can be represented
by one of concentration c! merely by changing the distance,

/ ) ' .

~,3 n'. nB
r .

cr.=C'I‘ = C

The cos funcfien in Eq. (21) will always be characterized by a mean.value
and higher order moments as long as the:distance.betweeﬁ'impurities is
large eoﬁpared’with'the Wevelength of theloscillating‘term. Thus the
solutions HM/C of Eq. (21) are' possible solutiens for any other low con-
eentration, | |

The energy of the magnetic impurities can be expressed .

E = —l/Qchb(HM,T)uHMBS[“%M—] a’ o (22)
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where p(HM,T) is- the molecular field distribution function and Bs'is the

Brillouin function. Equation (22) can be rewritten as
u(/c)

- kT

E = - 1/2Nc [ cop(d, T) M(HM/C) B a(d/c). (23)

After 1ntegration over all values of the molecular field we obtain

ac/e - _-5-%%5)— ST (/) (ah)

where _P is a nniversal concentration independent function of'T/c.(if
AC = &T;ithen Eq. (2L) implies Y is.independent of concentration).

In'Fig.IIB our data for the four Cu-Fe samples are”plotted with smooth
curves approximating the data of Hill and Pickett.gg AC/c for the more
concentrated samples_(aboﬁe 1900 at. ppm) is roughly described by a
universal function of the‘reduced temperature T/c,'but significant devia-
tions &till occur and arevmost apparent near.the peak in Fig. 18.

A glance back to Fig.'l7 will serve to.clarify the reason for this
behavior. The 38 kOe data for the 640 and 2560 2t. ppm samples show
the Kondo state is well formed even in these samples'éhowing strong inter-
action effects. The important point is that the Kondo heat capacity will.
become apnroximately concentration independent at some concentration c+
because there are no more electron states available for epin compensation-
(cf ~ EQQQ.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 tnere are two
contributions to the heat capacityvat high concentrations: '(a) The Kondo
heat capacity AC/c+ is 'a universal function of T. v(b) .Interaction
effects make a contribution ~ AC/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 AC/T,
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which is also roughly independent of conceﬂtration'at low T. Measurements
on Ag-Mn (eeerRef. ) show much smaller deviationa ffom a universal
behaviof because TK and é+ are very much smaller:thanﬂin Cu-Fe.

The spiﬁ-spin interactions eah be theught of as the sum of z distri-
bution of Schottky type.interactiOns centered‘areand zero molecular field.
The application of-a magnetic field pushes these weak. coupled effects
up to kT 2?uH but leaves the Etrongly correlated Kondo contribution rela-

tively undisturbed as long as uH << kT Technically, these two contri-

K
bﬁtions sheuid.nof be treated together; however, accurate decomposition
into the twd companentekis difficult anduwevwill represent the totai
interaction of a-localized.moment with.its environment by an effective
" distribution function P(H) and Bq. (23) with P(H') substituted for the
spin-spin_distfibution function p(HM).

'Since'AE «-T.at low T; AC/Te is proportlonal to the dlstrlbutlon

29 If the weak temperature dependence of P(HM)

,functioniP(HM) as T - 0.
| is neglected, We.can make the association P(HM) «— AC/Tc anle le—a kT/guB.
Such an association surely breaks down;at high T, but it‘af least allows
a qualitatiVe sketch of P(HD). In Fig._leP(HM) is sketched for 640, 2560,
and 5600 at. ppm Fe in Cu. The solid curvevshown.for comparison is the
dllute 1mpur1ty limit. |

In Flg 20 the total effective dlstrlbutlon function EYE*) for the 6LO.
and 2560 ppm samples in 38 kOe is compared with the zero field result where
ﬁ?ﬁt) P(HM) H has been deflned by assumlng Ht = kT/guB so that
i =|HM|in zero external field.

One fact immediately apparent from Flg 20 is that the major

contrlbutlon to the total effectlve dlstrlbutlon functlon for zero fleld
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near.?{t =|HM|fa O comes frém the Kondo state in the;é56o ppm‘samplef
Equatibn'(Ei) impliés that‘CP(HM) is a‘ﬁniQersal concentration inde-
pendent fuhctioﬁ of‘HM/c. Consequently, p(HM = 6) Wiil be préportional'
to i/c and.p(HM) will have ;bﬁreadth broportionalvté c. Because of the
interfereﬁce of the Kondo state, c iﬁ the molecular field equations shouid
be reﬁlacéd by (cec*). Such a correction makes little &ifference for
c'>> c*, but explains the large‘narroﬁ spin{épin intéfaétion contributions
for HM-av_O in the 640 ppm sample as well as the noﬁiineér conceﬁtration
dependencé of the RKKY hyperfine contribution observed in this work for
Cu-Cr and Ref. 36 for Cu-Fe.

The dis;ussion above should servé to demonstrateAthe neceésity of
avoiding the.measurement of interaction effects in‘a temperature‘region
wheré the Kondo condensation willvﬁakeva large contfibution to thé.exééss'
heat capécity. Systems with very low Kondp temperatures‘aré fﬁe most
suitable; |

If the problems discuésed above were not énough; mention should also
be made éf additionél compliéations associated with the interpretation of
méasureménts made in a magnetic field. The magnetié field will have some

effect on the partially compensated locaiized‘ﬁoments;_and the fraction
of bare moment exposed will be a'function of both magnetié fielé gnd:
coﬁcentration. | | |

We have defihediﬁt in terms of temperature without attemﬁting to
relate this quantity tovHM and H fbrvnon-zerovfield. Some authors have

.assumed'ﬁt ='EM +‘ﬁ consiétent with a one—dimensional‘model. We ﬁéﬁe tha
such an éssumption iﬁpiies thatithé application of a magnetic field will

increase the number of local moments exposed to zero total effective field
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for»some_velue of H. This assumption seems:to be unphysical and is not
in'agreement’witn our”data which imply.thet the.exceés heat capacity at
T=0 aiways decreases with increasing H (see Fig. 15) An aqSumption
consistent w1th the data is H -]HM] + lH] for all spins - the spins re-
orderlng thelr spatial orlentatlon dlstrlbutlon to take advantage of the
'_lower ground state energy made possible by the applleation of the magnetic
field. The picture alluded te above is net;the‘usual regulaf lattice
Tsing approximation and a word of clarification is in order.

Instead of a unique orientafion axis Z for‘alllépins, we are suggesting
an ensemble ef ofientation axis Z; fer eaeh spin where the Z, will be
"randonly".oriented in zero field. The spin on site i is sub-
jected to an effective field H? in the Zi direction from its interaction
with all.neer neighbors. The applicatien-of avmagnetic field”elongvthe
Y axis will result‘in a redistribution of the Zi axes distributed preferenti-
dly’around the Y axis.

In any case, the field dependence of the Kondo state w1ll surely alter
- thé functional dependence of P -?— ) on HM and make‘an accurate description
of the situation exceedlngly compllcated. (Thls.statement may be less
true for the more concentrated alloys studied by Hill and Pickett -
‘increasing field and increasing.Fe concentrationvare beth effective in
destroying the spinecompensated state and the éffect of a magnetic field

on a state already substantially suppfessed may well be negligible.)

R Mégnetic Degradation of the Kondo State
In Cu-Cr .

Since Cu Cr has a much lower T than Cu-Fe, it is expected that magnetlc

fields ‘up to 58 kOe would at least partlally break up the correla*lons
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between theiiocal‘momen£ énd t@e itinerant eléctroﬁst_ Moreovef, by
making'uée of the NMR resuifé for other sy§tems'éhd our own WOfk on ‘inter-
actién effécﬁs; the destruétibn of the correlated state is expected to
préceed'iiﬁearly with field>at high‘fields until the chromium moment
approaches free spin.behavior. In‘Fig; 21 the heaf capacity data for the
51 at ppm sémpie is shown for lO, 20, 30 and 38 kOe. The data show the
"gradual transformation from the correlated KondO'étate'fepresented by |
the dashed curve toward the free spin-Schottky  peak (see Fig. 11 for a

comparisonvof the theoretical Schottky with the 58‘k0eiresu1ts). The

I+

- peak pbsition for a given field identifies the Cr spin state as § = 5/2‘
lO%.iﬁiagreement with susceptibility measurements76 (the g vaiue for Cr
in Cu has.been measured ahd is less than l%vgreater than 2.0-at»all
temperatures). o | .
| In Fig. 22 the entropy is plotted on 2 ng‘T‘SCéle forvthe 51 ppm
ksample,in 6; 10, 20, 30 and 38 kOe. | | | |

Decomposition of the .Schottky and Kondo contribﬁtidn hes not been

attempted except for the 38 kOe results (Fig. 11).
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G. CONCLUSION

The expérimental results presented in this wofk,appear to resolve
the two particularly puzzling'features ofvthe recent experimental data
which have beeh assoéiated with theiformation of the quasibound state in
1/2

dilutezalloyg namély, the 1ow entropy and T susceptibility.

50,37

Previous reports that heat ca?acity résuité indicate considerably
- less thén the R 1n 4 entropy expectea for spin 3/2 syétems appeaf to be
in error; The difficulty has beén associatéd_ﬁith the e#trapoiations
made'to'describeAAC at very high temperatures. Oui'data give excéllent
agreement'With thhie Bloomf'ield-Hamann theoretical curte for the heat -
capacity of Cu-Cr above O.lhTK. At lower tempgratures the theory is
known to be incorrect and our data for Cu-Fe indicate the héat capacity
fof T <..63_TK is approximatelyvlinear‘in.T in the absehce of Fe-Fe
interactions. Our estimate‘for the entropy of Cu-Cr is_(l.Q5i;lO)‘
R In k. For Cu-Fe we estimate (l.Ol}i.lE) R 1n 4 based on the assumption
that the behavior of Cu-Fe for T > Tk is similar to'Cq;Crkas indicated
by the BH cal culations.

Measurementsvon Cu-Fe samples in magnetic fields indicate'that the

_1/2

divergeht‘susceptibility X « T and the strongly field dependent
susceptibility for low fields are associated with Fe-Fe interaétions.
Intefaction effects can be guppresséd\witﬁtthe application éf a largexmaénetic
field apparéntly.ﬁithoutISignificant’damége té‘the-Kondb state qorfelations,
Below T ~ 3K the 384k0e heat capagity of ‘Cu-Fe samples showing interactions
éffegts i1s essentially identicai to the zero fiéld heat capaQity 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 interpretétiOn 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?compensatéd state.



Selected theoretical results
- Group 3

Table 1.
"Group 1 Group 2
. Ground State Models
‘Nagaoka Hamann-. ) A o B
. Bloomfield (NHB) Kondo-Appelbaum Celli-Zuckermann Klein - Spin fluctuatlon theory .
- Refs. 18,23,24 _ Ref. 22 - - (CZK) Refs. 20,21 v Refs. 1,2
Resistivity Unitarity limit Unitarity limit  Unitarity limit ' Unitarity limit
: S 2 :
S w S(S+1) 2 2 2
T<<Ty ey 51 - [ S ]2 po{i_-a[(T/TK)ln(T/TK)] } po[i -a(T/TK)’]_ b, [1 _-a(T/T_K),]
41n (T/TK) v : 4
Specific heat ‘Numerical results | : C .
Tp,., TK : ‘ broad peakin AC - Anomaly implied A'Anomaly implied . @ acea--
Specific heat n’S(SH) _ m0.57 T oI gmk ..T L
T<<Tgx In (T/Te) Tk Tk o INO) Ty ' |
_ - ' H
e - _ o 2
Magnetic susceptibility L o 2 o 2 2 1
Negative = L N0y 54, [1-_172( T )z] oA gm,) [1ﬁ B(T')Z}
: K KTy T, .wETK 3 TK
in one t'heory‘is normally

K

not directly comparable to T_, in another.
has been assumed in writing down the spin fluctuation results

5 for a complete list of references.

a, B are not determined in most results, '
TK is 'a characteristic temperature that appears in each theory — T
’T = 1/T¥ .

See Refs



Table II. Germanium thermometer characteristics

Thermometer

. Solitron No. 644

Solitron No. 1477

Cryocal No. 985
Cryocal No.

" Cryocal No. 1751

986 -

1093.5}

4.81

" to .030K (est.)

R R R R o
at 77K at 4.2K  at 0.3K 'at.060K .= R(4.2) R{0.3) R{0.06) »
Q Q 0 Q R(77.) R(4.2) R(0.3) Utility
3.4 36.00 379,  ->100,000  10.55  10.55 . ----- ‘not usable
' . B -- S " below 0.1K
6.62 39.8 114.6  ~ 340, 6.04 - 2.88  ~3, going metallic -
. . ' : not usable
below AK
5.38 16.03 17.5 ~ 17.5 :2.98 “4.09 ~1.0 metallic -not
- : ~usable
'6.88 43.0 .150.0  ~1000. -°6.25 . 3.5 ~6.7 .usable down
- : to .030K
8.02 45,48 227.8 5.67 . 5.00 usable down
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Table III.. Composition of Cu-Fe samples, Fe concentrations
are listed in atomic ppm. ' '

o . Concentration :
Cu-Fe Concentration . inferred from-  Value
sample. , ~ from wet analysis resistivity. used

. Top . 2620 . o

No. 1 C - 2417+ 10% 2560
Bottom : - 2500 ' ‘ '
Top 615 -

No. 2 S 706+ 10% 640
Bottom ' 660 o : ‘
Top ‘ 198 - : e

No. 3 ' - ' 195+2% 195
Bottom - 191 o o ,

o Top 80.8 _ S

No. 4 T . 83.9+2% 81.4

Bottom 81.9 ' '
: ,b Top - 8.9

No. 5 S ---- 8.9
Bottom - ----

Accuracyj +2% or .5 ppm

a e N . : .
Concentration values used were based on the wet analysis.

Sample No. 5 is the Cominco '"pure' copper used in the preparation of
samples No. 1-4. S : '




Composition of Cu-Cr samples, Cr concentrations are listed in atomic ppm.

Concentration

~ Table IV,

Va.lue-.

aVa.lt_J.e used was based on the higher precision values inferred from the resistivity ratio

Concentrva.tiio_'n
Concentration from neutron inferred from
Cu-Cr . from wet activation . ~ resistivity -~~~ Nominal
sample ..+ analysis analysis ratio concentration - used” - .
Top . 51.3 35.4 - - .
No. 1 o ' o 51.04 50.47 51.04
‘Bottom 51.3 26.1 - \ '
‘ Top ' 35.5 19.7 PR :
No. 20 = o . 33.62 30.407 . 33.62
Bottom - - 33.9 17.3 : - S o
' Top 23.2 9.8 E . o
No. 3 = - o - " 21.16 20,004 S 21.16
Bottom - 20.8 12.1 I .
Accuracy +5% or 1 ppm 7

-0TT-
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Fig. 1.
Fig. la

Fig. 1b

Fig. lc

Fig. 2.

Fig. 8,

Fig. 9.
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FIGURE CAPTIONS

Anderson model (after P. W. Anderson, Phys. Rev. oL, 41 (1961)).
Unpérturbed'energy levels in the absence of s-d admixture.
Density of state distributions in a magnetic case. The "humps"

at €. + U (n_) and e, +U (n+) are the virtual d "levels" of

4 d

width 2 I', for up and down spins, respectively. The numbers’

of electrons ) and (n ) occupying them are to be computed
, 0y -

from the area of the unshaded portion, beiow,the Fermi surface. .
Density of state distributions in a non-magnetic case,

,‘<.r_1+> =~ @ )= 1/ 2..

_Shaded zone represents the magnetic state (from P. W, Anderson,

Phys. Rev. 124, L1 (1961).

‘The lower part of the He‘5 cryostat.

Detail of the sample holder for the He5 cryostat,

.- Persistent mode switch and solenoid.

Field profile of the superconducting solenoid.

The silver caldrimeter and the=adiabaticfcryostat.

The demagnetization cooling salt and magnetic thermometer showing
Ge thermometers mounted for calibration.
A ‘plot of deviations from the original fit to Cominco coppef

containing 8.9 at. ppm Fe. The data shown for the Cominco

- sample have been corrected to O 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'cryostéts on the same sample are distinguished by

different symbols. The error bars represent the effect‘of 0.1%

PO
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error in the total heat capacity for the 5l_at.bppm'sample.

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—ddsh curve shows the behavior in zero magnetic

- field. The dotted curve indicates the Cu-Cr heat capacity in

- 38 kOe after 80% of the theqfetical Schottky has been subtrac-

Fig. 11.
Fig. 12.°
Fig. 13.
Fig. 1h.
Fig. 15.
Fig. 16.
 Fig. 17.

ted from the experimenﬁal data (taken to be represénted by the

dashed curve).

 The heat capacities of dilute solutions of Fe in Cu. ~The error

bars represent the effect of a 0.1% error in total heat capacity
for the 195 at. ppm sample.
The Bloomfield—Hamann calculation for the excess heat cépacity

(solid curves) compared with the behavior predicted by the

Nagaoka - CZK calculations (dashed curves) on a log-log scale.

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

llabeled in Fig. 12. ‘The error bar fepresent the effect of a

Q.l% error in the total heat capacity for the 195 at. ppm

sample.

‘The heat capacities of 6LO at. ppm Fe in Cu in magnetic fields.

The zero field entropy df dilute Cr'in Cu plotted versus X «

(SZ)/H in arbitrary units. The entropy scale has been inverted .

.__to facilitate comparisons with Figs. 13 and 14 of Ref. 38.

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.



Fig. 18.
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The "reduced" heat capacity of Fe in Cu versus "reduced"
temperature. The figure shows the transition of AC/s from

a universal function of T at low concentrations to a universal

'function of T/c at high concentrations. The dashed curve

repfesents the béhavior of Hill and Pickétt's 1900 at. ppm

'Cu-Fe sample. The solid curves represent their 2900, 33500,

" 5600, and 9700vat.vppm Cu-Fe samples.

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 are
shown for comparison. The weakly coupled interaction effects

apparent in the zero field curveS»haye'been pushed up to

' higher values of Th

Fig. 21.

Fig. 22.

The heat capacities of 51 at. ppm Cu-Cr in magnetic fields of .
10, 20, 30 and 38 kOe.

Entropies for dilute Cr in Cu in magnetic fields of 0, 10,

20, 30 and 38 kOe. :The error bars represent the effect of -

"0.1% error in the heat.capacity on the entropy for the 51 at.

ppm sample.
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Germanium thermometer —4&
- : : } Copper thermal anchor

for thermometer leads

Thermometer lead s (4)™
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Copper. thermal anchor
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u
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- XBL708-3780

Fig. L
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I. SEARCH FOR SUPERCONDUCTIVITY

A. INTRODUCTION

Recent advances in the theory of metals raise the poss1b111ty of
__rehably predicting the critical temperatures of superconductors from
.normal-state data. In particular Allen and Cohen1 have used a pseudo-.
potential method to treat the electron-phonon 1nteract10n for a number
of metals_ and shown that Mg and Li might be superconducting at experi-
mentally acces sible tempera_tures A ver1f1ca.t10n of their calculations
by'the ‘discovery of _superc_ouclucting transitions in these metals would be
of ’sufficient interest to justify a search for superconductiuity even though
it is not possible to cover thevwhole of the temperature regions corre-
sponding to the recognize’d‘uncertainty'in t}ie calculations.‘ We have -
accordingly tested magnesiurrl and lithium for supe‘rcoriductivity down
to 4 mK. 'l‘lfie results were negative, but.th.ey do serve to set limits‘for
the parameters related to the critical te'mperature, and the experirnental
techniques may also be of some interest.- |

Mc Millan2 has obtained accurate numerical solutions for the critical
temperature of a superconduc_tor using the Nambu-Gor'kov -Eliashberg
formulation of the BCS theory and a particular phonon _spectrurnf The

results were fitted to an expression of the form

= exp [ ’(1 + )\) . ol - (1)
. LS h - ((w)/mo))\p. , - :

£
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.the ana.lyficé_l so.l‘.‘ltioln obfaine&’iﬁ a‘t\p{o-sgiuarg -_-well ‘appro:‘cimatiOn. Tc

is the critica.l femperatufé.? “.’O is thgv:.nagi»mum_ phbndn 'freque'ricy, and

p.* is fhe coulqmb pserudo -poténtia.l of Morel and And‘ernso.n. 3 The electron-
phonoh cou’ﬁling_ cbnstan’t. is | |

o

| o
=2 f ) az(.w) Fw) do (2)
- % c w _ | »

>
W

‘and (w} is an average phonon frequency defined by

L o o
> ('z/kf) fo .,,,"_”;(w)fF(w_) do. (3)

The piionoh dens’ity' of Vsta,.t_es is F(co) and az('@f)? is an ave:é.ge of the .sqx.lare
~of i:he elle.ctrOr.l-phOnon m'a.trix elemehts. >..The nuinerical-‘sélutions of
the gap equatmn were based on the phonon spectrum of Nb, and after
.f1tt1ng to an equatlon of the same form as Eq (1), Mc M111an obtamed

the re sult

B T_c _  0:690 exp [ -1, 04(1+x) ] o o
R _ ' )\-p,(1+062)\) ' :
where @is the .Dei)ye temperatﬁré. | The formula is not expected to _be:
sensitive to the details of the phonon épectrum for < 1 (thevc‘aser-of
intere st he.r-e) and iservec_l‘ a.é_ thé ba;sis' for thfe‘ _predibtions of”Tc by Allen
and Cohen . - | |
Allen and Cohen have calcula.ted N for the hexagonal d1va1ent

metals beryllium, magn_e‘s:.um,,zmc, and cadmlum, using the known

(except for cadmium) pho!rign density of states and deriving the electron phonon
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matrix elements from empirical pseudo-potentials tha,t accurately fit
the extensive Fefmi—éurface data. Sinée the -phonon. interaction increases
the electronic heattcapa'city by the factor (1 + )\:), van. e'mpi'_rical value of X\
can be obt;ﬁined by comparing the experimental heat capacity with ba‘nd—
“struc.ture calculations of the elect‘ron.i‘c dénsity of states. Mc Milian has
also derived er_npirical.va.iu_.es of X\ from his formula and known values
of T_ (taking p,* = 0.1). The thevoretiéal and empirical values of A af_e
compared in Table I, reproduced from Table V of ‘.Ref.erebnce 1 The good
agreement between the various values of \ gives support to the underlying
assumptions, | |

" McMillan has suggesfed that p* = 0.1 is a good approximation for
simple metals, but in the case of rhagnesium \ is small enoug}; for the

. X ) - % .
predicted TC to be relatively sensitive to errors in pu .

Allen and Cohen
w
used the random phase approximation to calculate p for beryllium,
magne.sium, 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 p for zinc (known from the isotope effect)

to obtain p,* = 0.16 for magnesium. McMillan's equation' with p = 0.16
and X = 0.31 gives TC = 0.02 K for magnesium, However, TC d.epends
exponentially on \ and p%, ‘and the uncertainties in these parameters
estimated by Allen and Cohen al.'e such that TC might be higher oi' lower
by an orde.r'df 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 (seleéted

|
because it gave the lowest critical temperature) was that derived
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from first principles.by Gciidda.rds who checiced it with atomic energy .
leirel data but notbwith Fermi surface data--of which there is very little.
Second, tﬁere is a .rnartensitf;ic‘plia.s_e tra.nsitvi_on 1n lithiurh at about 80 K
which results in some of the sample corlfrerting fro'rrl the high ternpereture '
bcc phase to the low temperature hcp phase.. 6 The calculations on 11th1um
were made using (a) the Goddard potential, screened by the Lmdhard
dielectric fu.nctlon;‘ (b) experlmental bcc phorxon d13pers1on curves;'
(c) the phohon vrenormalized mass vm* derived from specifie heat mea-
surem'ent:s8 on samples f_orbwhich the, _extenf of the martensitic trans-
formation wes not known arid: coull.d only_. be estimated from other .dat'a’;6’ ?
and {(d) veldes for \, -i a‘nd"th.e.-band-mass,“ mb.,' IY lderi.ved'self-consistently
from m  and \ ceiculated-.-ﬁsing mb= . Furthermorer the number
0 62 in Eq. (4) may be 1ncorrect for: hthmm. For the alkali metals, but
not for most other metals, d1rect sca.tterlng processes are relatwely
more important than umklapp processes a.n_d the transverse modes are
less strongly coupled than;tl.ne longitudinal modes. This could raise the
value of (m)/wo Although the constant 0.62 was ‘not derived by calculating
(w}fwy, an increase in the exoected value of (w)/wo suggests that the
constant 0_.62 could be larger. The lowest temperature to which Li has
been previously investigated is 0.08 K. 10 _ |
'These e'alculatioh’s _eizggest a réasonable probability for -rhe occur -
‘rence of superconductivity in rrxaghesium-.at presently available tempera-
tures and that lithium is the mos.t likeliy of the alkali metals to become |
superconducting. The latter result is interesting since e_arlier calcula-

tions of \ suggesf the contrary. 14
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B. EXPERIMENTAL

1 'ny_ostaf, field and susceptibility measurements

Inr.thisv section we diécuss all aspects of the experimental pirocedu‘re
ex;:ept for the nuclear"thermometry Which is diséusséd_in detail in the
next section. |

In order to observé_ a transition, both the temp_erature and magnetic.
field must be sufficiently low. In Table IV we give the the rmodynamic.
critical fields a_.t.T = 0 calculated fr_oin the BCS model assuming the Rnown
’tr‘ansition temperatures for beryilium4 and tungsten12 and our lowe sf |
operating temperature for magneéium and 1ithium..

- The cryostat system used fér this ‘experimvent was similar to that
de spribe’d by Brewer. 13 It consistéd of an outef dewar .conta.i‘nirng a
supérconducting soleﬁbid maintained at 4.2 K. Inside this dewé.r was
.another déwaf of 4.5-inch boi‘e. ‘The innexl dewar had a vacuum jacket "
of copper around its lbwer portion only--the upper pé.x;t_: was cooled by
the gas evaporé,ting from béth dewars, The Supebrcvonducti:ng magnet
around the._ inner dewar could be moved from the bottom to the tob of
the apparatus during a run. The fwd dewérs were sepé,ré.tely _filled with
helium, The inner dewa‘r.vwa_s pumped, maintaining é. temperature of »
about 1 K, |

F‘igure 1. shows the construction of thé 1owér vpart of the»apparatus
that was inserted into thé i_nnef dewar. The hot finger (a) in which mag—
nétic .field probes could be inserted wa‘.s' of double wall construction with
superinsulation between the wa.ils. 'i'his insert was iﬁtroduced into the

apparatus through an O-ring seal into the pill vacuum line., The cerium



18

mag'nesium nitra.te (CMN) piu r\(b) mountedv jine_idev the ehromiﬁm petaSSium |
~alum (CrKaIum) guard (c) on graphite p‘osts‘ (Q) '.c'ons',isted.e_f' a slurry of _Y
50 me sh CMN in glycerol. Thermal contaet_to the_ vsldrry .wae previded by
twenty -five 0.005'-i_nchv OFHC copper f.ins. ('e)‘v with a total sﬁrface area of
~ about 2000 cm?. A stalk m of abeut 5000 10,0034 ~inch insulated copper

wires was made by pott1ng the wires in Eplbond 100A 14

Thermal contact :_
between the wires and the fms was mamtamed by electroplatlng a thxck
layer of copper on the end of the wires and then electroplatlng the »f1ns to
the layer (g). The upper part. (h) ofv the CrKalum radiation shield w.as
fabrlcated on a teflon mandrel from stnps of O 005 1nch OFHC copper et
laid 1engthw1se down the mandrel and from cotton gauze 1mpregnated with

Epibond 121 14

which was wound ‘around the copper str1ps on the mandrel,
Greater deta11 of the construction techmques of the pumpmg equ1pment‘
and pill des1gn is contalned in Ref. 13.

Cooling below 1 K was obtarned by the simultaneeu_s demagnetizat‘ien
of the CrKalum and CMN f'r.o._m a field of 46 kOe. “He ‘exchange gas was
used to Ecocv‘>1 the salt pili and to conduct thehe'at of magnetization to the
1 K bath. Typically, the pill was kept in thermalbcontact with the 1 K
bath for. one hour, the exchange gas was pumped for one hour and a half
and the demagnetization to'ok forty-five minutes. After -demagnetization
the 60CoCo thermometer on the copper stalk (j) 1nd1cated a temperature
of about 3.5 mK. The superconductmg solenoid was then slowly ra1sed :
out of the helium bath to the top of the apparatue, after this it became
normal in about fifteen minutes, After ra;sir_lg the soienoid 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 apparé.tué was de:»signeci so that_.no_ne*;of vtl_le..m.::a,tér'ia,‘ls ﬁsed
would become s.upé.rco'nducting'.' at th‘eir opei'ating tempeiatﬁres. In the
parts operating fo 1 K cadthium.-bismuth éﬁtectic or silver sqldef was
u‘sed to make joints. The .p.ill éQSembiy was made of copper, mylar, |
phé_riolic pia.étic, and différént types of -epoxy.f vapper-copper j,oinli:svon’
the pillvassémbly were made by plating fhe ;;arts fpgether.‘ Most mag-
nesium sa.rriples' wéré bonded to golci or C'épper foils by ‘gold dﬁffusioﬁ |
bonds. Gold was first evapbré.téd onto c,oppéi' foils, or rﬁagnesiunﬁ
.speéimené;' and a gold or gdld;-coafted copper foii Was 'clafnped to the
sp_ecimén and "the two heated together for four to Itvvv_t.anty-four hours in A»

a hydrogen atmosphere at 400oC. ' qu tungsten _sp‘ecimens, .used to test
fhé apparatus, gold previously ev.a.povrated» on the épéci_men"s surface was
- diffused into the metal by hevat'i'ng'.at 12009C; .copper foil -Waé_. then electro-
" plated to the gold diffusion layei'. "'I‘he. foils .i:verbe then plated té the o

éoppef stalk [(i), F1g 1]. Lithium samples were attachéd by local melt-

ing of ovvné énd of a sample onto a copper féil with a spot welder or, for
one rather small specimen, .b'y préssing coppef wires into the me.tal.'

The effectiveness of the diffus'ion bonds was shownvby the results for the

critical fieid curve for tungsten and also‘ by the experimeﬂts in which two
6O¢o thermqrxietérs were ﬁsed connected by é‘..ihagnesium specil;nen and
~ two diffusién bonds. (IBolation between the thermometer systemsvwa's
achieved by shielding each counter with about 30 cm of lead. )

The magnetic field on thé specimen was made as small as possible
with three pairs of Helmhoitz coils, Fields could be me#sured with a
magn‘et:orm’eteri-v5 dr a rotating coil gaussmeter érobe 16 and lock-in

amplifier, With the appatatus out of the dewar but with the dewars at
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11qu1d mtrogen temperature the field at the spec1men 51te was adJusted
to 0:!:2 mOe and the f1e1d grad1ents, 9 H, /ax etc., to 0% 1 mOe/cm
.. The axial f1e1d profile was" also measured. The apparatus was then
_ repiacedv'in the de'war. With ne Specimen er copper stalk on the pill the
field probes could be placed at the specirn.en position‘; with a. spec'irnen, |
the field probes were placed Just out81de the measurmg c011s With the -
probes in the Spec1men posxtmn 1t was found that after demagnet1zat1on ‘
from 46 kOe, ra1smg the magnet and allowmg it to go normal there wasb
a residual axial f1e1d at the sample site of between 10 mOe and 20 mOe
' ‘ This fleld caused by the magnet1zat1on of the surroundmg laboratory,
| returned to zero within about a week ‘Inan experlment w1th a sample
in posxtmn the field on the sample could be est1mated from the field mea- .
‘sured some d1stance away durmg the expenment and from the f1eld prof11e
measured before the exper1ment Durmg an exper1ment the ax1a1 f1e1d
was swept thh a solenoid wound over the mutual 1nducta.nce coils. The
transverse field was also systematlcally changed by varymg the currents
. in the Helmholtz coils, Supe_rlmposed on the static res1dua1 f1e1d was an
v8 mO-evpul:s'ed field from th_e Bevatron with a 6. sec',end period. The e.sti-v
mated field.on a sample during.an exper‘_iment Qas 0+ 0.01 Oe. |
The onset of superconductivity'v&as detected 'b_yethe change in sus-

ceptibility of the sample, which v'was measured with a 17-Hz _c‘_om.merc':-'ial B
version17v0f the mutual inducta'ncevbridg'e desrgned by Pillinger g—til 18 L
The sensitivity of this bridge was improved by usin.g a ylock-in.. ampl'ifier.
" and by replacing the bridge amplifier by a lower noise operational ampli-

fier . The mutual inductance coils, [(k), Fig. 1] had compensated
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‘p‘rimaries and 50,000 fui‘ns, of 0.@0‘63-inch ‘cdppe"r_ \’__ni;'re on e'a;ch é_f £'wo
sec'ondar:iés. .'T1.1e secondé.ry circ_:ﬁ_.it waé-s_ei_ies _tuhed w1th22 pF of
'éapacitancé. The usualt.dné‘tjhe'droﬁ 6pé£$fiah~l\#és::<to ;ehangfe 'th.e f'ield on
the sample by sweeping.thve cvur_r‘ent in a s.dienoid wdun’d_ over the. mutual
inductance coils . |

The"rﬁﬁtual_ inductance system;@as vsuf_fic_iently- éeﬁsitive that at
-5 mK the transifion of a sa.mpl_ebof 1/8-inch dia.meter'tungste'ri rod of
;esiist-ivity fatio 17,000 was obs’ervec_l: with a signal to nﬁise ratio of 50
(timé constant three seconds) Whe.n. tﬁe prii'n.a‘ry cufrent in the mutual
inductance cvoils produced an rms field of 3 mOe‘. The volumes of the
lithi-ufn and magnesium 'sa;mple's uéed wére‘ larger than the tungsten by
a factor of two to fivé. Thé refsisbtiivi.tfrv fatioé ‘of the samples after mount-
ing was not known, but the mounting procedure used strained the samples
so that a resistivity. ratio cofniaafable' with thé,t of the ttingsten was unlike.ly..
Thus, even for comparable size specimens‘; thé signal to noise ratio
shouid have been greater than 50. EXperiinents on a sar_l:xple of magnesium ‘
with a second thermomevter mounted abo&e the -sanﬁple showed that there
was no detectable diffe_,rénc-e in temperafufé bétwéen the two thermometers

with the bridge primary field increased to 60 MOe rms.

2. Nueleas erientation thermemetry

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

with neutrons to produce 60Co in situ. For a good single crystal the
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1arg¢. ani.s.o_tr‘opy field of 5 kbe and the smail 'demagne_tizing_factd'r _en'sﬁre
thé.t closure doma_iné are small and m'ost‘of the Co a.forﬁs are in domains
magnétized:‘along the e-axis, subjecting all the nucle_i: to-the same hyper-
fine intera.cti‘on The 60Co nuclei are therrnally distributed among the
magnetic sublevels of the ground state split by the hyperflne interaction.
Gamma rays emitted from statevs in 60 Ni fed from the 6_Co‘ ground state
have an anisofropié distribution; i:he anisotropy depends on the extent of
the" polarizativon' (‘)\flthéboC(.) mic'lei the hature of the gammal. t‘ra.hsitio.ns
and depolar1z1ng effects of 1ntermed1ate transitions. |

The angular dlstrlbutlon-of the. gamma rays normalized to unity

19

at high tempera.ture is given by
“wW(6, T) = 1+ U2 sz QZ,,BZ(T) PZ (cos 8)
Q4 B4(T) P (cos 6)-

. _ 2 J13 ){
with UZ FZ ". -‘.—7' —6— a.nd U F : fO

Here'iiQ_‘,z. and Q4 are solid angle corrections dependent on the experi-
mental geometry. For this ‘e'xperimc-,?nvt QZ = 0.996 éLnr._i Q_4 = 0.985. 20,21
These corrections differ only slightiy from unity because our. 3 in, X3 in,
Na(Tl) detectors weré located 24 in. from the thermometer. The P
and P, functions are Legendre polynomials, The statlstlcal tensors

. ‘
M}_:_I( M (1M1-M | 11k0) pMM(T)

- o
Bk = (2I + 1)



~153-

contain all the temperatute dependence. The diagonal elements of the

density matrix PMM 2T€ evaiuated from the. spinv—Hamiltonian f_orv the
parent ground state,

- In assessing the merits of a thermometer for use at very low
temperatures several factors must be con31dered freedom from sys- :
tematic errors, vprec1s1on useful temperature range heat1ng effects,
presence or. absence of f1e1ds the t1me required to make a measure-
ment and the expe r1menta1 complex1ty of the measurlng system These ‘
factors are br1ef1y d1scussed below w1th partlcular reféerence to 6o'Co Co.

In pr1n01p1e the temperature derlved from an or1entat1on thermom-
eter is very rellable as it comes from the Boltzmann d1str1but10n of nuclei
in the parent ground state. However, the propertles of the parent ground
state and its mo_des of decay must be _known In the case of 60Co Co the .
decay scheme is particularly s.imple. "I‘h.e: 60Co gr.ound state has a half
life of 5.3 yrs; I = 5+ and the splitt}in.gs are well described by a hyperfine
field of 227 kOe parallel to the c-axis. 22 The sPin-lattice rel'a)tation time
-has been measured us1ng magnetlc resonance and shown to be tempera-
ture 1ndependent at about 75 sec below 14 mK. ?3 Temperatures were
determined from the anisotropy of the 1.17 MeV and 1.33 MeV gamma
rays emitted in the decay of 6OCcavto 6VONi. 24 The obse_rved gamma rays,
th‘e'4+(E2)Z+('E2)O,»+ cascade, are fed from the 60Co ground state by a
L=1i beta4transition to the 60Ni 4+ state, Only‘ab'out 1 in 104'vof the |

2HE2)0+ transitions are fed by another decay Slnce the transition is

"stretched"25 26 the anisotropies of the two gamma rays are the same.
Several values of W(8 = 0, T) are given in Table II f.o'r'60>Co Co.
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The accuracy of a temperature measureiﬁent is influeﬁced bby. t_he'-
value of & W(6, T)/8 T, by statistical counting eriﬁbrs; and by syété_matic B
errors, ‘T.he timé requifed 'for a measurement varies with. fhe desired
accuracy aﬁd the tolerable rate of radioactive hevatiﬁ_g. Fo; a countir_xg
r'ﬁate.ofb600'0/'rn.in, which can Be obtainea w1th a hééting ra:tvé'o_f 0.1 .erg/n.uin,
a value of W(6, T) can be determined to :i: 10 percent in 1 sec and +1 |
: pércent in 100 sec. It should be..noted that rriégt sy:ste.mafic errors tend
to give too low an aniséfrdpy} that is, vthe apparént_ temperature is too ﬁigh.
| To make measurements with single -crystal hcp cobalt, no electro-
magnetic fields are req’uir‘ed. Sinc’e the ga‘mma:'raysA a}e verf penetrating,
the aeteCtors can be outside the: appa‘ratus; A concomitant disadVahtage
is that it is’ di».ffic;xlt to use two thermorh‘(afe.rs .with the same emitting
nucleus in cl_ésev proximity to each other. We have used tW§ 6OCo ther-
mor;ietefé separa;ted by'a; fe\lw ihéhes by ins'ta.lling lead collimators fiea,dihg ,
to separate detectors. There ié no difficulty in usiﬁg two thérrr_lcv)rhetérs. ‘
wit-h nuclei emitting gamma;rayé at different enefgies; we havé usi—_:d'a. o
6OC§ single crysfal thermometer and also a 5‘/"'anFe‘ foil, :\%/itl;l pollari'zivng
field,:in the same apparatﬁs. .
| | The main difficulties in uéing a gamma ray thermometer are asso-
ciated with the effects of vradioa.ct_ive heating. (For those thermometers
in which the ciaughter nucleus is formed by electron capture or in which
an isorhe‘r_ic state is used, this does not apply.) We used é soﬁrce ‘giviﬁg
‘a high-teﬁpérature counting rate of 8000/min for each 3 in. Na(T1) |
detector 24-in. from the source. This introduced heat at 2 erg/min inrt_o.
the the'rmorrieter; in other applications with counters closer to a w‘eaker

source heating of 0.1 erg/min could be obtained for the same counting rate.
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" For adcrystal of thickness d land'cr_oss fsection »bA, d << N A, the
thermal relaxation time of the crystal is "Cvdz/k»nz., where C_ is the
volume he‘ajt‘capacity‘ and k -the' thermal conductivity.' "Assuming C
is a Schottky a.nomaly due to the sphttlng of the 5900 ground state,
k T watt/K cm, and d = lmm, the thermal relaxatlon time has a maxi-
mum valu‘e of about 0.1 sec. | | |

| vTherr-nal contact be't\i/.'een'an oriie.ntation‘therrnometer and the sur-
roundings rnust be sufficiently good that the ternperature rise due to
radioactive heating is small, If a soft- s01dered Jomt is. used 1n‘mak1ng
contact, it has been found that for self heatlng of '10 -2 erg/sec and a
contact area of 1cmZ at 10mK a temperature dlfference of order ImK is
to be expected 27,28 For a metalhc joint in wh1ch heat is conducted by
electrons, such as through a screw_ed conta,ct27 or a soft .soldered joint
in which ‘trapped fllu.x‘.keeps the »solder norma.ll,‘ 21 a'temperature dlfference
or order 10 _4 mK rnight be expected. In our experiments the thermom-
eter was eiectroplated' with copper to the stalk.. We ob'se-rved that the
lowest temperature reached by the apparatus did not_change when the heat
current d_ens_ity from the.-thermometer Changed hy a factor twenty. This
.suggests that 'for_thbisb method of joining, thermal conta'ct. is adeouate.

It an_orientati'on thermometer is used in-l'rquid helium, as'in a -
dilution refrigerator,- the contact to the helium rs_.reiatively- poor. For
example, 1f we again assume a heat load of "10'.Z erg/seo, a contact area
of 1cm2, a boundary resistance of 10-5 / (AT3)T= K.-'s_ec/erg,‘29 we fvind‘ at
'10mK, AT = 100mK.! Thus the thermo_meter should-‘be attached,. using

copper plating or a screwed contact, to a large surface area (such as
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- sintered éoppé-r*) in contact with the hélium‘. For a d.ilbuvt‘i-bnrrefbrigefator
rt'he thevrmor.;ri'eter’should not be attéchéd to the Wails of the rrlxi).ci'n'g".cham-
ber, as they may be hot throﬁgh fxeat 'leaks to the chan_qbér. 30

"To d_etérmihe the 'vat‘nisotr'opy of theAéoCo gammé; rayvs" it is dhly
nec'éssary to count the number of gém'ma 'r_ays in a Wiﬁdqw iriclu_ciing the
two gamrha photopeaks. If a polar and an equatorial counter are used,
a direct meaSQremént o»f»a‘nisotro'py is made. If 'only a pola'r counter is
used, measurements mﬁst be té,ken with the thermometer cold‘andvthese
must be normalized to counts 'vta.ken with the thermémetef sufficiently
warm that there is ho ahisotropy‘. The latter option waf‘.svour normal .
operafing i)i'ocedure, with the additioh of é, ﬁné.i serie s_:' of wérm cbunts'
after the run. Care must be taken to ensure that the qﬁantities of liquid
helium and nitrogen between the thermometer and the c‘ounter remains
constant during the run or the attenuation of the gamma ray'_s_, wiil be
slightly changed. |

We have checked for corhpleté s‘atura;tibn of the magnetization of

the single crystal 60Co thermometer, ‘We cvomparéid the measured tem-
pé rature with and without an external pola-rizing; field and found that for
the therm_ome‘ter used in the expe#iments there was agreement to within
the experi_rnerntal error of.5 peréenf. The accuracy was iirrﬁted by drifts

in temperature due to applying the polarizing field.

F ' .
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. RESULTS

In oi’der to cheék fh'at_. the .ai)pé_z_'atus jﬁa;s wotking p‘f‘ovperly, the
critical fi,eld'cur.ve of a sé;hple'df 99.999% tungst;én?’.1 was. measured,
As de séribed abow}e; “the tﬁﬁgsfén was’ attached to ‘the coppér stalk by
plating copper> onto a éurfacé 6f gold pa.r‘tially‘d.ifqued into the bulk
vmatéri'al.' 'The resi's_tivi_ty: rétio (‘4-30.0‘ K) of the sarﬁplé é.ftér diffu‘svion
bonding_and plating was 17,000. In addi-fion to the transition neé.r 15 mK,
‘a‘it‘ran_sition was alsé oBsérQéd near 2K. A “s.a.mp.l'e Wilich had not been
sﬁbject’ed to the gbld évap'oratidn, heating and bqndiﬁg process did not
s.'how thié high—temperé,turé' t‘rénsitibﬁ.' We attribute thi’s- tranéition to
: the‘:pr,‘e;szén'c_e 'o‘f small aihounts of p-tﬁngstéﬁ forn_;led dui-invgb the Bondir_rg
piocess whic‘h'b'ecA:okmes .éuper‘cohducv:tiﬁgv in fha_t regidn. 32,33 The critical
field éurve measured in tWoj'expériments on tuhgsten to 5 MK gave valﬁ.es
of H_ about 10% different from _th{:s_e of Black et al, 12 Furthermore,
some hystere_sis was observed on chang_ihg the pdlé.rity of the ’.app.lied
| field. We think this was due to thé i)resence. of frapped flux in the pa-phase..v
We also found that the transition occurred in ba.'t‘i_me no.t excéeding five
seconds; dccasionally superheating Was observéd when the transition
oc_Curred’fa.s.ter than the respbhse time of the bridge. | This may be Com;
pared with transition tirﬁes of several minutes obtained by Black et al.
In their experir_neht thermal <‘:o>ntac't. Wa»s limited by the Képitzé bbunda.ry
resistance Betweén the sé.mp_le afzd the 3Hé used as a thermal cénté,ct_
agent. | We found no difficulty in -foliowiﬁg the trans._itic_)h to a témperature‘
corresponding to a critical field of about one -tenth of that at T = 0.
These results show that thefrﬁal c’éntact betweeﬁ pili, sample, and

themometer was adequate.
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Data for the. différent .éampieé of magnésium é.nci lithium are given
in Table III. We were uﬁable to find a sﬁpeiconduéfing f::a\.n.éition in aﬁy
of the’ sa.rhpiés. | This does not completely rule O\'_J.'t the pbssibil»ity that Té
is greater than 4 mK, because the sarﬁples may h"ave. éﬁpércdole.d. For
pure, 'uns,frained n.la.t‘eria.lvé with é. traﬁsition tempgi‘aturé ‘in the rﬁiili-
.kelvin range, th e coherent le;lgth § at T = IOvis very long, gjving a small
Ginsberg -Landau « and type 1 supercoriductiyity. At a temi;erature at
which the therfno_dynamic_ critical field is Hc the lowest field to which
the s'amp‘ie‘canv rémain riorrh_al is Hc3 =~2.4'K Hc for surface npcléation,
= »\["ZKHC for bulk nucleation. In Table IV estimates of HCZ,

and ch

HC3, S., a.ﬁd K _"are given in the cleaﬁ and di:rt»y 1imits..‘ ' .Nucl‘eatvion of’l
/'the transition above ch Of, Hc3 .ca.,n occﬁr if nucle.a,ti.on centers exist and
are effective. Faber and Pil"l?’ard34 have shown tha.'t.vi'ﬁ‘ aluminum a.hd' tin
the criter_ion. for a flaw of sizé 5 to bev effe.ctive is 8>> £, In exper.i-
ments on aluminum they estimated th_atv ﬂawé of. 1'0’3..; 10'4 cm existed

in their specimens. These experimehts were made in the middle .of
carefully ma;ie rods of mateiial as nucleation appeared. to sfart at i:he

ends of the. rods or at other surface irregularitieé; 'Thi's‘ is the usual
situati‘onsfovr superconductors with critical temperétures of 1 K or h_ighez;--
special care is usually necessary to obs'.erve a.ppre‘cia.ble. suvpevrcooliﬁg. ‘
For low T, superconductors it may bé_;ﬁore difficult to achie'v.e nucle -
ation since § is larger. quevér, in their experiments on tungsten,
Black et al. 12 found that nucleation occurred at about 0,2 HC unless the

surface had been specially prepared; we also found that tungsten did

not supercool below 0.2 H_.

®
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Our ri;é.gneéium Samples were far frqfn homégeneé'us; paft’s of the
surfac e'_.were covered with a .govld diffusion layer anc.iv th.e ”claimps vﬁse_d
during the diffdsion ‘bondi'n.g pfocess pro&ﬁced"varied strains in the
crystals., The lithium sé,rﬂplés :self—a..nnéalked at room temperature after
the rhounfirig procesé but the ':ma‘trtensitic transformétion'séf(érely strai‘ned
the crystal each time it was cooled. Tl}éréf‘ore, it is clear that our
lithium and magneéium sampleé were étré._ihed to a g.reavter de.gree than
the tungsten sample. Nev.erthekiess', if-TC is lower than for. tungsten, £
might be longer and.it’cou‘ld be more difficult to achiéve nucleation in
spite bf th:'ve leés 'pe.r‘fe_ct state of the sarﬁples. Since thé meéha.nism b).r‘
which dgfecfs act as ﬁucl_ea.tiofx centers is hot undbé_r:stood in detail, it is
" not possible to predict Wlth any degree of .certai.nty the supercooling-
behavior of the lithium and magnesium éamples from that of tungsten
and high’erv T(': 'superconductors. However, as a rough guess, it‘seer_ns
' _p_robable that a transition _wduld h‘avé been observe_d 1f 'fc were as high
as 6 mK. bFor TC = 6 mK, HC(4_'mK) = 0,15 Qe, and.b.vetween 4 mK and
5 mK the samples would, at some time, have been in a field that was.
only 4% of HC.F 'Furthefmo_:"e‘, at 4 mK £ would hégve a value comparable

to its © K value.
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D. CONCLUSION
We vha.ve' cooled lithium and magnesium to 4 mK in m.a.gneti_c fields
of 10'2 Oe énd f_o 5 mK at 5X 10'3 Oe withvout‘ob'se.rv-ing' supercond,#cting
transitiéns_.. The 'possjbiiity that the _s.a;m.pies. ..supe_rcooied'pl.'ecl.ude_s |
setting a definite upper li',rhit to TC but it 'seems'p‘robavb.le that T < 6 mK..
At best, wé have explored 60%’of the temperature range ;S'redicted for
_ Tc fér magne sium; for lithiﬁm the _theoretipal ‘estimai:es of TC are so

much in doubt that we may still be far from the’ re'g‘ibn of the transition.



~161- -

: AITENDIX

. THE HEAT CAPACITY OF TUNGSTEN IMPLICATIONS FOR THE CERIUM
MAGNESIUM NITRATE TEMPERATURE SCALE

.Black,‘JohnSOn, and Wheatley12 have recently reported a detailed
analysiS-df the critical field curve’for superconduéting tuﬁgsten. The -
analysis is of-particuIar interést in relating the thermodynaﬁic tempera-
ture T to the maghetic‘temperature'T* definéd by sefting X(CMN) = C/T*
where X(CMN) is the magneﬁicTsuéceptibility.of powdered CMN in the'férm
of a right eircular cylinder with height equal'to‘diameter.

The supercondﬁcting critTéalifield Hg can.be related to the'thérmo_

dynamic temperature T by the relationship

e L [s,(T) -5 (D] (5)
4T VT S :

where Sé énd'Sﬁ are theAmolarIentrOpies of the sﬁpercqndﬁcting and normal~
'states, reSpectively,_and Vﬁ is thg moIar vquhe. For sufficiently low
temperatures,,ss < Sn = WT_assumipg.all other céntributidns to thg entropy-
aré either sméll or equal in the.normal and superconducting state (the
lattice entropy for tungsten is négligiblé at these_ﬁemperatureé S0
difficulty from this sourcevcan‘be discounted). Therefore, Eq. (5) gives
HZ o Hé?(Tfﬁ 0) f'(hﬁy)"TQ' P c | (6)
véIid as T -0 (V/Vm'is referred ﬁo és 7.with the appropriéte units'_
‘see Table v). | | |

To firsf brder_the effeéfs Qf“magneticTipteracﬁions and sample shépe
may be represented by an"’effecti\v/e Weiss 6" usually referred to as A.
The authors of Ref. 12 consider the equation

To= TN+ A | (n
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and find;that different ehoicesiof‘A.lead td'differeht valuesiof'y as
determined from the siope of Hi versus'(T* +;AQ?' Tﬁe ehoiCe A= 0 Qas in’
agreement with the range of values. reported in eelorimetric_determinations
of ¥, and they note that this choice ~ leads to a critieal field curve
ih good,égreement with BES theery.' Tacking any more‘sensitive test for
the trde‘? value, they.chose‘Aje'O. | |

55 57

The values of Y reported in the llterature do. not agree well at
all and the d1screpanc1es have been assumed to be partlally due to the
effect of impurities - espe01ally magnetlc 1mpur1t1es ~-on the low
temperature heat capa01ty. Because of the 1mportance of an accurate
‘value of 7 te the analySie and conélusion contained ih'Ref..lQ,;tde heat
capacity of a 1/4%" tungsten rod with resistivity'ratio 57;000 (see Table
III) was meaSured from 015 K to 25 K. The'vélue>ebtained for the’dormal
state‘coefficient of. the linear'term'in_the heat capacity, v = (1.005%
.005) rﬂi/mole;K,2 is not in agreement witﬁrthe.reeultsrof the analysis
in.Ref. lé end Suggests possible cerrectiohs to the:temperature seele
based on pewdered CMN. | | o

| The: tungsten eample weighed.80 g. and was mounted with:a threaded
copper bushlng to the sample holder shown in Flg h of Par* I. The‘
tungsten rod wag not threaded but was sllghtly beveled on the mountlng '
end so the bushlng could be screwed hand tlght over ~l/h" of the end
section. No thermal contact agent was used,and relaxation times were
essentielly instanteneous in spite of‘the_small contact area. The heat
capecity of the very high purity coppervsample froh which the bushigg‘
was made was measured in a separate experiment. The contribltibp from the

.bushing was subtracted, together with the carefully.calibrated calorimeter,
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fromithe total heat capacity measured for the samplevplus nounting assembly.
In an attempt to eliminate all extraneous error}from impurities, the
susceptibility of the tungsten sample was checked from O 3 K to 15 K.
Below 3 K the susceptibility was constant and no ev1dence wag found for
the presence'of the superconducting B phase of.tungsten or localized
moments. Above 3 K the Susceptibility varied smoothly‘and increasingly
more rapidly as linear thermalveXpansion of”the sample and_sample holder
changed the.volume'of the samplevsensed 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 magnetic
field. In Table V the heat capacity data for the tungsten.sample are
listed. In‘addition-to the'zero field data, results are listedvfor.
magnetic fieldsﬁof l and 38'k0e' The 58 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
thehapprOpriateinUclear cOntribution - see Part I, Section E.2).
The low temperature data for tungsten inVO, I,and 38 kOe are shown in
Fig. 2.. The zero field data do shoWn an anomalous structure below_l»K
which is.enhanced in llkbelbut:conpletélysuppressed in 38 kOe. Fortunately,-
the nuclear contribution from 183W is always less than the SCatter in
- our data, and the 38 kOe results define an. excellent stralght line- on the plot
of C/T vs T. ' Thevintercept in Flg. 2 defines v = (1.005%.005) mJ/moie -
K2 and the slope glves ;61 (379t2)K in.excellentjagreement uith values-

35,37

previously reported. The.temperature dependence of © may be obtained

from the higher temperature data listed in Table V and is in agreement with
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previously reported behavior.57"The'purity of the Sanple was high
enough so that the total anomalous effects at low T are only ~I% of the
electronlc heat capac1ty | |

The electronlc heat capac1ty coefflc1ent per unit volume Y= 1056+5
erg/K /cmj allows us to estimate A in Eq. (7). Figure 3 shows the data
othlack, et al. on a plot of»HC2 Versusn(T*,+h“4)2 for the‘choiges
A=0andA= -.kmK. The straight line through the datavfor A= 0
corresponds tovy = 915 erg/Ke/cm3 inlpoor agreement With our Y value.
The choice A;=v - h mK, on the other hand allows a stralght llne to be
drawn through the data with the slope obtai ned from our calorlmetrlc
o aetermlnetlon of Y. - |

The deta in Fig.3 devlatezfrqn_e straight llne forAboth choices of A.
A correction to the,applied'magnetic field has been proposedhin Reff 12,
‘Such a correction is expected‘to arise from the close prokimity'of_the_
paramagnetic CMN to the tungstencsample,andvthe euthors of.Refl12_estimate
an increase AH/H = (2il)%:(lva/T) that will correct the low temperature'
deviations for either choice of A in Fig.’}.

Although the value A = -4 mK provides an easy interpretaton of -
the tungsten results, there have been other experlments done with tre

8
> While it

same CMN thermometer, that prov1de evidence for |Al < 2 mK
seems that the 1nterpretat10n of these experlments-would_not_be altered
much ana might in fact, be someWhat more satisfying with the choice

A.= .;.5 mK, it is essentlal to conslder poss1ble sources of error in the

critical field measurements. The two factors which. appear to be relatlvely

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.



. Table I. Compa.nson of theoretical’ and emp1r1ca1
I emp1r1ca1 values of A2

from Eq. (4).

Be - Mg Zn Cd

Value of A calcu- - 0.26 ~ 0.3 0.42 .  0.40
lated by Allen and L ' E

Cohen

Value of A derived 0.25 ' 0.33 0.43  0.36
from heat capacity ' o : -
enhancement :

Value of \ derived 0.23 --

- e o e e e e e e A e = e e S o e e e e o e e e e e e e e -

?See Ref. 1.
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II. Values of W(0, T) for °°Co in Co
~thermometer (with Q2 = Q4 = 1)

.T(bmk)

U‘l'»l-\';&ww.r\;l\)y-\s-ir.éav-\
O N O . O N O 0w O & IV O

&

4 , \OC-D\IO\O\U‘LHAI‘F'U)LMZN“NA;
© O O OO0 OO0 0 0 0 o0 0 000 Uo o U o LMo U owm o

B (T)"

-——2———

1.6964

1,6823
1;6517

1.6086

1.5574

1.5015

1.4430
1.3837
1.3244
1.2658
1.2085
1.1528

1,0989

0.9970

0.9037

0.8191
0.6745
0.5591
0.4670
0.3939

' 0.3352
0.2329

0.1695
0.4283
0.1002

.0803

0
-0.0657
0.0168

Bq(T)

1.4721 |

.1399

9831
.8846
1861
6928
.6075
5314
.4630
4036
.3519
.3069
.2343
.1802
.1396
.0861
.0551 .
.0364
.0248
.0174
.0080

0023
.0014
.0009
.0006
.00004

O O 0 O 0O 0O 00 0 0 0 00 00 0 C 0 O 0 0 0 O O O » »

0727

O 0O 00O 0O 00 o0 0000 o0 0 00 0 o o o

.0041

W(0, T)
.00197
.01574
.04491
.08478
1303
ATTT
.2249
.2706
.3141
.3552
.3938
.4297
.4633
.5238
.5762
6216
.6954
.7515
.1948
.8283
0.8548
0.9002
0.9277
0.9455
0.9575
0.9660
0.9722

- 0.9928
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Table III. Samples

- d

Initial
_ ~ resistivity '
Supplier " Purity ratio Bonding method
Lil  Bram Metallurgical 99.94% 825  Local welding
Lill P. H. Schxnidtd 99.9998%  4X 103 - Metal-metal pressure
I C SR : contact : :
| L o
Mg I R A Stark® : , - .~07 - Gold diffusion bond
Mg II Research Orgamc/ 99 99% "~ 3302 Local welding |
: Inorganic Chemical : :
Corpora.t1on
| . b . |
- Mg III R, A, Stark v . '»"106' Gold diffusion bond
‘ : . : . ) : a,c - :
w Semi-Elements | 99.999% 5.7X 104 ' Gold diffusion bond-

Cu plate

- e e e e e

2Re 51st1v1ty ratios determlned by the ‘authors- by potentlometrlc and .eddy
- current techniques agreed to w1th1n 20% on the samples of tungsten and

magnes ium.

bMean free path of similar samples grown by the author were ~ 15 cm.

®This resistivity ratio was measured on a different sample, from the
same supplier, from the one used in the exper1ment :

J. Electrochemical Soc. 113 201(1966)
“Bull. Am. Phys. Soc. 11, 16% 1966)




Table IV, Superconductive parameters fo‘:j Li, Be, W, and Mg.

T , superconducting transition tem-
perature (measured)

(assumed)
P 300’ resistivity at room temperature
'y, electronic specific heat coefficient

v/¥g |

- H_, therniodjrﬁamic critical field at
0’ raﬁo of Fermi surface area
to FEM area '

s/s

Ve S h/_m(3-rr'n)'1/_3 = Fermi velocity
in FEM o o
Ko e o

vp © (Yo SAS IV = renormahzed

Fermi velocity ’
* oo % ' ‘ v )
go.- 0'18(th/kBTc)_’ r_enor‘ma_.hzec.l
coherence distance
% _ 1/2 : e _
,)‘L(O) =(m/y)" ckB/ZevF , Tenor

malized penetration depth

Li

0.004

9.4

1250.

2.2

0.355

0.787b

8 2:25% 10

1.285X 10

0.0158

4.69% 10"

0.65
.

0.46% 10

6 1.03x10"

‘Be o

0.026

3.6

470

0.428
1.3

b
8
3.42% 10

0.0181

6

2.20% 10

8 .

6.36X10"

W

———

0.0154

5.3

10562

0.663

1.5

0.111
8
0.369% 108

0.0032

6

1.58% 10

0.743% 10

0.004
4.3
930
1.33
0.306 .
0.60%

8

8

0.0245

3.52% 10‘6

. Unit |

cm/sec
cm/sec

cm

-69T- -



Table iV. (Continued)

. _.Kd

Li. "Be = W Mg Unit

% * *
k, = 0.96 )\L(O)/go, renormalized : SR . ' _

GL parameter in clean limit 2.87X% 10'.4 o.55><1o'4_1.92><1vo'3 1.38x107%

A . - . - .

= 0.75 \[(0)/4 = 7.9X10 3,412

(p in p@ cm GL parameter in ' R L o '

dirty limit®) 0.0263 ~ 0.00617 0.0136 -0.0103
‘H_jclean = 24K H . 2.45x107* 1.75x107% 5.30x107  1.01x107* oe
H , dirty® =2.4 K. H 10,022 0.019 - 0.037 1 0.0076  Oe

c3. d ¢

- e e ae e m E e e e e e e W M T R e e e e e En e e e e e e s T R e e e e e e e e e e 8 e SR e = o= P e e 8 e e e e S e e e e e = e

-oL1-

dFrom heat’ capac1tymeasurements on a sample s1m11a.r to that used in these expenments
(see Appendix). _

Estlmated from the reduced re51st1v1t1es--see J M Zlman Electrons and Phonons.°
“E. Fawcett and D. Griffiths, J. Phys Chem Sohds 23, 1631(1962)
E. Fawcett I Phys. Chem, Solids 18, 320 (1961)

Re51st1v1ty rat1o of 100 as sumed

o a0 o
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" TABIE V. The;ﬁeét'Capacity of Tﬁngsten

* Zero Field

N T(K) . C(mJ/mole-K) =
1 .35162 .36222
2 .38537 . .39616
3 42550 4342k
L L4786 -48y36
5 -52353 +53599
6 .56818 .58127
7 .61956 .63603
8 67492 .69462
9 .73538 75967
10 . 80147 83040
1 .87617 ~.91185 -
12 -9k239 +98538 -
13 1.02372 1.07522
1 1.10605 1.16389
15 - 1.18725 1.25292
16 1.27111 1.35089
17 1.36998 1.47167
18 1l.hk7o11 1.60670
19 1.61543 1.78222
20 1.75060 1.96599
21 1.92292 2.20500
22 2.11704 - 2.49093
23 . 2.32040. 2.81369
24 - 2.53382 3.16520
25 L R.76262 '3.57554
26 '3.03991 . - 4.11021
27 . 3.3k711 L.76321
28 3.69377. 5.58499
29 L.05677 6.53906
30 k. .hosTh 7.61742 .
31 4.85191 9.03339 -
32 5.35235 ©10.89780
33 5.91967 13.31875
34 6.23062 - 14.86947
35 6.85804 "18.40091
36 . 7.45870 22.21969
37 8.09253 26.82660
38 8.8721h - 33.46471
39 9.74702 " 42.29505
40 10.64016 53.14511
L1 11.59954 66.61240
Yo . ' 12.52772 82.0067T
43 13.80607 107.67655
Ly 15.27013 144.03637
ks 16.87893 195.28311
L6 18.69170 268.93572
L7 20.51923 364.50038 -
48 22.35096 490.36847
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1.0 kOe Field
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N P(K) . C(mJ/mole-K)
1 - 36973 .38357
2 41574 o Jh27hy
3 .46hg2 - L7661
b +51730° 53024
-5 57702 -5931k4
6 .63728 .65829
7 69695 . 72484
8 . 75889 - 79184
9 .83324 .86609"
10 .90342 .9lok2
11 .98450 1.02512
12 1.07937 - 1.13250 -
13 1.18738 1.25442
B 1.30961 " “1l.hookl
15 1.43715 1.55101 -
16 1.60222 1.76665
17 1.71041 1.91141 -
18 1.88440 2.15127
19 - 2.07845 2.43616
20 2.3284 . 2,82622 -
21 T 2.5627L4 . 3.21881
22 "2.8254, - . 3.69450
23 3.15905 4.35811
ak 3.53142 - 5,17130
25 3.88230 6.06813
26 L.29320 7.21376
27 - L.72493 - - 8.60486
28 5.21103 10.38141
29 5.7%961 12.52831
KA

38 kOe Field

7(X)
L6664

-51794
~ .56376

59917 -
.65906
~T26L9

.80576

.88955

- 95203

1.0k127
1.13883

1.24760

1.37046

1.49816
1.65352

c(mJ/mole-K)_

L7292
52667
57500
.61007
67213
.74653 -
.. .83012
.91907 -
.98386
1.08825
1.19690
1.32045
1. 47664
1.63813 -
1.83867
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FIGURE CAPTIONS
Détail of lower sécfion'of(apparatusﬁ
Heat capacities'othungsteﬁ. .
Pth of the square of the critical field-for‘superconducting
tungsteh (after W; c. Black; et él;, Ref. 12)vversus>(T* ﬁﬁ)g

below 20 mK.Z Black's data has been plotted for A = O and

A = -,h mK. The straight lines drawn through the data corre-

. ' 2
spond to 7y = 915 erg/KE/cm3 and 1056 erg/K /cmB, respectively.
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