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I. SoME MEASJRLMENTS OF MAGNETIC HYPERFINE HEAT CAPACLTIED
© II. HEAT CAPACIIIES OF COPPER-MANGANESE ALLOYS BELOW ‘

,.*.

James Chien-Ming Ho

Inorganlé Materials Research Di vision
Lawrence Radietion Laboratory
and ~-Department of Chemistry
Uhlver51ty of California, Berkeley, California

ABSTRACT
September 1965

I
The hyperfine .fields at Mn nuclei in antiferromagnetic <y-manganese
and gold-manganese have been calorimetrically determined to be 65 kOe

and 320 kOe, respectively. For antiferromagnetic chromium, however,

the megnetic hyperfine heat capacity was not observed at temperatures as

lewsas 0.06§K, and only an upper limit to the hybevflne field at Cr
nuciei, 13 kOe, could be obtained. All these values are smallexr than
that expeeted from the results for the ferro&agnets Qf_the_iron series,
iron, cobalt, and nickel; This apparent difference might be due to the
Ms-eleetron.contribution er to the exchaege polarization“of the 3s-
electrons of one ion by thePBd;eleetrohs-of its neighbours.

”he magnetic hyperfine heat cana01t1es of two alloys contalnlnw
respectively 0.75 at.% Os and 5.21 at.p Pt‘dissolved in Fe have also

been measured. The hyperfine fields at the nuclei were foun’ to be

1400 xOe for Os and 1390 kOe for Pt. .

IT
Measurements of the heat capacities of dilute manganese in copper

alloys have been made below l?K-to;determine the contribution to the

P



to be remarkably insensitive to manganese“concentration. .

.

low-temperature heat_capacity that is associated with the magnetic

Ly, . .

vy ¥ o ) ‘
PRI

‘ordering process.  The theoretical low-temperature limit for this

i

anomaly, which is linear in temperature andvindependent of manganese ° v

. : . -,{ , \ - ) ) o .
concentration, was not observed; although the heat capacity was found

~
!

The heat capacities of several higher manganese content copper-

mengenese alloys have also been determined. - For all samples used in

this work, which cover the whole domposition range of the copper-manganese

- system, the hyperfine fields He'at Mn nuclei were calculeted from the
" observed hyperfine heat capacities by neglecting the contributions from
Cu nuclei. These values and that-of <y-manganese give a more or less

‘linear relation between mangenese content and Hé, which changes from

- _ o . L ) '
65kae-for y-manganese to about 305 kOe for the dilute manganese alloys.
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I. SOME MEASUREMENTS OF MAGNETIC
HYPERFINE HEAT CAPACTTIES L

A. INTRODUCTION

1. Hyperfine Fields in Magnetically-Ordered Metals and Alloys.
Hyperfine or effective magnetic fields He acting on the nuclel

have been observed for a wide variety of mdgnetic materials. These

5

ields are intimately related to and involved with some of the most

fundamental and least understood properties of the electronic structure.

Several mechanisms have been proposed to explain their origin. In free

ions, neutral atoms and salts of the iron series, the dominant contribution
. — . . N . . .
arises from the . Fermi contact interaction between the nucleus and the
: ' . ' . L3 PO
spin or exchange-polarized core electronics. It was Tfirst pointed out

by Sternheimer  +that for systems with unpaired outer electrons the

+

ad

interaction of these unpaired electrons with electrons of the core
would depend on the spin and could produce different spatial distributions
for paired core electrons with different spins. With such a polarization,

there could then be a difference in the electron density at the nucleus

- between electrons with opposite spins for all the paired s electrons

“in the atom. In magnetically-ordered metals and alloys, however, the

situation is more complicated since one can not separate any particular

atom or nucleus from its complex environment. Atcording to the piloneering

1,6,7

paper of Marshall5 and further investigations of other workers,

mainly related to the iron series, the various contributions to He in

these substances can be summarized as in the following terms: - -
i. Local field-~this is the usual internal field which includes

the external field, the demagnetizing field, the Lorentz field, and any

small residué of the local field that exists for non-cubic symmetry.
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ii. Core electron field--~three different types of eQre electron

~ . . S e v PR
Lo Ry e N

coﬁﬁributiens.arei'
(a) The field, via Fermi contect 'interac‘tiovn,'v from core s
electrons polarlved‘oy unpaired 34 e;eetrons
(b)‘ The_fieia'from ahy ﬁnquehched‘orbitai moment or
electrons. |
(c) The dipole field associated with the spin of the 3d
electrons;.'This term.is_ze¥o for cubic symmetry.

iii. Conduction electron field--a net spin density of the outer s

conduction electrons at the mucleus will contribube to.H via the Fermi.

contact interaction.. This. net spin density can arise from tne Tollowing--
mechanisms;
Fo (a) Polarization of the conduction electrens by the unpeiredv
H ' Bd‘e;ectrons inﬂthe-same way as the cofé s electroﬁs.
(B>"Admixture of:conduction electrons ihto'theeEd band.
(¢) The covalent mixing'bf the conéuction éiectrens and 3d
electrons:of:neighbouring.iens. |

Some of the terms menticned above give positive fileld contributions

at the nucleus, i.e., the field is parallel to the net spin of the

gtom, while other terms give negative ones. Therefore the observed

hyperfine field is actually a net resuleanu of terms of opposite signs.

In practlce, there are stlll too many uncevta¢nt1es in theoretical .
caleculation of most of these uerms, and more experlmenbal data on hyner
Tine fields would be valuable as a guide to further theoretical work.

Historically, early precise studies of the optical spectrz of free

acoms were u d to aecect the hyperfine interaction of nuclear magnetic

moments with the spin and orbital moments of the atomic electrons..

~
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Later the development of microwave technigues made 1t posgible to study

~ ] )
. PR

this effect in solids by electiron paramagnetic resonance. EPR, however,

39

can be observed only in the absence of broadening due to the dipolar

field of neighbouring5mégnetic ions. The dipolar field must therefore

‘either be negligible, as in magnetically dilute substances, or 1t must

be averaged to zero Dy rapid exchange among tﬁe'surrounding dipoles.
In contrast, the expected éplitting of the nuclear energy levels in &
éolid can only be measured in a magnetically;orderedllattice. Otherwise
the electron-lattice relaxation, which is rapid compared with the nuclear

Larmor freguency in the field He’ will give zero (He).

So far all the experimental data on He for magnetically-ordered

metals and alloys have been'obtained by four different methods, namely,

nﬁcléar magnetic'resonance, MGSSbaﬁer effect, nuclear polarization, and

low temperature heat'capacity measurements. The first two are spectroscopic
in nature, whereas the other twolafe based on the temperafure dependence

of the distribution among the various nuélearﬁspin oriéntation,levels

in these substances.. AlL of them are complementary, each has advantages

but also limitations_in certain,xespecﬁs.“The two spectroscopilc methods
are more accurate, provided that hyperfiﬁe structures can be &ell—

resolved. lSuch resolution is'not always attainable. They can also be

used at a wide range of temperatures to study the temperéture dependence

of the hyperfine field. The MOssbauver effect method can only be applied

to a limited number of nuclei showing this effect. The wider applicability
of the nuclear polarization method is.a distiﬁct advantage. However, this
method and, in some casés, the héssﬁauer effecf gi?e the product of He and

the magnetic moment for a nuclear excited state, which is not always
I3

‘known. On the contrary, the interpretation of the results of the heat
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caoac1ty method needs only the knowledge of. tue mannetlc moment for the

~
“}

. AN
.

n‘ucleu ground sta ”he nuclear polar 1zatvon ‘and the ke at capa c1Ly

P .

measurements have to be performed at low temperatures of the order of -

" uH /k (p is the nuclear"magnetic rioment and k isaBoltzmann’s constant ),

~
!

and measure onTy cert aln average values, not tne dlS ribution, of the

hyper i ne field. Other llmlua ions for uhe heat capacity method will
be discussed in the next section.

Part I of this dissertation presents the results of calorimetric
determinations of H, for several metals and alloys-including (a) v~
manganese and chromlum, (b) golaamanganese, and (c) dilute osmium and

\ .
platinum in iron.

e an o p . . 8 . .. 9-11 C o120

For the ferromsgnetic metals iron, cobalt, - and nickel, the
values of He are knowvn. Since further progress toward understanding the
origin of He seems to reguire its evaluation in a variety of situa tlons,
the valu ues of h for the antiferromagnets of the iron series, C- nd
Y-manganese and chromium are of interest. However, Q-manganese is not
suitable for calorimetric measurements because it has four magnetic sites

: P Papart )  pp N ' R ‘
with different moments and ,.presumably different values of Hé. It also
has & complicated structure which would make an-interpretation of the
H values difficult even 1¢ They coqu be measured sepa“ately and
as51gned to the correct sites. The gold—manganese alloy is another

3 . . ) L) . . £ "
antiferromagnetic metal with 2 relatlvely simple structure.

The general behavior of the conduction electron contribution to H
1is not well~understood.: More 1ﬁ¢ormaulon on thls poi t, partlculerlv

rom & systematlc study of the pynerflne flela at the nuclel of dﬂwmavnetlc
1mpur1t1es d -solch in m netlcally-oraered metals, would help in the

interpretation of the magnetic ordering process. He values for osmium
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and platinum in iron are of interest for comparison with the known KC

~ . 1 N
M . Cr e g PREEUEN
values for most of the other third-trensition-group elements, all in
dilute solution in iron. : 4 i, : _ .

e

2. maC“EU“C Hyperfine Contribution to Low Temperabture Heat Capacity.

The low temperatureﬁheat capacity of a normal metallic solid is
usuelly composed of lattice and electronicbferms, which relate to the
Debye characteristic ﬁemperature and the density of states at the Fermi
surface of the solid, respectively.. In addition to these two terms,
however, additional heat cépacity terms occur in certain cases due to
the occupation of other energy states. The temperature at which such an

N

excess heat capacity will meke its appearance and the form of the anomaly

i

<

depend on the nature of the process involved. 3By investigating these

anomelies one can often obtain information about the energy levels

giving rise to them.
‘One such anomely arises from the magnetic hyperfine interaction.
In the presence of the hyperfine field He the spatial degeneracy of the

miclear spin I is removed and each nuclear level is split into its

{2I + 1) components. The energy shift of the sub-state with quantum

nmumber m is. -

E =~ 2 - - (1)

~where m = ~I, -=I+l,...., I-1, I and the direction of He has Dbeen taken

as the axls of quantization.. The relative populetion of these (2T + 1)
sub-states changes with temperature. For a'system of N atoms the total

energy associated with this kind of excitetion is
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2T
, The addiﬁidnal.term ;n‘the heat cepactiy, whiéh results from increasing
: tﬁ_e population of.fiﬁhe‘gpp'e’r gtate;, is obtained by differentiating EN
iwith respeét to the témperature. -This leads to a Schottky énomaly

\
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where CN is the heat caba01ty for Avogudro s number of nuclel and R is
v : . o .—1 .
the gas constent. TFor small value of ( ) orie can use the leading

“terms in the expazision of Eq.. (k) as an-approximation : '.
E":\I _ Ir (H.He)g (21+l) -1 <MHG) ..I." ’ (5)
=37 v ) - w ‘ SR ‘
.R 31 kT oho T | kT. , .

)

The higher order terms are usually negligible in the lowest temperature

region practical for heat capacity measurements at the present time.
The above derivation, however, is wvalild enly for a gingle kind of
nuelel in a uniform hyperfine field. . As a general expression for a

pure metal, Eq. (5) should become

N =1 2k
T =35 V7T KT/ 7. 2L0 xT! . :(6)
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wiﬁh Ai’ Ii,‘and ui'thé fractional natural abundance, the nuclear soln,
and the nuclear magnetic moment, respectivély, of isotope 1 of he element.
The sﬁmmation is to be extended bver all isotopic species and over.all

magneticallj non-eguivalent sites. The H velue obtained exper;menb@llv

-2 : . . . . .
from the T = term by calorimetric measurements is actually the root

mean square value of the He values at all nuclei. Since the hyperfine

)

Tield is quite sensitive to the local magnetic properties of a lattice,

y s

this: mean value should be distinguished from that determined by
i , ' v

resonance method. The sign of He is also undetermined, unless a
sufficiently large external field is applied to make an observable
change in CN; iLe.:an external field of_at'least avfew percent of He’
depending on the accuracy of.megsurements.

The magnetic hyperfine heat cspacity for pure iron series metals
=3

o 4
has Dbeen observed only in cobalt by Heer and Eriksonl and by Arp,

Edmonds, and Petersen.9 This calorimetric determination of-He would not

be sultehle for iron or nickel since only small fracticns of their

nuclel have nonzero spin and they have relatively small maanetic moments.
Since H at the nuclei of dlpfe*ent canponents are generally

different, Eq (6) should be further generalized for alloys

= Z n (CN) L (7)
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with n, the atomic fraction of component ¢ in the alloy, <CN>é the
: . ~ ) - ce N v
) 4 LT Y

value celeulated from Egq. (6)5fof compohénﬁ c,'ané'the summation to bé
extended.over ali compénents._ One_can'use:the calorimetric method to
obtain He foi one compéﬁéit of.an'élloy_if (i) only one éémponent has a
significant cdnfributioﬁito tﬁe.tofal CN;_br (ii) He-values for all
components exceptvthe one to be determined éfe alreéayvknown from

measurements. using other methods, and their contribution to CN is not

too large compared with that to be studied; or (iii) heat capacity

- : TR ' -4
measurements go low encugh in temperature to make the T  term (or even

higher order terms) observable, meking possible the evaluation of more

© than one moment of H --i.e., (He), (He) , ete. -In fact most of the

experimental work on determining He for alloys using low temperature

¢ . ’ L - ’ v.
calorimetric measurements belong to type (i). 'That is, the alloys are
composed of a solute and a host $uch as .iron or nickel with small or even

vnegligible'CN contribution.

(

R



B. EXPERIMENTAL

1. Apparatus.
Two adiabatic demagnetization calorimeters previously set up for

P L
9

experiments below 1°K Eyﬁiienls and\OfNeal,l6 re;peétively, wefe firs
used in this work. Anoéher apparaﬁus shown in Fig. 1 waé then designed
fbr further studies. This apparatus is similar to that described by

16 :
O0'Neal.”  The major changes included a different paramagnetic cooling
salt and its arrangement. Figure 2 shows details Qf the cooling salt
part of this epparatus. Chromium poﬁassium sulfate.was»used instead of
copper potassium sulfate in the hope thet more cooling capacity and
»iower temperatures (approximately 0.05°K) could be obtained. A mixture
of 150-gram of_freshly—prepared chromium ?otassium sulfate crysfals and

1
25-gram Apiezon N grease was sucked into a bakelite cage through the

- side holes. Thermal conduction within the salt was provided by 200

3.75 in. long X 0.025 in. diam gold-plated copper wires with one end of
each Tastened to a bakelite plate with epoxy-resin and .the other end

N

ard-soldered to a copper plate. The latter was in turn thermelly

by

attached . with Apiezbn N greaSe'to the bottom of a copper shield, inside
which the sample was rigidly supported with cotton threads. The bakelite
cage and the bakelite plate were used to reduce the eddy current heating
induced during the demagnetization process. The cage was then rigidly
supported at the bottom of & 16.5 in. long X 2.5 in. 0.D. X 0.016 in.
wall stainless steel tube. This tube provided a high thermal resistance
betwegn‘the cooling salt and the.béth. To make this‘thermal isolation

more effective, many slots were made on the tube to a poiht where the

‘heat lesk through it was greatly reduced, but still no appreciable

amount of heat due to vibration was produced. TFor a typical run, the
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eat leuk to the cooli ng salt at-O;OSbK wés.of “h der of )OO
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‘The 1sonherma¢ magnetlaatlon process (;or remOV1ﬁG the large entropy’

of the paramegnetic COOling salt in zero field a* 1°K) was . carried out
using a 16 Ku D C maoxv» ano a :neclrlanlca’i _heat switch to comnect the

salt to the 1°K hellum beuh The srltch, Wﬁich could be‘opened'later for

¥

adiabatic demagnetlzatlon, was operatea by an air cylinder:. The effective-

. . . l,_(

ness of this desvgn has been discussed by Senozan. The superconducting»

switch ﬁes a 2.5 in. long X O.QlQ-in..diam lead wire.controlled byia

.niobium'solenoidf | | - |
Three different ) _“ds of thermometers éefe used for tempereture,

vi.measurements. They were based on-the-tempefature dependence offthe

pre ? are over a small amount of helium conaensed 1n a vapor Dreseur

| oulbi the magnetic susceptibiiiﬁy»o* a Ce Nv (’\703)12 2Ln 0 erSual end

~the ele Curlcal re5¢stance of an Aq_uadub or a Speer resistor, respectively.r

The magnetic thermometer was made oy ceﬁehtiné foﬁr plete—like,eing |

crystals together and cutulng to a spherlca shape. The plates were

'~ then separated and re- ~cement ed <Nlth Gn TO;l varnish) with two sheets of

'
o~

copper foil sandwiched in the outer two joints. The tops’ of the copper

¢

foils were then volted, with Apiezon N grease as the thermal binding
agent, to a copper rod which served as the thermal link between the

magnetic thermometer and the sample. The advantage of the Speer resistor

over the Aquadag was its better reproducibility of R-T characteristic

m .

S

oY

from rua to run. A Grade 1002 l/QW Speer resistor with nominal resistance
of 220 ohms (the actual resist ance was higher, 51nce parc of the carbon
urlace vasuground off when the outer insulating layver was removed) vwas

repeatedly used in several experiments. It was SOO oh,s at 4.2° K

.G‘v

i
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900 olms at 1°K,  and 9000 ohms at 0.1°K. Below 0.1°K the current

~

deﬁendence of resistance becane appreciable. It is belleve th % nfe
was due to the overheating of the thermometer. However, experienee
showed P"t; as iong as both the calibration of the thermometer and
the heat capaci{y,ﬁeasurements were made'geing the seme current (about

O 5 uamp), the existence of the steady state temperature dl;xe*ence

between samole and hermometer was not serious as far as the heat

caepacity results were concerned.

For most cases the heater was directly attached to the sample to
avold the use of a separate calorimeter which might meke a large

centributio

[

to the total measured heat capacity and vhich might also be

- in relatively poor thermal contact with the sample. Constantan and

mangenin wire are commonly used in the construction of heaters for

calorimetric measurements. However, we found a tungsten-platinum alloy

wire more convenient for this purpose (see Appendix). ,

For measurements at liquid helium temperatures, the cooling salt,

‘the magnetic thermometer, and the superconducting thermal switch were

all removed. The sample was rigidly supported by cotton threads inside

a brass cage, which replaced the stainless steel tube. Thermal contact

between the sample and the vapor pressure bulb was made directly .through

-
§

3y
the mechanical -switch.

2. Procedures.

.

At the begimnning of an experiment the apparatus was first cooled

from room temperature to 78°K using hydrogen exchange gas. Liqui
hydrogen was then put 1nto the imner (hellum) dewar to cool the apparatu

. - , OF ) . . . : . .>, .
to about 14"K. Before liguid helium was transferred into the dewar, the
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remainingvliquid hydfdgen_Was.bdiled out with.en induction heater and the

o~ - . AP . R . . .
g B ' REEN

oxch“rgc g s was cvucuabed by an 011 alf“u51on ounp o a. nreosure of the

order of 10 mm Hg,'as measured with1an[untrapped'ionization gauge at |

room temperature. It ‘took several hours for: the' sample to cool to

L.2°K with the mech nical thermal switch closedf

The susceptibility of the ma gneulc thermomeuer was " calvbrauea

against the vapor pfesSure-bf liquid helium at'ebOuz'eight temperatures
“between 4.2 and 1.1°K.. The X-T relation followed a Curie-law and. was
" used as uhe bauxs for bernerauure measurements Dclow 1.1°K. -The cooling

“salt was then magnetized at 1.1°K. It required almost three hours for

the heat of magnetization to be conducted away. ' The mechanical switch

Jas opened and the salt was aemagnetl"ed After the demagreu ization

=t

prodess, which took aOOht 50 mlnutes, was completed constant tncrmal

drifts were obtalned in abouu LO minutes. With tle supercbnductipg

switch closea uhe'cafbon re51stance thcrmomeper‘(auuwcqed dlve tly to the

" sample) was ealibrated against'the’suscebtibility of the magnetic

thermometer at about tnlruy p01nts between the lomest teﬂpcrauvre and
- ]
1.2°K. Between successive callbraulon pOlnuS the temperature of the

system was raised by supplying power to a heater attached to the copper

sh*eld The time for establishing'ﬁhermalfequilibrium between the

'serole tnermometev and the magnetic thermometer denenaedoq the neat

capacity of the sample,'ranging from about one minute for samplesvsuch as-

copper to almosb 20 m1ﬁutes 1or samples with large hyperfine heat

P

r

e aasl 16 S : e i -
“capacities. The two-~ sult system enabled us to have 2 good thermal .

B

equilibrium between uhe tmo thevworete%s, even though temne*ature in-

nomocene;ules still.existed within the coolln selt. The temperature-

~

~ resistance calibration poinﬁs were the',fitted_to an ‘eguation of the form’

i
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3 o | 5 3 L 5 R . .
= = ; + -+ + I {
=007 QlR T CR + CoR™ + CR°+ CR7. o (9.}_
The fractional difference between the observed temperature and the
the

calculated Lemperature‘from the above equation was plotted against

calculatea uemneraou*e,»and a smooth curve, called the "difference plot”,

was drawn through the p01pus. This plot was used to correct those

4o

emperatures calculated from the equation for heat capacity points.

Following a second demagnetization, the superconducting switch
was opened to thermally isolate the sample. Heat capacity points were
taken over intervels of T/10 or less. The heat input for egch poin

vas determined by passing a measured current through a measured resistance

Tor a measured period of time. The temperature increment was determined

by ? rapolating the initial and the final drifts of heating curves on the

rgcordef chart to the middle of the heating period.

i

Measurements at liquid helium uempe*auu”es were made with the

- mechanicael switch providing thermal contact between the sample and

the vapor pressure bulb.‘ The resistance thermometer was calibrated

directly against the vapor pressure of liguid helium at about twenty-

five points between 4.2 and 1.1°K.

5. Heat Cepacity of Copper.

bt

leat cepacity measurements below 1°K on copper were undertaken to

check the new calorimeter. Copper was a good choice for this purpose,

AN

since both the T7 and T terms in its heat capacity were already well

' .
i
)

etermined from previous measurements between 1.0 and 4.2°K where the
thermodynamic temperature scale is well esbaolﬁshea, and there is no
reason to expect deviation from the ext“abolaulo“ to temperatures of

.

interest here.



ekt

listed in Table I."Efrors associated withjadde da corvec ions aﬁd

'ShenlB and Philli ips.

e

70 differenu samples usea hcre *ncxuded a 140 g am 51ng;e crystal

~. . . . e

999p pure coppe (Sample A) and OC’g"ém pochr stalline'one

o
¥
uai.‘
\o

Cof 09.990% pure copp T (Sumpla B). ,T.ese “mnlcs had bacn used before . . .

_ 18 o - o :
fo” heat canaCWby WEQSUILWQFCS by Shen (Sampie A, 0.5 to 25 h) and

£,

Pnlll*ps 9 (Smole B, o 1 %o L 2° )
The experimental;results, after béingyéorrected by subtracting the

contributions of the "addenda' t he mcasured ncauvcapacities, are

i . "' . ) . ' N . Yy ~ 10
also with the {temperature delermination have been dlscussea by O'Neal.

As shown in Tig. 3, the data for both samples‘fit the equation

C(ﬁJ moie_l'deg_lj O OL8OT5 O 596T . >' .1.” (9)'

w1ub1n l% above o l °K and 1. D% below O 1°K. Slnce uhe §.uerw is rel aﬁlvelw

! : .
small in this temperature region, tne co fP cient used isathat,determined by

-Pnillips. 9 The T term is in good agreemeﬁt Wlub hat obtained by

19

It snoula be D01nted out that the lowest tamperature for heat

'

‘cepacity measurements was aCuually limited by the fact that the sample

N

heleting, from aneven lower temperature

-

was warmed up by eddy current

. obtained after demagnetization, when the superconducting switch was

turned off. S S BN
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Table I. Heat capacity of copper

T c . T C
(°x) (mJ /mole-deg) . (°x) (nd /riole-des)
Semple A o \ 0.5622 0.3969
0.1166 0.68190 0.6203 0.4hog
0.1378 | 0.09643 0.5959 0.1993
0.1540 0.1073 © 0.8037 0.5848
0.1640 0.1138  0.9134 0.67he
0.1815 0.1258 0.3920 0.2752
0.1988 - 0.1383 0.4536 0.319L
0.2163 0.1503 0.61L1 0.4%382
0.2400 0.1656 . 0.698% 0.5028
0.2715 0.1892 o.?65h 0.5523
0.2962 0.2066 0.82L5 0.6008
0.336k 0.2362 0.8930 0.6588
0{1389 0.05689 1.0038 0.755%
0.1597 - 0.1111
0.1736 0.1208  Sample B
0.191k4 0.1325 0.07221 0.0k061
0.2160 0.1k93 0.083k4L 0.057%9
0.2322 0.1625 0.09355 0.06528
0.2530 0.1752 0.1079 0.07637
0.2926 0.2033 0.1210 - 0.085h0
0.3133 0.2173 0.1316 0.09050
0.3k0k 0.2392 0.1keo 0.09912
0.1598 0.1111 S 0.1537 0.1075
0.1648 0.1284  0.07138 0.0L869
0.2209 0.1531 0.09113 0.06427
0.2556 0.1786 . 0.101k 0.07109
0.2973 0.2084 ' 0.111k 0.07778
0.34h7 0.2h01 0.1211 0.08453
0.3906 0.2746 0.13k49 0.09350k
0.4524 0.3187 0.1k65 0.1016
0.5057 0.3578 0.1604 ~ 0.1118



Teble I. (Continued)

_18_vf°

T c T C
(°K) (mJ /mole-deg) (°x) (md fmele-deg)

0.1778 | q.1g55_' 1.125 0.8590
- 0.19868 X o{;568" 0.208k4 0.1448
0.2167 0.1507 0.2302 0.160k
0.2367 - 0.16L48 0.2517 0.1761
0.2586 0.179k4 0.275k4 0.191¢
 0.28%2 .0.198k 0.3018 0.2105
0.3121 10.2175 0.331 0.2325
.0.3428 0.2h12 0.3670 0.259k
~ 0.4209 0.2982 0.%097 - 0.2899
- 0.1590 o.sesh 0.4712 0.3%21
0.4995 0.353% 0.5132 0.3632
0.5L61 . 0.3875. 7 Q.5678 ofuo5oﬂ
Qr59u7 ’ oih217’ 0.62L43 0.LL73
o}6ho8 - 0.14563 0.679k - 0.485g
016992 1 0.50%3 0.7416 0.53k9
0.7619 0.55351 0.8113 0.5930
0.8298 0.6079 0.8780 0.6436 .
0.9175 L 0.6776 0.95h1 0.7087
1.012 07631 1.03k 0.775%2
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and four parallel nei boours at a sli htl reater distance.
g g

- 20~

C: RESULTS AND DISCUSSION -~ . .0 , |

1. ~y-Manganese and Chromium

1

The y—manﬁanese érySual is ;ace ccnue*ed ueuraconulgo with ¢ = 3.5&A
and c¢/a = O. 9h Below-a Neel temperatufe of 660° K '1oné with n fﬂ ; 2.k
Bohr magneuOﬁs are allgned parallel to the c-axis to nroaucela magneulc
structure in which each ion haS eight antlparalléL nearest nelrhoonr°
' 22,23
The sheet- llhe samp¢e (0.007 .in. thlch) wa.s brepared oy‘electro—

2 .
lytlc dep031uwon under conditions known to proauce the! N-ph and

-the abseﬁce of Ci-phase material was confirmed by X—ray examination both.

before and after the heat capacity measuremenps. Ten such‘sneets (1 in.
by 2 Ld.) with a total weight of 16.3 gr were stuck together with GE 7031
veraish. As shown in Fig. L, the experimental points over the range-
0.066 to L.2°K fit the equation

¢(mJ mole ™t deg'l) = 6.055T5+9.20T+o;26uT‘?. ©(10)

The: electronlc heat ca0a01ty is somewhat hlgher than that determined by

—

_ Shinozaki et al.?p U51ng the ‘values, A = lOO by, I = 5/2 and 5 461k mm

z

: 26 ' . . . ; -
. Tor Mn55, an-lHel of 65 k0Oe is obtained by comparison of the observed T

term and Eg. (5). ‘The overestimaté of IHe[ arising from the neglect of

.y ‘s . . -2 ' .
electric guadrupole splitltings, which also gives a T term as the high

temperature tail in the heat capacity, is shown to be less than 8% by the ab-

sence of a measura‘ble_T.‘5 term in the observed heat capacity, and comparison
with other metals suggests that it is not significant. For example, if the

electric field gradient in <y-manganese is of the same order as it is in

sindium (whick“is also face-centered tetragonal and has a nuclear guadru-

pole heat capacity previously determined by'O’Neal),;6-the expected T



C (millijoules /mole — °K)
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term associated with electric quadrupole splittings_is onl Ly onc bC‘ th
SN
. i . N AN .‘-" P

R ) . ’._.' —2
~of one percent of the observed T  Term. By negleCulno bhe slight

) o S o)
tetragonal distortion and using sums of dipole.fields for cubic arrays,

the dipole field H.. ™ *is estimated to be -7.7 kOe. Since this
. : ~ dipole T : '

. o~ " R s - s 7 74 4 o4 T = =5 » 75 k .
experemenu determines on%y lHel, this b*VQ? g, Hdipole 77 or 15 kOQe

It is interesting to point out here that the value of He_for the

K

antiferromagnetic Cl-m ngaﬁese bas recenuly been det ermlncd calori-

ﬁmeu rically to be OO and 100 ﬁOe by Scurlock et al 28 and Stetsenkd

, 2 s '
et al., 9 respectively. However the CfYSu&l structure of a-menoaﬂese

is complex, the unit cell containin' 8 atoms distributed among four
) g :

%0 ' o . .
non-eguivalent sites.”” -Tons at each of these sites have different

. s R T S B e eas i :
electronic megnetic moments 5 and their nuclel will experience different -

hyne&fine Tields and also will see 4l ?erent dipole'fields. “Thus the
Iue of h deduced from the heat capacity measurements is the roov
‘mean square of the fields at all nuclei in the four different sites
weighted according to their abundances. We have tried to meke a furhbeﬁ
. . - L. 28, ' e .
analysis of the result of Scurlock et al.  *by assuming that the ratio
: , » .

o ) . ) 3
-of he ton of is constant for all sites. KXasper et al.,j could not
e L o , _

assign unembiguous megnetic moments to the various sites in a-manpahese,
but they did propose tvwo models . that were consistent with their neutron
diffraction measurements: Model A with l.5huB at the 2 type I site

2643

atoms, 1.5huB at the 8 type II site auomu, 3.08 kg at ube 2L type IIT
site etoms, and O at the 2L type IV 51te atoms, and mode B with 2-5OHB

" ot the 8 type IT site atoms, 1.70w_

at the 2 uyoe I site atoms, 2. BOu 5

B
at the 2k uyne IIT site atoms, and O at the 24 type IV site atoms. On

this basis :ﬁe obtain B /ﬁ off = = Lb ﬁOe/u " for Model}A and 60 kOe/u
. : ' : 2
for Model B ~as compared vltn 27 kOe/u for v-menganese. Itoh et al.)l'



ral
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in their NMR experiment on O-manganese found a small hyperfine field

~ B .
i Conah

v . ) DR A
of the order of 13 kOe and suggested that it might arise from Mn nucleil
t magnetic site IV, on which site & moment is absent or, it it exists,

§ true, our calculation mentioned above should

e

is very smell. (If it

(o]

be corrected, but only by a few percent. )
The chromium crystal is body-centered cubic and has a Neel tempera-

' ' 2 N0 32 . . .
ture near 510 K.” A long range modulation of the antiferromagnetic

moment distribution was observed and interpreted in terms of ‘an antl-
32

phase ahtiferromagnetic domain structure by Corliss et al. and

3L

Bacon.jp Later investigation by Shirane et al. strongly suggested

L L

~another ordered moment arrangement in which the magnitudes of the

mééneﬁic moments are sinusoidallyvmodﬁlated. They give a meximum Bohr
magnétron number of 0.29 but an average of 0.46, which is in good .
agreémént With the value for all moments deduced from the antiphase
model. In either case the hyperfine field at the nucleil is expected

to be rather small. Furthermore, for natural chromium, only 9.5

Cr5j'has nonzero nuclear spin (I = 3/2) and,also a small nuclear magnetic

' - 26 i . .
moment u = -0.L735L nm, Therefore, even with the smallest electronic

heat capacity among the iron series metals, the magnetic @yperfine heat
capacity might be still_dnly a very sﬁall fraction ofvthe'fotal,heat
capacity at O;O6°Kv the lowest teﬁperature 2t which we have been avle to
make measurements) and therefore difficult to separaLe from the dominant
electronic contribution.

Two high purity metallic chromium samples, both produced at the

Albany, Oregon Staiion of the Bureau of Mines, were prepared byvhydro-

gen purification of electrolytic chromium, followed by arc melting

“under helium atmosphere. Sample A was a' cylinder weighing 480 gr.
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Semble B,. with e uOual welgnt of 280 gr. ﬁas comnosed of five plate- ‘
WI*ke nleces hela togeuher through a central hole by a hlcn U fi%§ A g
copper bolt.. G.E. {051 varnish was epplied between finished surfaCeé
of each plece to pvov1de*a good thermal COHtéCb.

_The exoeerentaL daba for bOuh swmpleb are listedvin Tablé . : o
Using the lattice heat capac1ty value dgte?mlned by Rayne_gnd Kemp”’
froﬁ measﬁ?ements in1théaliquid-heliumifgmperatureé region,‘a piot of
(0—0.00778T5)/T versué T;‘as:shown'in'Fig. 5, giveé a sfraightvlinéf

Darallel to the T —ax1s._ Therefore, we have .

;}

C(mJ mole™ deg” 0.007781°+ 1.ksT. . (11)

The eleCur0ﬂlc heat capacity is iﬁ réasbnable §greeﬁent with £hat of
yne and Yemp 55 The lack of £he apéeafénéé‘ofvfhe'T—g Lerm &t
temperatures as low as 0.06°K suggeéfs that either theiHé~ value is
toovsméll to be obSefved or there is‘a Very‘iong nucleér spin-latticé:
'relaxaulon t;me, Tl' pAt d.O6°K the baCigrouna heat 1nbut'uo thel
sam?le @révented observatiohﬁol uhermal drift s fo¢low1ng neau‘c@pa-'
ciéy points forvmore than one minute. ”Ai this temperature,‘therefore,

.

we can-only conélude.that elther Tl> L min ér CB < 0.002 mJ/mole- eg:v
(oasea on uhe scatter of p01nts in Hig'.'-5'andiposs:"Lble;errors associ-
.ated with fhe temperatﬁre scale), which'corresponds to Helé 7.5 kOé.
st 0.1°%K the heat leak from the saﬁplé to the céolinﬁ salt éystem
'3balanced the'bac kground heau input, and l@ngev t%ermul d“lfts, up ©o

20 mlnutes, ould be obuained. The llnearlty of uhe drifts'Suggests | @

bhat at O 1°K, either Tl > 20 min . or C < 0. 002 mJ/mo -deg, which

now ves F w.l) XOe. - e ﬂi' - ",\v}

Y
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l/ 20 mln at O.- K_seems unlikely as compared with the
‘ . 56

However, T

'T,T values for otner meﬁals of the iron series, iron, cobalt, nickel,

1 o oo .
and a-uanganese.3 .This leads to the conclusion that the Hy value for

chromlum has an Lpper l.mlu of 13 kOe.

-

a9 o - o
Recently Stetsenko end Avksent'ev 9-rePorted that tney had found

an He of 150 kOe for chromium. We believe that the observed T term

in their calorimetric measurements must be associated with an impurity

effect or other experimental errors.
In Table 2 the He value for y-manganese and the upper limit of He
for chromium are compared with the corresponding guantities for iron,

cobalt, and nickel. In iron, cobalt, and nickel, the major contribu-
tion to He is the. core polarization term, Hc.. Calculations by Ve bson'
SR N - i}

and Freeman, and experlmenual date on salts of t e le lent lons,

: i :
i . . , » o
voth' suggest the approximete rule H (kOe)z 126 N pp TOr ions of the
first transition drbup elements. For uhe ferromagnetlc meuals this
rule gives an Hc close uO The observed H (see Laole 2) and ﬁot large
‘enough to compensate for the expected posiulve cont”1buulons.'-As noted
B - o l » o _,“ o -, 4 T Y

. by Watson and Freeman,™ the agreement bétween the observed Hy and the
calculated Hc mey be a consequence of the partial cancellation of the
 hs-electron contribution pointed out by Anderson and Clogstbn.7 .How-~

ever, it -appears that the estimated'HC is more likely to be too small

in magnitude than too large. TFor the antiferromagnetic me ls the

same rule gives Hé'w - 300 kQe for'v-mapganese and -57 kOe for chromium,“

. showing that the calculated Hc is too large or that the other contri-
butions are more positive than in the ferromagnetic metals.
P A ad

It is not clear how the ks-electron contribution would be affected

by the change from ferromagnetic ordering to antiferromagnetic ordering



o7s

but it seems possible that it contributes to the apparent difference
~ .

~

W ‘ . - - .i PRI
between Y-manganese and chromium and the ferramagnetic metals. Another
effect which might be important is the exchange polarization of th
3s~electrons of one ion By the 3d-electrons of its neighbours. This
effect has been noted as a possible source of the hyperfine fields in
C ] : s 1 . o~ . 1 - LSRR o~
diemagnetic atoms dissolved in ferromagnets™ and the sensitivity of
B
9]

the 3s polarization to the 34 spin density in the outer region of the

ion6 and the amplitudes of the Hartree-Fock orbitals at half the
nearesf neighbour distance suggest that it migﬁt be significant in

the pure metals. In a.ferromagnet with net spin t , the 34 1 spin‘
density on neighbours may tend to counteract the inward attraétion of
the 3s 1t electrons, making HC more negative and improving agreement

betwéen experiment and theory. In an antiferromagnet the effect . of

nearést neighbours would be reversed and Hc would be made less negative.
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Table »II. _v ObnserVed v‘riyperi“ine flelds He vand"dj‘.p‘olg. fiéldv gontributio‘n
‘Hd:':pole' All‘vf"ields are in kOe For chro%niﬁm, y-manga‘.nesé,- anahcp - g
cobglt the sign of rIe is not dete»lrminedv by the ehper'iments.‘ , .
Metal "iRefefencé‘ : H : Hﬁipole .wHe;Hdi?oiéA_ .
cr fhis»workv <13 0 <1 -57
'\/'-_Mn" A ‘.Thi's ﬁbrk + 65' B ._7_7‘_ o 57, + 75 o ~300
Fe' e 330 . if'b' o300 280
;00 (nep) > ee8 0 ‘  228 L T
Co (fccj e e o  .§_:'._215 'I‘ g  , -217
W a4 -8 - o ?8.0_.‘. R
a;"és;s{ Hanna, J. Heberle, G.J. Perlow, R.s. Prestop,‘aﬁd‘D.H. Vincent,
‘Phys. Rev. Lets. L 5;5 (i96d). | o L
:b.".Y..Koi, A. Tsujimaré,.T. Hihara,‘and'r. gushida,;J. Phys. Soc.
' Jepan 17, Suppl. Bl, 96 (1961).° | o
e. A.C. Gossard and'A.M.‘ Portis,‘Phyvs. ‘R'ev. vLettI. 2, 164 (1959); _
4. R.L. Streever, Phys. Rev. Lett, 10, 032 (1963). -
! 7
- | ]
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Teble 3.

~

Heat Capacity of Yy~Manganese

- -29-

© 0O 000 00 000 OO0 00 0 0 O O O O

O O O O 0O O O O O O

- -
(SK) (mJ/mole-deg) (°§) (mJ/moge-deT)
.C6500 éo}é; 0.5029 5.629 '
06846 '55157 0.5426 5.859
07506 19.18 0.58%0 6.157
07822 435,88 0.6303 - 6.502
08553 37.23 0.6858 5.816
09526 1 29.95 0.7455 7.255
1039 25.7h 1 0.807L 7.751
1156 . 20.6k - 0.8723 8.19%
1236 18.53 0.9450 8.829
1Lko 15.94 1.023 9.598
1047 25.29 | 1.078 10.04
1%67 20.70 0.1793 0.76k4
1250 17.79 ©0.1919 8.895
1363 15,43 0.2038 8.120
1483 13.16 0.2khl 6.559
1598 11.75 .0.2728 5.881
1708 10.51 0.3039 5.507
1818 9.613 0.3338 5.246
1936 8.720" 0.3630 . 5.399
2060 6.010 0.3963 5.410
2213 70330 - 0.43h1 5.5k9
2hok 6.695 - 0.4725 5.728
2608 - 6.117 0.5086 o 5.7h2
2817 5.802 0.6222 6.%87
5038 5,473 0.66k44L 6.621
3280 5.2L7 0.7097 6.861
3549 5.2L7 0.7626 - 7.43%9
3857 5.280 0.8275 7.9k2
Loos '5.512 0.9042 8.579
R 5,589 0.9941 9.20k
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Table 5. (Contimued) . .-

T o R
(°K) 0 (mIfmole~deg) - 7 (°K) - (m/mole-deg

OTL o 9.950 5787 38k
a5 1081 kot 41.15
| 11 S ko 0 h2.s0 ;"““
188 11.5k
277 . 1201
o2 13.38
skl 1k.s7
869 - 17.8h

W

205 . . - 1L.63 .
A35 1380 -
5% oAk
668 . 1s.99 -
.8m.4§”“'”f4 T17.09 ,
957 . 18.88°
118 L 20.h7
279 T 2199 -

- -:” , . ;ff 23 .67
3 5.6k
B0 2T
o1 . 29.80
L 3235 |
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Table~k. | Heat Capacity of Chromium Cread
T o < T C
Cx)  ~  (mJfuole-deg) . () (I /mole-Geg)
Semple A: ' L 0.2258 - 0.3257
0.07039 :0.1018 0.2k27 0.3519
0.08%58 ' 0.1197 0.2585 0.3778
0.09019 0.1301 0.2905 0.42L1
0.09785 0.1417 0.308k - 0.Luép
0.105k4 1 0.1526 0.3289 0. 4775
0.1139 0.1662 0.38h1 0.5572
0.1217 0.1771 0.4172 0.6077
0.1319 0.1926 0.277L 0.4015
.06965 0.1011 0.2965 0.4305
.090%0. 0.1512 - 0.3190 0.14625
.09821 0.1k12 0.3432 0.Lo3h
. 106k 0.1530 0.3729 0.5427
.11&2 ' 0.1667 0.4052 0.5859
.1227 0.1778  0.b398 0.6576
.1322 0.1921 - 0.4777 0.6981
1435 0.2086 - ' 0.5170 0.7528
L1545 0.2258 . - 0.556k 0.8078
1651 0.2379 ° 0.6368 0.9251
L1770 - 0.2585 ‘ 0.6810 0.9987
.1895 0.27352 ' 0.7316 - 1.070
.218L 0.31Lk7 0.7912 1.157
.2350 0.3L448 0.9470 1.3886
2543 0.3712 1.058 L35
.1200 S 0.1725 1.157 1.683
.128L 0.1875 -, 0. k72 © 0.6511
157k 0.230k 0.4908 0.7125
L1712 0.2k6L 0.5414 0.7893
.1866 0.27%32 0.5921 0.8661
.2056 - 1 0.3011 0.7003 1.021

O 0O 0.0 000 O OO0 000 0O O 6 0 o o o
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2.  Gold-Manganese

~
In order to meke a further test for the above observation of hyper-
fine fields in antiferromagnets, the value of He at Mn nuclei ina  ° . 0 v

*

single crystal sample of. gold-manganese alloy near the composition

- Aukin was measured by calorimebric method. " This alloy, with an uCubal

.

gold content of 51.5 at.%: forms an orqered bOQJ cenuered tet ragonal o

- structure with ¢ = 3. loA and ¢/a = o, 97. o1 (In Pig. 6, the magnetic -

structures of v—manganese and vold—maDEanesg are shown for comoar“ oh.)

Mn ions with ne¢9 L Bohr Taﬁnetons are al;gncd to p%oduce a mawnetlc

stiructure 1n which successive fevromagne ic Tayers in the a1 f rro-

magnetic arrangement are perpendlcular to the c-axis. [ Tnerefore,

.

each Mn ion has two antl-paraITel Mn-ion nearest\* eig Voou s and four
| . v _
parzlilel Mn-ion meighbours at a slightly ﬁreater dl"*apce

[ . :
The heat capacity measurements were mede between 0. lL and l 18 K.

The data below 0.8°K fit the equation _
1 - : .o _,5 . —-)—l- o
C(mJ mole™ ™ deg l) = 1.05T + %.217T 2 - 0.001567 . (12)

The T and T _ terms were determined by the slope and intercept of a

plot of CT wversus T5 for the temperature reglon between Q.h and O 8 k

-

. 7, and the T = term was determined as explained below.

&

as shown in Fig
° - . ’ - .,.

Lbove 0.8°K the lattice heat capacity becones observable. Tuls contrl-

bution is only several percent of the ftotal heat canac*ty for the hlg -

temperatures measurements, and it i therefore not possidble to dctcrml e -

the coefficlent of the T5 term accurately.
' 26(2

o . . )
HAu/}“LMn = 0.00]_-)?,

Since Au nuclei have very small magnetic moment
the observed hyperfine heat cepacity can be considered to come from Mn

nuclel only:  An IHe] of 320 kOe &t Mn nuclei is thus calculated from

-,

the T term. (Actually even with an He' of 2000 kOe &t Au nuclei,’
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whichh is presumably a high guess

“ . N

3
P

N
]

at Mn

'

[ 633
ct

till only 7.5) of the cbserved T

nuclei drops only from 320 to 308 kOe.) This value ig used to caleculate

i

he expected T  term-in‘the heat capacity, which is that givean in Ig.

ck

~

}._l

2

1T +t Mn nuclei in this

[N

S

[¢]

lear f

el
I
V]
o
‘o

gain the observed He

antiferromegnet, as that in Y-manganese and chromium, is smaller than

126n = 500 kOe. The fact that |H

eff

~l/5 for VY-manganese might well pe understood by considering the

| /126n .. > 1/2 as compared with
e eff

different numbers and distances of near Mn neighbours. That is, each
g 2

Mn ion in AwMn has fewer (2) and more remote (3.16A) nearest Mn neéigh-

} : o .
bours with anti-parallel spins then it does in ¥-Mn (8, 2.594).



Table 5.' Heat Capacity of Gold-Manganese .' :

m - |
k) (mJ/mole-deg) . O (*K).  (mI/mole-deg)
0.202k s 0.5770 - 10.19
o.2kok . 55,32 0.6476 : 8.281
0.2630 . . L6.29 0.7200: 56.959 .
0.2000 . 37.79 0.79%1" 5.010 -
0.3225 o 3L.02 0.3750 5,141
0.3529 - . o 25.09 . 0.970k 4. 482
0.3813 . . 22l . 1.047 h.1k2
o.bo80 - T 19.63 . 1.096 3.915
S 0.l3s2 1731 LT 376k
C0.k613 .15,k 0.1kob 158.3
~.0.k568 1546 0.1532° 133.0
- 0.5h59 o 11.28 0.1687 111.3
0.6050 9.277 0.18L0 9k.99
0.6748 T.773 " 0.2005 80.L3
0.7432 6.606 0.2583 48,41
0.8245 L 5.65% ~ 0.2810 Lo, 6k
0.899% S L.983 0.3055 - 3k, 51
- 0.9782 S bS8 0.3383 28.43%
S 1.026 o henl 0.3598 2% .89
1.095 3.9%2 0.3397 20.39"
1.161 . 3779 0.4303 17.69
0.28% . . - ook 0.4679 15.0%
.0.3087 R 33,69 - 0.5155 12.55
0.%3L23% ' - 27.62 0.5718 10.k1
0.3767 -+ - . 22.98 0.6L18 8.4567
. 0.5077 S 19.68 1 0.7186 6.931
0.k325 i ©17.5% 0.8001 5,05
0.u4547 . 15.86 0.9015 L.95L
- 0.4818 o 1k2 1.000 Loshy o
o211 . 1230 0 1.078 h.027
11720 3759 $0.1997 79.73
0.1646 - . 1155 0.2025 76.91
0.1750 - . 10%.4 0.2229 k.92
0.186 90.17 '




5. Dilute Osmium and Platinum in Iron .

In alloy of iron with 3.21 at.% Pt was prepared by melting 99.999%

iron sponge and 99.9% Pt fcil chips in a helium atmosphere, and was

homogenized by annealing for 20 hours at 1300°C. A sample containing.

0.75 at.% Os in iron of the same purity was supplied by Johnson, Matthey

and Co., Ltd. The heat capacity of these two alloys have been measured
from 0.08 to 1.15°K. The experimental data were analysed by plotiing
2 2 N ; o e e Y s -
CT ™ wversus T7, as shown in Figs. 8 and 9. The straight-line regions of

these plots gave the T ~ and T terms in the heat capacities,

a2 - oo
C(nT g7 des™l) = 8.36x107°7 + 1.12%07 T2 S (13)

o

for 0.75 at.% Os in Fe, and

‘ -1 -1 = -2 P T~ _
{ C(md g™t deg™) = 8.25%107°T + 1.khox10™0T - (1k)
|
L e s -2 N
for 3.21 at.% Pt in Fe. The observed T terms were corrected by sub-
tracting the contribution expected for the iron nuclei in pure iron

(the corrections were 3.3% and 0.25% for the Os and Pt samples respect-

ively) and were then used to calculate He values. The calculation was
7

. . T~ R ; . S
based on the following data  for the isotopic abundances, spins, and
187 L N 18
nuclear moments: 1.64% Os [ ith T ='1/2,u = 0.12mm; 16.1% Os 2

=
=
}__)
ctk
y
}._
it

I=3/2,u = 0.650Tmm; 33.8% Pt with I .= 1/2,u = 0.600kam. The

resulting velues of He -~ 1100 x0e for Os and 1390 kOe for Pt -- were

: | - -
used to calculate the expected T  terms in the heat capacity. (The
. ' "
contributions of the iron nuclei to the T  terms are completely neg-

ligivle.) On this basls, the hyperfine heat capacities of the solute

-1 T b a8 b
c(mr g™ deg™) = 1.08x10™ 02 - k. 5330000~

li

(15)
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and
e S _ : B .
. . Yoo . omaa L h PRI
-1 ST D - -6 L R P
o(mT g™ geg™") = L.kox10 Srf L1spacTrT o T T (16)
for the Os in Fe and Pt 'in Fe sam les, respectively. "As shown in Fig.9,

. - . Y B . o . .
. - L, : . N N
the expected T - term ig in good agreement wi h experiment Tor the PU

in Fexsample. Fér.the_aétinvFe semple, thé expected i term is about
2% of the totgl héaé.éépaciﬁy at O.IOK wnlcn is onLy :llghtly ﬁore
than the sc*tfer‘in the déta._.It is difficult to put limits Qn the
accufacy of the H-‘véiueé;vWé éxpect an'errof of no ﬁore than 2% in
;he total heat capaCWuy near 0.1 K, which would in oduce a compérable

error in He, but”errors associated with the.presence of trace quantities

of elements. vl h large nuclear moments might add to the error. It seems

unlikely that changes in He'aﬁ iron nuclei brought about by the presence.

of the Cs or Pt impurities would contribute significantly to the error.

In Table 6 the HC values for Os and Pt are compared with those for

neighbouring third-transition-group elements,. all in dilute solution in

Fe. For Os, Ir, Pt, and Au, the values are approximetely the same, but

for W and Re the values are smaller by.approximately a factor of {wo.

The Mossbauer effect has been Obse“ved for the 99-keV (I = 3/2)
- 195 - N | _
state of Pt dissolved in Fe, but the eypected six- llne spectrum is

8. . . , .
1ﬁcomp7euelj rﬁsolved 3 59 and no unamblguous a581gnment of he and Ld
excited-state moment u . has been made. iments on 10 at. % Pt in
exc .

. Lo '

Fe give = 1200 kOe < H, < 2000 k0e and —O 8nm < u oo < 0-17 mm.  The

exce -

value of Hé reported here therefore_suggests.the assigmment = ~0.7nm.

]
|

o4l : ' ;
Cameron et al. have measured the temperature dependence of the

olm . - - ' : 191

- - ) 1 l . o -
Y-ray anisotropy from 4.7-sec Ir formed in the decay of Os s which

was dissolved in Fe.. The interpretation of helr eynerlmen depends on



-

Table 6. Eyperfine fields at the muclei of third-transition-group

~

elements dissolved in iron. For W, Os, and Pt, the sign of Z_ 1is

Allovl He at.SOlute Methoéo » Reference
wieleus (kOe) '
WFe 760 ME c
Re-Fe -510 c d
' ~570 e
Cs-Fe '1hoo c . Thié work
r-Fe v © 1350 . C ’ e
PtFe C. 1390 C Tnhis work
| .
u-Te -1k20 ME £

a. A.V. Kogan, V.D. Kul'kov, L.P. Nikitin, N.M. Reinov, M.F
or. Fix. 43, 828 (1962)

and M. Schott, Zh. Eksperim. i.

b. Method: ME = Mossbauer effect; C = heat capacity.

c. E. Kenkeleit, Bull. Am. Phys. Soc. 10, 65 (1965).

d. 0.V. Lounasmea, C.H. Cheng, and P.A. Beck, Phys. Rev. 128, 215% (1962).

e. A.V. Xogan, V.D. Kul'kov, L.P. Nikitin, N.M. Reihov, and M.F. Stel'maki

Zh. Eksperim. i. Teor. Fix. L5, 1

1963) (Translation: Soviet Phys.
~JETP 18, 1 (196k4) ). '
£. R.W. Grant, M. Kaplan, D.A. Keller, and D.A. Shirley, Phys. Rev.

13%, 1062 (1964).




e

whether the spin-lattice relaxation time of Ir in Fe is greated than or
o~ o . PR ey

less than L.7 sec. If it is much greater than 4.7 sec., the observed

-

anisotropy is characteristic of the 0s™ ", and the assumption of the

- Schmidt single-particle value of the megnetlc moment for the excited

.

gtate leads to the assignment H, = 5000 kCe. Cameron et al. concluded
that this was unreasonably high, that the relaxation time must De

smaller than 4.7'3@0.,‘and that the observed anisotropy was character-

istic of Ir . They then used the value of He for Ir in Fe guoted in
. . i} PR - 19im . ... .

Table 6 to calculate |u| = 7.3%#1.5mm for Ir ? , which is in reasonable

agreement with theoretical predictions. The value' of He for Os in Te

[oE]
—t

[¢]

reported here supports thelr analysis to the extent of showing that

for Os in Fe is in fact much less than 5000 kOe.



Table 7. Heat Capacity of Dilute Osmium in Iron .
T c s ¢
(°x) nJ /gramn-deg) ( °K) (mF/grem-deg)
0.08276 0.02345 0.4735- 0.035998
0.08897 0.02171 1 0.508k 0.04287
0.1033 © 0.01880 0.5429 0.04580
0.1134 0.01818 0.58k2 0.04%650
0.1247 0.017k6 0.6312 0.05%26
0.1365 0.017k2. 0.68%6 C.0575%
0.1ko2 0.01753 0. 736k 0.05201
0.1627 -0.0180L 0.7945 - ¢.06700
0.1765 0.01860 0:.8615 | 0.07272
0.1925 0.01899 0.9315 0.07801
0.2095 C.01996 0.997L 0.08451
0.2266 0.02112 1.088 0.092%2
0.2L48 0.02251 1.160 0.09675
0.2617 0.023L4L 0.4074 0.0k199
0.2792 0.02479 0.5468 © 0.0bG10
0.2981 0.02622 0.35940 0.05026
0.%202 0.02790 0.613% 0.05427
0.3426 0.02971 0.6995 0.05898
0.362L 10.03185- 0.7580 0.06379
0.3809 0.0%258 0.8200 0.06851
0.4015 0103447 0.9019 0.07567
0.4218 0.03566 0.9668 0.0838¢
0. Lhk7 0.03797 1.070 0.09001




.06839 S

| Table 8. Heat Capaciby of Dilute Platimum in ifon :¢;§;
T - C T S o
(°K) (m3/gram-deg) (°x) (mJ/grem-deg)
OTTHT ~0.2011 0.2751 0.0b119
08411 0.1768 - 0.2993 - 0.0k028
09056 0.1597 - .0.32k4L 0.0%026
0982k " 0.1370 ©0.3504 0.0403L
09259 0.15%9 -'0.3773' , 0.0h096
1008 0.1352 0.h057 © 0.0k191
1099 0.1149 . 0.1363 0.0k43%28
1195 0.1007 0.4677 0.04k90
1296 0.08821 0.5031  0.0b716 -
1407 ~0.07880 ©0.5435 0.04568
1520 0.07135 ~ 0.5836 0.052L6
1638 0.06%22 ° 0.6329 0.05581
1785 . 0.05721 - 0.7977 0.06800
1oLk 0.05291 L 0.2773 - 0.0k106
1071 L 0.1212 1 0.3109 0.0401L
1165  0.1055 10.3456 0.040LT -
1270 0.09162 0.5762 - 0.04090
1382 0.08117 '0.ko8k 0.04210
0.1502 0.0715%9 - 0.4779 0.0k551
1646 °0.06323% 0.5267 ~ 0.0k4828
1811 0.05691 015708 0.051k2
1998 ©0.05085 0.6252 - 0.05550
2209 10.04658 0.6773 0.059k4k -
AL 0.04%35 0.78L 0.06800
2617 0. 0kLTh 0.8500 ©0.07228
1806 0.05718 0.9050 0.07762
1966 . 0.05Lh1 . 0.9747 0.08266
2141 0.0L807. 1.155 0.09795
2331 0.0kkT2 ©0.7234 0.06330
2528 '0.04269 0.791k 0
.8636 _ 0.0737h '1.019 0.08676
' - 0.07992
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“ .. FIGURE CAPTIONS . .. .
I Part IV ’ |

1. .Schematic diégram.of the ép?drafus.
- ._ , 2. Construction of a two-salt system.
3. .Thé heat capacity of copper. o: Sampie Ay o: Sample‘B.
L. The heat capacity of ry-manganese.
5.' The héat capacity of chromiﬁm. 0! Semple’A; o: Saﬁple B.
6. The'mégneﬁic structures of y-manganese and gold-manganese.
7. The heat capacity of gold-manganese.
~8;.:The heat capecity of an alloy of 0.75 at.% Os in Fe.
9. The heat cepacity of an alloy of 3.21 at.% Pt in Pe. -
{ The T-h term of the dashed curve was cdlculatedAfrom the

B

ey . -2 . . T s
. fcorresponding T = term determined in the straight-line region.

PR

at higher temperatures.




beeav1or of dlfferent pronerules of dilute alloyo of tren

.
Ocp

II. HEAT CAPACITIES OF COPPER-MANGANESE ALLOYS BELOY 1°% .

A. Introduction

'Recen ly, cons1deraole aouentlon has been given

0
o
prs
[y
o
3
-3
O
f
9
~
2]

in non-marnCulc nosts such as coover, sllve-, gold zine, ete. _There.

o : 2. s od s
‘appear to be'at least tvo tyoes of these dllute alloyS' - one typified

g’

Y coprer-manganese whlch saows both a resistance maximnm and a minimum

and a cooperative magnetic tran31tlon at low tem oeratures, and enother

typi fle d by copper~iron waich shows only & resistance minimum and also
no ev1dence th t *he magnetlc t tion is coopera tlve in nauure.' So

far most of he uheoretlcal approaches to this provlem are based on

{ . !

experlmental resulus. Therefore, more well—de gned exocrlmenos might

be Lseful stlmull to the theoretlcal studies.

Arr'onr'r these dlluue alloys, the copperfmanganese systcm has been

‘ 1
partlcularly uhorouﬂhly studled bo th ewperlmentally and uheoretically.,

3

The equlllbrlum diagram of the c0pper—manganesc sysVem shows a contin~"

“uous solid solution at high temperatpres between copper wnd the v form

of manganese. The face-centred cubic struct ure can be retained for

'quenched alloys except those with more than gbout TO at. pun, vwhich oe- .

come face~centred tetragonal w1uh an ax1al ratio 1ncrea51ng cont nuonslf

L ' :
with copper content. The magnetic oen v1or of this system, on tne other

hand is rather compllcated. The manganese-rlcn alloys are tynlca

4anu1ferromagnetlc due to the coupllng benvcen Mn ions as the manganese

concentrauwon becomes preaomlnam.5 No conclu31ve resu lts buu some

.,

_1na1catlon or:uhe presence of short-ranve mawnetlc orde ing nave been

experimentally observed over & large renge of intermediate alloy ‘composi=-
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tions. For manganese-rich alloys neutron diffraction experiments

~ - .
e oY P

give an effective magnetic moment which decreases with increasing copper

content and extrapolates to n of ™ 2. H'B for y-manganese. The apparent

decrease,with increasing copper content is perhaps a consequence of the
concentration dcpendence ‘of the Néel 1 nerature. For dilute manganese .
T-11 L,

alloys a numper of magnetic measurements - suggest a limit of neff=*ﬁ
at zero concentration and a slow decrease in n or with increasing man-

ganese content.

The anomalous resistive bevehilor of the dilute copper-mahganese

alloys-~a maximam in addition to the minimum at a higher temoev ture
s . - . . 12 . . . iy
~-was Tirst noted by Gerritsen and Linde. later investigations by

Owen et a1.t00tt (

electron spin resonance, nuclear magnetic resonance,
and magnetic susceptibility measurements) and by Schmitt et ;l.
(magnetization, resistivity, and magnetoresistivity méasurements) sug-
gested a high-temperature paramagnetism with‘a positivé Curie temperature
mut a gradual transiticn to antiferroma gretlsm with hysbersis effects

Y

at lovw temperatures. This kind of behavior.can be understood in ter:s

o)

of competing ferromagnetic and anti ferro egnetic interactions of differ-
. L1
ent strengths.

The observatloﬁ of en anomalous low- -bemperature heat capacity’
assoclated with the above .effects was first carried out on a sample with
1% A+ @ W - - ‘ o . 15 P : Aoy 16 3
0.15 2©.% Mn by de Nobel and du Chatenier. Zlmmerman and Hoare made

a u“ther study above 2° K covcrlnr a wide concentration range. At the

lowest temperatures of their measurements, the excess heat capacity

(heet cepacity of the alloy minus that of pure copper) seems to have a

1limit which is linear in temperature and independent of manganese con-

X 17,18

centration. To explain this anomaly, Overhauser has postulated o



4

or antiferrbmagnetism involving the concept of a static

9

12V

Fy

nmecnanism

-2
4

. .
: .

¥

1

pointed out some’

[67)

(.

L. < . s . L
pin-density wave in the conduction band. Marshall

objections to this mechanism and gqualitatively explained the results by
20,

'

using the Ruderman-Kittel-Yosida spin interactiorm.

\Y)

;
~  Both theories

‘suggested that there is some degree of randomness in the alloy, which is

essential to explain. the anomalous heat capacity, but they gave differen

©

origins for this randomness. . The Marshall theory has recently been mad
oo . .

guantitative by Klein and Brout.
Experimentally, however, the existence and behavior of the low-

temperature limit of the anomalous heat capacity in dilute copper-

s . FI o p 4 4 SN R

manganese alloys was .deduced from a narrow temperature range.” - It is

obvious that measurements.at lower temperatures are desirable. So far

_ ‘ . =5, B
such Imeasurements have been reported by du Chatenier and de Nobel ~ for

H

tﬁo é}loys containing_l.o and_b.lB at.% Mn, ?espéctivelyt Their results
gave no exact conclusion in ﬁhis_respeét because of é steeply riéing
hyﬁerfine heat capacity (which corresponds to & hyperfine fiéld Hé = 470 kOe
a2t Mn nucléi) at the low-temperature end of the.measgrements; Their

results did show a smaller value of thevexcess heat capacity below

'

o, . \ , L . o O0up - ' . )
han that extrapolated from the above 2 K measurements by Zimmerman

:)-\l
¢t

|-+

and Hoare, but a good estimate is necessery to analyze for the contri-
bution associated with the magnetic ordering, CN' By exanmining their

results, we found that their determination of this contribution was not

o]

satlsfactory. At temperatures below O.l°K, a large negative T = term

L

in the heat capacity is expected from the reported Hc’ but was not

~
=%
20

<3y
ON 7

) . - . A
- . - - U -~ PO,
observed. Consequently, there is a discrepancy (LOﬁ-at 0.1°K an
° . e 5
at 0.04°K, the lowest temperature of their measurements) between their
reported H and their measured heat capacity which réises & question



-55 .

about theilr measurements.
A

-

The conpev—mancaneoc system is not ideal for calorimetric investi-
- ' gation as far as the low-teﬁperature behavior is concérned because of
the presence of the hypéffine contributibn. Howe%er, the other exten-
sive investigations for %his system ehhancemthe irmterest in the caleri-
metric measurements and further measurements seem\desirable. FPurthermore,
the hyperfine heat capacity itself is of some interest.

In Part II of this dissertétion heat capacitieé of severai dilute
copper-manganese alloys below 1°K are feported and discussed.
ments were also made for several high manganese concent copper-manzanese
alloys for comparison with the previous work in the ligquid helium temper-

5

. - 24 , . . o . s
atures by Zimmermen and Sato  and to obtain the hyperfine heat capacities.

B. Results and Discussion

1
1. Samples

The heat capacities‘of a total of eight copper-manganese alloy

s

samples with 0.057, 0.1k, 0.59, 1. 07, 3.19;. L3.5 58.6, and 95.9 at. < Mn,

respectively, have been measured below 1°K, with the seme apparatus and

procedures described in Part I. The first five dilute alloys, large
R=l

cylindricel samples ranging from 80 to 400 g, were prepared by induction-

melting high purity copper (Americen Smelting and Ref 1alng Cempany,

- : ' 99.999% pure) and high manganese content copper-manganese alloy ingots
in a graphite crucible under an argon atm ere. PSince carbon and

manganese are rather reactive, the high menganese content alloy prepared

(D

previously in an arc furnace was used instead of pure manganese as the

raw material to let menganese go into solution before coming into contact

with the hot carbon wall. On the other hand, because of the nigh vapor

pressure of manganese, the actual manganese concentrations of these dilute



alloy semples are different from the initiel values of the raw raitericls
e L

before melting. 'Therefore, the values given above, which will be used

as <the basis for calculations in this work, are actually the average

values of different colorimetric analysis results for thin disks cut

~

from both ends of the cylindrical samples. .. In Teble I all these values

1

isted. Teble I shows a spread of about 10% in the values which

*-l

are

H

“yresumably reflects the precision of thevandlysis'and'also the irhomo-
' geneity of the samples. |

The other three saﬁples, about lO‘g each; were supplied by the
Scientific Laboratory, Ford Motor Company. ,Therrclétively small-size

‘gave a rapid quenching and perfect retention of <y-phase.



Table I. Manganese concentrations of dilute alloys used in this wori..
AlL velues are in at.% Mn. Ci is the initial concentration of row
materials before melting; ¢ _-and C_ are values determined

top bottom

¥

colorimetrically for thin.disks cub from the top and bo

the cylindrical sample (Two sets of these values are obtained

Ul

T
independent analyses, except for the highest concentration cne); and
ol is the average of all analyses for the sample.
average .

c.16  0.1kh | 0.138 | 0.1k

0.06 0.058 i 0.057"




2. Date Analys

Meausrements for the flve dilute alloy s D*Cb verc extended to
about 0.05°K, where the T term in the hyperfine heat capacity CN

should become cbserva ble and co Td be used as a che < for the assignment

of *the. H value.. Slnce tne magnetic heat capacity C associated with

ct

the Mn spin order 1ng is large as expeczed bub not 50 31mole as linear
in temperature, the analysis of experimehtal du a is carr 1ed out Dby
determining the hyperfine heat capacity first. This was done for each

. ' S 2 . S
sample as follows. By plotting CT wversus ‘I‘3 for a certeain temperature

. -4 ' s oan
. range at wnich both the T  term and CM are relatively small compared
B - _

with the T  +erm in the heat capacity (therefore the devietion from

the linear temperature dependence of CM‘is also insignificant) and

extrapolating to T'= 0, the T  term was determined. Since it is
t
impossible by these measurements alone to determine the contributions
from Mn and Cu nuclel separately, the value of H at Mn nuclei is
: o . e . .

7 PR : L) . '__'-2, . L A 49
calculated from this cbserved T term by neglecting completely the Cu
nuclei contribution. Therefore, this V“Wue should be considered only the
upper limit of He at Mn nuclei. The expected T = term is then calculated

N

he He value, and compared with the lower temperatures points.

ct

Lo mon
irom

Figs. 1 and 2 on ow these plots for the five dilute alloys and also show
. -4 : ' ’
that the calculated T term is &t least consistent with this analysis

of the datae. The values of Ce @nd H_ thus obteined are listed in
. - (G . .

Table 2. The scatter.of the He velues (around en average of 305 kCe)
. : U :

is oe71evad to ariseé from the uncertalnules of the avera ge manganese

‘concentrations ¢ . discussed previously. Since Cﬂ is;nroportlonal
. average n T
2

to cHe, an Ucertainty of lO% in ¢ will introduce a correspondingvun-

certainty of % in J .) These results are substantially different from
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Teble 2. Hyperfine heat capacities CN and hyperfine fields o

nuclei of 7Y-manganese and copper-nmanganese alloys. The He values are
. . - , . -2 . . . , .
determined from the observed T terms in CN by neglecting the contri-
-l . :
vutions Trom Ce nuclei. Tor the dilute alloys, the T  terms are cal-

o

culated from the corresponding He values (sece text). The sign of H

is not determined by the experiments.

Alloy Temperature range ‘ o ' Hé
L 1N

(at.% Mn) of measurements (°K) (rnJ /mele-des) {x0e)

0.057 0.067-1.2 - ' o.oo552T‘2

21.67x10™ 7" 315
S | _ .
0.1k 0.058-1.1 ©.0078277" .
23350701 300
. ] S
0.99; 0.065-1.2 0.0310T
: -5 L
g 1.25%107°T | 290
i , . : '
. 2
1.07 - 0.060-1.2 0.0700T
' -5 b -
~3.25%10 “T 32k
5.19 0.054-1.0 o ouiThT?

1
—3J
2
X
,._J
O
3
n
\O
o

}._l
\0
o

o . o 2
L3.5 0.18-1.1 Cof ot 1.00T

58.5 0.17-1.2 ~ 0.930T 160

93.9 0.17-1.0° 0.36017° 79
< 1 —2 -

100 (Y-Mn) 0.066-L.2 o 0.264T 65
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‘capacily can be well separated into the T and

50~

. - . . o : O W
Mn semples on the basis of the same assumptlon). At T < 0.17K our
measured heat capacities and theirs are both closely proportiocnal o

manganese content but our value of the proportionality constant is le

*

EN - o
tempera

om assigmment H = 470 xOe.

an half of theirs. However, as pointed cut in the Introduction, the

PR

The sum of the electronic and magnetic heat capacities is finally

determined by subtracting the hyperfine contribution from the measure

heat capacity, and is shown in a plot of (C—CW)/T versus T in Fig. 3.
. AL

Since the hyperfine contribution predominates in the low-temperature

end, Pig. 3-shows only points above a temperature for which (C-CN) is

n

. ! . s 2 N . - . : .
till about 20% of the total heat cepacity. (This temperature is

different for different alloys.) It should be noted that the points at

‘

these temperatures, therefore, have possible errors up to

1

% as the

o . 2» i N L , ;
those of du Chatenier and de Nobel > (He = 470 kCe Tor 1.0 and 0.135 at.p
“~ . P N .

pel

ture dependence. of thelr heat capacity is inconsistent with theilx

total heat capacity has an estimated accuracy of sbout 1%. Furthermore,

there is a possible uncertainty associated with the difficuliy in

-

: s 2 : . S . X
assigning the correct T = term..-: This factor might be related to the

apparent leveling off of the (C—CN)/T velues with temperature at the:

5
9

low-temperature end for several alloys, which, therefore, should
be teken into consideration too seriously.

For the alloys with 43.5, 58.6, and 93.9 at.% Mn, the total heat
_ _ ‘ .

3

terms by plotting

2 3. ' ! '

CT™ versus T” as shown in Fig. %, in which the results for ~-manganese

are also includeéd for comparison: The straight lines give

- - -1 =
“C(m3 mole™  deg T) = L.07T 4 2

i

=
(@]
-3
=l

}.
H
(@)
(@]
3

N



(C-Cy)/T (mJ/mole -deg?)
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for the 43.5 a2t.% Mn-Cu sample,

. - "l - — ._._‘2 ~
C(mJ mole L deg ) = 7.43T + 0.930 (2)

~ !

- P Z T RN . ; S
oY The DU.0 &T.p n-Cu S,&ﬂlpl@‘. and

- - I

- L =L bt ~ ' T JARAERY

Cimd mole deg ) = 10.0T + 05007 Vo

for the 93.9 at.% Mn-Cu sample. Again we assume that the contribution
to Cw from Cu nuclel is negligible, and calculate the He value for

. . mm2 - , .
nuclei from the observed T term. The C_.and H wvalues for these
three samples and for Y-mangenese are also listed in Table 2. TFor these
alloys the linear term is somewhat higher than that determined by
2L '

Zimmerman and Sato in the liguid-helium temperatures

Cregenty 1s 00 serlious.

In Fig. 5 a plot of Je versus the manganese content for the eight

alloys and Y-manganese shows a striking festure -- a more or less linear

relation between these two factors. A However, one should keep in mind

thet for all alloys the H wvalues obtained in this work are only upper
e

ct

limits for the He veluves at Mn nuclei. There is no way at the presen

time to Jjustify in general the assumption that the contribution to CN

- - . . ' 25 . L
Zyom Cu nuclel is negligible. However, Cemeron et al., 7 using the

nuclear polarization method, have determined the H_  value at Ma nucleil
<

in a very dilute manganese in copper sample to be 280 k0e. This is in’

good agreement with our results for the dilute alloys in view of the

experimental uncertainties in both methods. On the other hand, if 280

kOe is taken as the correct value for He st Mn nucleil for the dilute
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loys and the extra hyperfine contribution to the heal capacity is

assumed to come from the 12 nearest Cu ion neighbours of each Mn ioxn,

the root-mean-square hyperfine fiel nuclei is 45 kOe.

2
o
ct
cl
o
D .
“n
¢
(@]
<
(@]

The only de;lﬁ’ te conclu51oq unmb one cen state is that H_ increas

more rapldly thwd N, pp 0 going from v-mangenese to the dilute alloys,
in contrast with the often-applied rule that He/n np is & constant for
- e’ eff

an ion in a gilven system. Furthemmore, the He/nepp ratios are cppreci-
LL |

bvly less, even for the dilute alloys, then that suggested by the core-
2 D sl P

ably
polarization calcuiations. In this regpect the results are similar

»-\

to those for the other antiferromagnets studled in Part I.

For intermediate concentraticns it is not clear nhow to interpret

the apparent He values. The smell increase of He Trom y-mapvanc“e to

~

the 93.9 at.% Mn-Cu al loy (Dotn have nearly the same Tace-centred
tetragonal and antiferromagnetic structures and also moments of the
menganese ions) might be of the same origin as that suggested in Part I

Cor the interpretation of the results for gold-manganese. That 1s, Tor

-

each Mn ion, the number of nearest antl-parallel Mn ion neighbours is
less in the alloy than it is in the pure metal. It is also possible
that the Cuvruclnl contrivute to the measured CN since, unilike Au
nuclei, they have appreciable moment.

b. Electronic and Magnetic Heat Capacities

2

Fer the dilute alloys, the electronic heat capacity 1s presumably

close to the pure copper value, because it seems unlikely that a large

o]

change 1n the density of states at the Fermi surface is produced by

ion is supported

cr

introducing & small amount of impurity. This expecta

o

by heat capacity measurements on a number of dilute solutions of



megnetic 1ﬂpu ities in copper. TFor exarwle, from their very recent

O
work on a series of face-centred-cublc copper-zinc alloys with zinc

. , o
- I} ' - i : 7 — : e ~ o “ . - e .
content from O to 38.4 at.%, Isaacs et al. 7 found that the chenge in

the electronic heat capacity is less then a few percent. (C-C.) for

-

the dilute copper-manganese alloys as shown.in Fig. 5, therefore, :

include the magnetic contribution Cir end a lineer electronic contribu-
EALS .

tion close to that of pure copper, 0.70T md/mol deg.

for 211 the dilute alloys at low temperstures shows a similar

temperature dependence and only a weak dependence on concentration.

ehplaiﬁed by the fact that the Mﬁ'séin_orderiﬁg-témperaﬁures are pro-
to the manganese éontent - For tne two alloys with O. O%?

and d.lh at .9 Nﬁ the ooserved C values_are still near the maxima of
the ahomalies, whereas for the other three samples ﬁhéy are already‘
in %he low-temperature tail regions. TFor the 0.057 at.% Mn samp e i
is clear that there is 'a broad maximum in €, near 1°K. For a 0.0Bvat.ﬁ_
Mn in Cufsaﬁple,‘Schmitt et al} > also found a resistivity maximum a
ebout 1°K. The resisfivity raxime moved to higher temperatures for

nigher mangénese concentrations.’

For the 0.057 a%t.% Mn sampie,vthe éxcéss entropy associated with
the anomaly below,1.2°K can be calculsted by éxtrapolating the (C—CN)/T

. o, . . . . .
to T = 0 K. The result is insensitive to the details of pnc extrapola-

¥
s
[

. oo . . . ) ‘e .
tion from 0.06 K, and is about 5.0 mJ/mole—deg. This value,ls bouc 0
- X L o T
helf of uhe total entropy expected for The or rdering of Mn ions with a

: . o , -11
suggested by magnetic measuremenzs.7 The shape of the -

~

8D <y
anomaly ~suggests that the total entropy may be consistent with this

-

spin assignment. For the more concentrated alloys, for which there are



P
15,16 o
measurements avove 1 K, 2 the uncertainty in the aSSl?MWLHE o lattice
and electronic entropies preve determination of the magnetic entropy.
. 14
The low-temperature limit of C  suggested by Zimmerman and Hoare
B M

ond

s - . - o, - e ' N . . . o CRUR o
fran their above 2 K measurements -- Llinear in temperature and independe

of menganese concentration -- is not observed, although the highest tem

L1

veratures points in our measurements ere in good agreement with their

. - o]
extrapolations. Below 1K, the (C-C

)

)/T value keeps decreasing with

e
N
temperature instead of spproaching a constant value. Although C ; ey
become proportional to T in uhe limit T— 0, ancther term, anvroximately
2 -

proportional to T , is still important in the temperature range of our

02
[¢]

o o 17-1 s
So Tar theoreticel work on 7-19 has given a qualitative low-

, ' : 16

temperature limit of the same kind suggested by Zimmerman and Hoare.

¢
4

5

I 22 - . s
Recently Klein and Brout  made z guantitative calculation and gave a

2 L. L. .
) value of 4.3 mJ/mcle-deg”, which seemed to0 be in agreement

extrapolation of the above 2 °K measurements by Zimmerman
and Hoare. Our results show that, if there is such a 1imit, it is

o

ut. They do not clearly

value of C,/T. The experimental points at the lowest temperatures are
remarkebly insensitive to the manganese concentration: at 0.2°K all
sermples with C.057 to 3.21 at.% Mn fall within 30% of each other in

To This extent, agree with the theory. Experimentally 1t

hat any more definite conclusion for this system can be

d-

=

&

0,
o

=]
s
o
g

]

esence of the hyperfine heat capa01uy is the great problen.

ne
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0.8255 95T
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0.9635 | 10.92
0.9091 o 10.99
b. 5816 2t.% Mn-Cu
0.1691 54.03
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0.201k 2k 6k
0.2229 20.23
.2489 16.99
0.2819 15.95
6,5175 ‘ S 11,64
0.3508 10.22
0.3886 9.110
queuz 8.360
0.14568 7.691
0.4769 7.673
- 0.5190 7.355
0.6258 7.0b1
0.702% 6.939
0.7657 7.115
0.8268 7.522
0.888 7.829
0.9562 8.265
1.015 8.627
1.103 9.020




~

7 - c T C
°%) (3 fmole-deg) (%) (3 /mole-deg)
0.1715.  32.50 0.5653 5.
0.1891 © 27,2k . 0.6247 5
0.2052 2% .52 0.6662 L
- 0.2276 20.09. 0.7698 L
| 0.25%0 16.46 0.8029 i
0.2892 15,43 0.8946 b,
0.329L 11.03 0.9578 5.
0.3619 9.903 1.002 5.
0.3966 9.013 1.039 5.
0.4378 8.240 1.051 5.
0.4738 7.682 1.129 5
0.5081 7.kL7 0.295k 12
0.5479 7.288 0.3380 10
0.5919 7.110 0.3706 8
0.7307 7.175 0.Lkog1 7
0.89k1 7.906 0.4z 6
1.053 8.838 0.4797 6
1.162 9.105 0.5237 5
0.5687 5
c. 43.5 at.% Mn-Cu: 0.. 5900 5
0.1750 3%.25 0.6051 5
0.1902 28.57 0.6347 5
0.2061 2L.67 0.6778 L
0.2669 | 15.33 0.6916 Iy
0.2958 12.76 0.748L L
0.32k9 10.98 0.8003 L. 857
0.3581 S 9.Llg 0.8301 - 4.858
0.3986 o 8.015 0.8711 b
0.4359 - 7.087 0.8772 L,
C.48

R itelepit 6.063 0.9380 k.




T c T c
(7%) (mJ fmcle-das) {0 (v /role-des)
0.9851 L.98% - 0.1635 6.920
9938' 5,056 10.1728 6.288
08T 5.346 0.1847 5.6Lk
o 0.1991 4977
d. 3.19 at.% Mn-Cu: , 0.2162 L. he7
0.05350 53 .71 10.2343 3.892
0.0571k L6, 76 0.2527. - 3.537
0.08053 A2;85 0.1681 6.573
0.06579 58.69 0.1793 5.919
0.06745 k.12 - 0.1939 5.181
0.07199 30.h1 0.2082 L. 612
0.07738 26.72 . 0.2248 4.158
0.09431 168.94 0.2h1l 3. 7hh
o.og§9k 16.81 0.2600 5.407
0.1051 15.52 C.2738 3.196
0.1099 14.25 0.2886 3.01k
0.11k5 13.15 - 0.30L2 - 2.859
0.06983 33.20 10.3233 2.723
0.0793% '25.55, 0.3450 2.5388
0.08855 21.59  0.3698 2.L91
0.1020 16.37 0.3962 2.5413
0.1107 1505 0.4215 2.389
0.1187 12.53 0.hl77 2,500
0.1276 10.83 0.L.738 2.k15
0.1%66 9.652 0.4598 S22 L7k
0.1558 7.560 0.5288 2.526
0.123k 11.53 . 0.5570 2.588
0.1296 10.5 0.2797 5.113
0.1361 9.703 0.2979 2.91k
0.1530 7.787 0.3%09 - 2.612
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SO
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6080 2
6526 . . 2.9
L6697
.72Lk9
L7825 3.
.8580 L.
.8991

=

N

. 1.07 at.% Mn-Cu:

.06010 : 16.
06327 16
06211 16

08685 S
09397 7
1014 6
1091 o)
1167 | 5
09275 7
09792 7
1048 6
1127 5
1207 5
1296 Y
1401 . 3.
1620 3.
1706 2
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Tavle 3. (Continued)
T e 7 ¢
{x) (mJ/mole-des) (%) (I /mole-deg)
0.17oL 2.659 0.5225 1.943
0.1287 L. 56L 0.5587 2.062
0.1371 L.0%9 0.5999 2.200
0.1483 3.577 0.6818 - 2.518
0.1590 5.210 0.317k 1.62%
0.1700 2.890 . 0.3366 1.620
0.1822 2.613 0.3389 1.618
0.1965 2.3%69 0.3858 1.6h2 °
0.211k 2.177 0.L159 1.675
0.2260¢ 2.020 0.kb72 1.743
©0.2L2D 1.895 0.4783 - 1.818 -
0.2599 1.790 1 0.5118 1.912
0.2792 1.715 0.5490 2.051
0;59% ©2.896 0.5919 2.179
0.1793 2.668 ©0.63k0 S 2.33L
0.1915 2.Lh7 0.676k - 2.505
0.2063 2.223 0.7218 2.695
0.2199 2.080 . 0.7682 2.917
0.2330 1.946 0.8201 3.1k2
0.2518 1.835 ©0.8811 FRS
0.2699 1.745 ‘0.9518 3.820
0.2792 1.712 1.039. b.309
0.2958 1657 0.6122 2.25%
0.3162 1.650' 0.6542 2.k15
©0.3k1a L.6L5 0.6998 2,59k
.0.3701 1.625 0.7438 2.811
0.350L L 1.656 0.7929 3.029
0.4285 1.706 0.8461 3,266
0.4615 1.778 - 0.9146 3.624
0.4905 1.850 0.995k k.062




" :" e PN R LA SE L o
et (i.k";.'jn.;..l_lllu'\%/’ S e o )

S g
() 0 (no/mole-dex)

nE

£, 0.59 ét.%'Mn-Cu:.
©0.06k471 '
. 0.06925
e 0.07437
- 0.070k9
0.0845%
L o.om22k
L olor8
0.08279 B

- 0.09658 1
fﬂ;.o.1032 ,"ﬁggf
7 0.1093 *f' o
0.1155
o.aees
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0.139%
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S 0.1500
~0.hg2k!
$270.5110°
0,539k
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0. 6090‘
" 0.6287 .
£0.6585"
.0.6906
" 0.7296 ¢

0.1

g" 0. 1h at p'Mn-cu

- o.0785oa§{§“~
0.09537
10.09346 .
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culated from the corresvonding T term determined in the straight-
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respectively. The T  1erm of Tthe dashed curve was cal-
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line region at higher temperatures.

The heat capacities of copper-manganese alloys with 3.19, 1.07, and
. . -l
0.59 at.% Mn, respectively. The T term of the-dashed curve was
Wlated from i . M2t Gotermined in 4l
calculated from the corresponding T term determined in the
straight-line region at h r temperatures.
Ihe electronic and magnetic heat capacities of dilute manganese in

1

(V288

5,

Tne heat capacities of y-manganese and copper-manganese alloys

5 at.% Mn, respectively.
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N
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The hyperfine field He at Ma nuclei as a function. of the manganese

*d

‘content for the copper-manganese system.
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7 Temgperature Heat Capacities of Manganin, Constantan and a Tungsten-

t

Platinum Alloy Ay

-

Menganin and constantan -- which are commenly used in low-temperature

calorimetry for heater wire, and for heat and thermometer leads -- have

large heat capacities and it is necessary to know these values so that

}-J
5
}_)
iy
=
1

s particular

e

corrections can be made to calorimetric data. It

portant below l°Kv>where these materials have hyperfine heat capacity

N

contributions which become large compared with the usual.lattice and

electronic contributions. For the same reason they are not suitable for

measurements velow sbout 0.1°K on samples that have small heat capacities;

the correction for the heat capacity of the heater and that part of

)

the leads included in the measured heat capacity, in extreme cases, can

limit the attainable accuracy. It has been found that a 9%W-91%Pt alloy,

substantial improvement over manganin

[

‘with a smaller heat éapacity,_is
. e s . .1 1 s aes
and constantan in this respect. Giaugue et al.” have already used this
elloy for heater wire between land 4K, and have shown that 1t has con-
venlently low temperature and magnetic-field coefficients of electrica

. resistance. We have extended the resistivity measurements to-0.05°K and

U

have found that the small negative temperature coefficient reported by

Giauvgue et al. persists to this temperature. (It is possible that a

superconducting transition might be found at a lowér temperature.” ) The

alloy also has & very low thermal conductivity.

-, (I} - 3 -~

Both mangenin and constantan samples were obtalned from the Driver-
Harris Company and the tungsten-platinum alloy sample from Engelhard

Industries. ZFach sample was cylindricel in shape and was fabricated from

]

7
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tne material used in.the manufacture of the resistancé wire. The stated
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within 1% of the curves for manganin and constanten, and 2% at the

lowest temperatures and 1% above C.2°K for the tungsten-platinum alloy.

At temperatures above 2.
smodthed values are given in Table 1. For constantan irz reproducible
o

heat capacities and spontaneous generation of heat in the .sample were

e
%

observed for temperatures between 0.3 and 1°K. These effects may have
been associated with the exposure of the sample to a magnetic field of .

several thousand oersteds on cooling. From 0.15 (the lowest temperature

of measurement) to O. b the, aata are given D3
g

mJ g~ deg ) = 0.205T + Q.00281T'2. (2)

deviated from the smoothed values by as much as 20%. For the tungntenw

platinum alloy the data between 0.07 and 1.2°K, the whole temperature

range ‘at which measurements were made, can be represented by

—l Ll “ / "~ -
C(md g™ deg™ ) = 0.0014T° + 0.176T + 0.00001217°. (3)



C (mJ /g-deg)
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Table l Heat capacity of manganin i
T (°K) ¢ (millijoules/gram-degree)

< 2.50 0.0115T 21+ 0.0595T + 0.COROMT”

2.50 0.197 '

2.75 C.o24

3.00 0.251

5.25 0.280

3.50 0.3%10

5.75 0.342

L.00 0.376

Ta‘ble 2 Heat capaclty of constantan .

T (°K) ¢ {millijoules/sram-degree)
< 0.30 0.00281T° + 0.205T

0.30 0.0927

_o}uo 0.0960

0.50 0.107

0.75 0.163

1.00 oi255'

1.25 0.30%.

1.50 0.372

1.75 0.u4h2

2.00 L 0.511

2.25 0.580

2.50 0.6u9

2.75 - 0.715

5.00 0.786

5.25 0.853

.20 _ 0.925

5.75 0.991

)=
(@)
ON
O




ganin thc“-VDer11nD heat ca

for the copper-manganese systems

:

or constantan the observed T ~ tern

< .

100 k0e at Cu nuclei.

ey have very small magnetic moment

Ni nuclel, even with an He of
nickel me will be

1
-2
m

alloys by Asayama et al. and Asayama,

Ni nuclei

like constantan because the ferromagnetism disappears

This suggests that the observed T

mechanisms which might be connected to the irr

-

ration of heat in

and sponta neous gene:
neat capaclty measurements as mentioned avove.

‘alloy, we

(‘l"

and 1t seems likely tha

e

~associated with the

1

those of Glaugue et al.” were 2ll obt

paclty seems "basonwulc compa
corresponds

_(Since only about 1% of the .

till less_than cone tenth of

However, according to the MR v

the sa;ple observed
know of no reason to expect even the smalL observed T

presence of a magnetic impurity.

o

allovs described in

o+
¢}
e
jos}
o
(&3
O
-t

the same magnitude as ﬁhat in the pure

one pel ent of the

rk for copper-nickel

fal

the hyperiine fields atb both Cu

should become very smell in the alloy with composition

. . .
at about 40% Ni.

term is much larger than that ex-
gnetic hyperiine origin and possibly arises from other

eproduciblé heat capacities

i

luring the

For the tungsten-platinum

i)

.
Lerm,

it, and possibly the resistance minimum is

(Our samples and

ained from the same supplier.).

We have found 0.C009 in d1 leter tunQSuep-DWatlnum wire a convenient

size Tor electrical heaters and leads This gize

p@&mtnegﬁmtpmmkmSin1amhm& and it has

1°K). The bare wire was ob

Company, Inc.

is strong enough to

high electrical

s and Formvar *nsulatlon was applied by the Rea Magnet

A
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